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We wrote this book because we saw a need for
engineers and system designers and other professionals to understand how knowl-
edge of human strengths and limitations can lead to better system design, more
effectivetraining of the user, and better assessment of the usability of a system. The
knowledge and methods to accomplish these goals are embodied in the study of
human factors engineering. As we point out in the early chapters, a cost-benefit
analysis of human factors applications in system design usually provides a favor-
able evaluation of those applications.

Our intention in this book isto focus on the clear and intuitive explanation
of human factors principles. We illustrate these principles with real-world design
examples and, where relevent, show how these principles are based on under-
standing of the human's psychological, biological, and physical characteristics to
give the reader an understanding of why the principles are formulated. Because of
our focus on principles, we intentionally do not spend a great deal of time address-
ing psychological theory or research paradigms and experiments. We trust that the
reader will know that the principles we describe are indeed based on valid research
conclusions, and where relevent we provide citations asto where that research can
be examined.

Also, we do not expect that this will be a stand-alone reference manual for
applying human factors in design. Many specific numbers, values, and formulae,
necessary for fabricating systems with human limitations in mind, were not
included in this text in the interest of space. However, we point to ample references
where designers can proceed to find these details.

Because of the way we have structured the book, emphasizing design princi-
ples and methodologies over theory and research, our primary target audience is
the engineering undergraduate, who may well be participating in the design
process. Hence we do not assume that the reader will necessarily have had an intro-
ductory course in psychology, and sowe try to present some of the necessary psy-
chological fundamentals. We also believe, however, that the book will be useful for
applied psychology or undergraduate-level engineering psychology courses with-
in a psychology department.

Human factors is a growing field. In many small industries, personnel are
assigned to the position of human factors engineer who have no formal training
in the discipline. Thus we hope that the book will not only reach the academic

Xvii
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classroom in both engineering colleges and psychology departments but also be
available as a reference for personnel and managers in the workplace.

Webelieve that the strengths of this book lie in its relatively intuitive and read-
able style, which attempts to illustrate principles clearly,with examples, and with-
out excessivedetail and which points to references where more information can
be obtained. We have also tried to strike a balance between presenting the human
factors associated with different aspects of human performance on the one hand
(e.g., physical limitations, display processing, memory failures) and particularly
important domains of current applications on the other. For example, there are
separate chapters devoted to the human factors of transportation systems and of
human computer interaction.
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Introduction to
Human Factors

WHAT

IS THE FIELD OF HUMAN FACTORS?

In a midwestern factory, a worker on an assembly line was required to reach to an
awkward location and position a heavy component for assembly. Toward the end of
a shift one day, after grabbing the component, he felt a twinge of pain in his lower
back. A trip to the doctor revealed that the worker had suffered a ruptured disc, and
he was laid offfrom work for several days. A lawsuit was brought against the company
for requiring physical action that endangered the lower back.

In a household in the same city, an elderly resident encountered two problems.
Examining the bottle of medicine she had been prescribed, she was unable to read
the tiny print that listed the recommended dosage or even the red-printed safety
warning beneath it. lronically, a second difficulty prevented her from encounter-
ing harm caused by the first difficulty. She found herself unable to exert the com-
bination of fine motor coordination and strength necessary for her to remove the
"childproof" cap.

In a hurry to get a phone message through to a business, an unfortunate cus-
tomer finds herself "talking" to an uncooperative electronic voice menu system.
After impatiently hearing a long list of "If you want ... ,press #," she realizes that
she accidentally pressed the number of the wrong option and now has no clue as to
how to get back to the option she wanted, other than to hang up and repeat the
lengthy process.

While all of the previous three episodes are generic in nature and repeated in
many forms across the world, a fourth, which occurred in the Persian Gulf in 1987,
was quite specific. The USS Vincennes, a U.S. Navy cruiser, was on patrol in the
volatile conflict-ridden  Persian Gulf when it received ambiguous information re-
garding an approaching aircraft. Characteristics of the radar system displays on
board made it difficult for the crew to integrate the knowledge that the aircraft was

1



2

Chapter 1: Introduction to Human Factors

approaching the ship with information about whether it was climbing or de-
scending. Incorrectly diagnosing that the aircraft was descending, the crew tenta-
tivelyidentified it as a hostile approaching fighter. A combination of the short time
to act in potentially life-threatening circumstances, further breakdowns in com-
munication between people (both onboard the ship and from the aircraft itself),
and crew expectancies that were driven by the hostile environment conspired to
produce the captain's decision to fire at the approaching aircraft. Tragically,the air-
craft was actually an Iranian passenger airline, which had been climbing rather
than descending.

These four episodes all illustrate the role of human factors. In these cases
human factors are graphically illustrated by breakdowns in the interactions be-
tween humans and the systems with which they work. Naturally there are many
more times when these and other systems work well, often exceedingly so.
However, it is characteristic of human nature that we notice when things go wrong
more easily than when things go right. Furthermore, it is the situation when
things go wrong that triggers the call for diagnosis and solution, and these are the
key contributions of human factors to system design.

We may define the goal of human factors as making the human interaction
with systems one that:

* Reduceserror

* Increasesproductivity
» Enhances safety

» Enhances comfort

Human factors then involvesthe study of factors and development of tools that fa-
cilitate the achievement of these goals.

In the most general sense, these goals are accomplished through several pro-
cedures in the human factors cycle illustrated in Figure 1.1, which depicts the
human operator (brain and body) and the system with which he or she is inter-
acting, in the box at the left. First, (Fig. I.1A) it is necessary to diagnose or iden-
tify the problems and deficiencies in the existing human-system interaction. To
do this effectively, core knowledge of the nature of the physical body (its size,
shape, and strength) and of the mind (its information-processing characteristics
and limitations) must be coupled with a good understanding of the physical or
information systems involved, and the appropriate analysis tools must be applied
to clearly identify the cause of breakdowns. For example, why did the worker in
our first story suffer the back injury? Was it the amount of the load or the awk-
ward position required to lift it? Was this worker representative of others who also
might suffer injury? Task analysis, statistical analysis, and incident and accident
analysis are all critical here, and each of these will be discussed in later chapters
of this book.

Having identified the problem, the five different approaches (Fig. 1.I1B) may
be directed toward implementing a solution (Booher, 1990), as shown at the bot-
tom of the figure.
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Performance
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FIGURE 1.1 '

The cycle of human factors. Point A in the cycle identifies a cycle when human factors‘ ©
solutions are sought because a problem (e.g., accident or incident) has been observed 1nli 3
human system interaction. Point B identifies a point where good human factors are applie
at the beginning of a design cycle.

Equipment design changes the nature of the physical equipment with which
humans must work. The medicine bottle in our example could be provided more
readable labels and abetter opening top. The radar display on the USS Vincennes
might be redesigned to provide a more integrated representation oflateral and ver-
tical motion of the aircraft.

Task design focuses more on changing what operators do, rather than the de-
vices they use. The workstation for the assembly-line worker might have been re-
designed so that the component did not need to be manually lifted, for example.
Sometimes task design may involve assigning part or all of tasks to other workers
or to automated components.

Environmental design implements changes-such asimproved lighting, tem-
perature control, and reduced noise-in the physical environment within which
the task is carried out. A broader view of the environment could also include the
organizational climate within which the work is carried out.

Training focuses on better preparing the worker for the conditions that he or
she will encounter in the job environment by teaching and practicing the neces-
sary physical or mental skills.
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Selection is a technique that recognizes the individual differences across hu-
mans in almost every physical and mental dimension that is relevant for good sys-
tem performance. Such performance can be optimized by selecting operators who
possess the best proffie of characteristics for the job. For example, the lower-back
injury in our leading scenario might have been caused by asking a worker who had
neither the necessary physical strength nor the body proportion to remove the
component in a safe manner. The accident could have been prevented with a
more stringent selection process.

Aswe see in the figure then, any and all of these approaches can be applied to
"fix" the problems, and performance can be measured again to ensure that the fix
was successful, an issue we address in the next chapter. It should be noted that our
discussion up to this point has focused onfixing systems that are deficient, that is,
intervening at Point Ain Figure 1.1.In fact however, the practice of good human
factors is just as relevant to designing systems that are effective and thereby to an-
ticipating the human factors deficiencies before they are inflicted on system design.
Thus, the role of human factors in the design loop can just as easily enter at Point
B in Figure 1.1 as at Point A. Indeed if consideration for good human factors is
given early in the design process, considerable savings in both money and possi-
bly human suffering can be achieved (Booher, 1990; Hendrick, 1996). For exam-
ple, early attention given to workstation design by the company in our first
example, could have saved the several thousand dollars in legal costs resulting from
the worker's law suite. In Chapter 3 of this book we talk in much greater detail
about the role of human factors in the design process.

THE SCOPE OF HUMAN FACTORS

While the field of human factors originally grew out of a fairly narrow concern for
human interaction with physical devices (usually military or industrial), its scope
has broadened greatly during the last few decades. Membership in the primary
North American professional organization of the Human Factors and Ergonomics
Society has grown to 13,000, while in Europe, the Ergonomics Society has noted a
corresponding growth. Furthermore, arecent survey indicates that these numbers
may greatly underestimate the number of people in the workplace who actually
consider themselves as doing human factors work (Williges et al., 1992).

This growth plus the fact that the practice of human factors isgoal oriented
rather than content oriented means that the precise boundaries of the discipline
of human factors cannot be tightly defined. One way, however, of understand-
ing what human factors professionals do is visualized in terms of the matrix
shown in Figure 1.2.Across the top of the matrix is an (incomplete) list of the
major categories of systems that define the contextual environments within
which the human operates. On the left are those system environments in which
the focus is the individual operator. Major categories here include the industrial
environment (manufacturing and environments involving industrial processes,
like nuclear power or chemical processes); the computer or information envi-
ronment; the use of consumer products like watches, cameras, and VCRs; and
vehicles (ground, water, or air based). On the right are depicted those environ-
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This matrix of human factors topics depicts human performance issues against contextual
environments within which human factors may be applied. The study of human factors may
legitimately belong within any cell or combination of cells in the matrix.

ments that focus on the interaction between two or more individuals. Here a
distinction can be made between the focus on teams involved in a cooperative
project and organizations, a focus that involves a wider concern with manage-
ment structure.

Down the rows of Figure 1.2are listed various components of the human user
that are called on by the system in question. Isthe information necessary to per-
form the task visible? Can it be sensed and adequately perceived? These compo-
nents were inadequate for the elderly resident in the second example. What
cognitive processes are involved in understanding the information and deciding
what to do with it? Decisions on the USS Vincennes suffered because personnel did
not correcrly understand the situation. How are actions to be carried out, and what
are the physical and muscular demands of those actions? This, of course, was the
cause of the back injury for our worker in the example above. Asshown at the far
left of the figure, all of these processes may be influenced by stresses imposed on
the human operator, by training, and by the individual differences in component
skill and strength.

Thus, any given task environment across the top may impose on some subset
of human components down the side, as defined by the cellswithin the matrix. A
critical role of task analysis that we discuss in Chapter 3isto identify the mapping
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from tasks to human components and thereby to define the scope of human fac-
tors for any particular application.

A second way of looking at the scope of human factors, is to consider the re-
lationship of the discipline with other related domains of science and engineering.
This is done within the circular rendering shown in Figure 1.3. Items within the
figure are placed close to other items with which they are related. The core disci-
pline of human factors is shown at the center of the circle, and immediately sur-
rounding it are various subdomains of study within human factors; these are
boldfaced. Surrounding these then are disciplines within the study of psychology
(on the top) and engineering (at the sides) that intersect with human factors. At
the bottom of the figure are presented a set of what we label as domain-specific en-
gineering disciplines, each of which focuses on a particular kind of system that it-
self has human factors components. Finally, outside of the circle are identified
other disciplines that also have overlap with some aspects of human factors.

Cognitive
Science

Biological
Communications ENGINEERING Psychology

Personality PSYCHOLOGY

Psychology Selection Stress

Social .
Psychology Displays

Training Workload

Decision ERGONOMICS Bioengineering
Making

Industrial

Psychology Biomechanics

HUMAN

FACTORS Anthropometry
Management
Job Workplace

Design Layout Operations
Industrial Engineering
Engineering
Aeronautical Computer Artificial
Industrial Science .
nD ustria Intelligence
esign Nuclear
. Information
Transportation Systems

Domain Engineering

SERECRNER RN

FIGURE 1.3

IMustrates the relationship between human factors, shown at the center, and other related
disciplines of study. Those more closely related to psychology are shown at the top, and
those related to engineering are shown toward the bottom.
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While the figure depicts human factors at the center, there are two other closely
related terms depicted in boxes within the circle whose relationship to human fac-
tors should be spelled out. Historically, the study of ergonomics has focused more
directly on the aspect of human factors related to physical work (Grandjean,
1988): lifting, reaching, stress, and fatigue. This discipline is often closely related
to aspects of human physiology, hence its closeness to the study of biological psy-
chology and bioengineering. Ergonomics has also been the preferred label in
Europe to describe all aspects of human factors. However, in practice the do-
mains of human factors and ergonomics have been sufficiently blended on both
sides of the Atlantic so that the distinction is often not maintained.

Engineering psychology, in contrast, isa discipline within psychology, whereas
the study of human factors is a discipline within engineering. The distinction
here is clear. The ultimate goal of the study of human factors istoward system de-
sign, accounting for those factors, psychological and physical, that are properties
of the human component. In contrast, the ultimate goal of engineering psychol-
ogy is in understanding the human mind, as that understanding is relevant to the
design of systems (Wickens, 1992). In that sense, engineering psychology tends to-
ward greater emphasis on discovering generalizable psychological principles and
theory, while human factors tends toward greater emphasis on developing usable
design principles. But this distinction is certainly not a hard and fast one.

The reader might also encounter the discipline of cognitive engineering. This
discipline, also closelyrelated to human factors, is slightly more complex in its de-
finition (Rasmussen, Pejterson, & Goodstein, 1995) and cannot as easilybe placed
at a single region in the space of Figure 1.3.In essence it focuses on the complex,
cognitive thinking and knowledge related aspects of system performance, inde-
pendent of whether these operations are carried out by human or by machine
agents, the latter dealing closely with elements of artificial intelligence and cog-
nitive science.

THE STUDY OF HUMAN FACTORS AS A SCIENCE

Characteristics of human factors as a science (Meister, 1989) relate to the en-
deavor to seek generalization and prediction. On the one hand, in the problem di-
agnosis phase, shown in Figure 1.1,investigators wish to generalize across classes
of problems that may have common elements. The problems of communica-
tions between an air traffic control center and the aircraft may have the same el-
ements as the communications problems between workers on a noisy factory
floor or between doctors and nurses in an emergency room, thus enabling sim-
ilar solutions to be applied to all three. Such generalization is more effective
when it is based on a deep understanding of the physical and mental compo-
nents of the human operator. On the other hand, it is important to be able to
predict that solutions that are envisioned to create good human factors will ac-
tually succeed when put into practice.

The critical element to achieving effective generalization and prediction is
the nature of the observation or study of the human operator that we discuss in
the next chapter. We will learn that there are a range of environments in which
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humans can be studied, which vary in the realism with which the environment
simulates the relevant system. At one end of this range, the human factors re-
searcher may fabricate certain elements of the system in the laboratory for
highly controlled observations and experiments. At the other end, the researcher
may examine human behavior (normal behavior, incidents, and accidents), as
this is manifest by real users of real systems. In between, there is a category of
simulation environments that vary in the degree of realism with which they
capture elements of the real system. Researchers have learned that the most ef-
fective understanding, generalization, and prediction depends on the combina-
tion of observations along all levels of this continuum.

Thus, for example, the human factors engineer may couple an analysis of the
events that led up to the USS Vincennes tragedy, with an understanding, based on
laboratory research, of principles of decision making (Chapter 7), display inte-
gration (Chapter 8) and performance degradation under time stress (Chapter 13)
and an analysis of communications patterns in a simulated emergency to gain a
full appreciation of the causes of the Vincennes' incident and suggestions for re-
mediation.

AN OVERVIEW OF THE BOOK

The following chapters are divided into four basic subsections. In the next two
chapters (2, on research, and 3, on design), we describe different research tech-
niques and design methodologies. The second subsection contains six chapters
that address the nature of human information processing, in sensing (Chapters 4,
on vision, and 5, on audition), perception and cognition (Chapter 6), decision
making (Chapter 7), display processing (Chapter 8), and control (Chapter 9). The
third subsection contains a set of five chapters that address many of the nonpsy-
chological issues of human factors: workspace layout (Chapter 10), strength
(Chapter 11), physiology (Chapter 12), stress (Chapter 13), and safety issues
(Chapter 14).Chapters on safety and stress address psychological issues aswell. The
final subsection contains four chapters that focus on specific domains of applica-
tion of human factors study-automation  (Chapter 15), human computer inter-
action (Chapter 16),transportation (Chapter 17),training and selection (Chapter
18), and one chapter on group and organizational behavior (Chapter 19).

The reader is also directed to several other fine books covering similar and re-
lated material: Sanders & McCormick (1993), Bailey (1989), and Proctor & Van
Zandt (1994) also offer comprehensive coverage of human factors. Norman (1988)
examines human factors manifestations in the kinds of consumer systems that
most of us encounter every day, and Meister (1989) addresses the science of
human factors. Wickens (1992) provides a coverage of engineering psychology,
foregoing treatment of those human components that are not related to psychol-
ogy (e.g., visibility, reach, and strength). In complimentary fashion, Grandjean
(1988) and Wilson & Corlett (1991) focus more on the physical aspects of human
factors (i.e., classical "ergonomics"). Finally,a comprehensive treatment of nearly
all aspects of human factors can be found in the 49 chapters contained within
Salvendy's (1997) Handbook of Human Factors and Ergonomics.
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There are several journals that address human factors issues, but probably the
most important  are Ergonomics, published by the International  Ergonomics
Society in the United Kingdom, and three publications offered by the Human
Factors and Ergonomics Society in the United States: Human Factors, Ergonomics
in Design, and the annual publication of the Proceedings of the Annual Meeting of
the Human Factors and Ergonomics Society.
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Research
Methods

We saw in Chapter 1that human factors is
the application of scientific knowledge and principles to the design of products,
systems, and/or environments. For example, we use our knowledge acquired from
research on the human visual system to design VDTSs or automotive display sys-
tems. Because human factors involvesthe application of science to system design,
it is considered by many to be an applied science. While the ultimate goal is to es-
tablish principles that reflect performance of people in real-world contexts, the un-
derlying scientific principles are gained through research conducted in both
laboratory and real-world environments. People involved in human factors re-
search may range from pure scientists doing basic laboratory research, to human
factors engineers who apply the research findings of others to new designs.

Human factors researchers use standard methods for developing and testing
scientific principles that have been developed over the years in traditional physi-
cal and social sciences. These methods range from the "true scientific experi-
ment" conducted in highly controlled laboratory environments to less controlled
but more realistic observational studies in the real world. Given this diversity of
methods, a human factors researcher must be familiar with the range of research
methods that are available, as well as know which methods are best for specific
types of research questions. However, in addition to being well-versed in research
methods, it is equally important for researchers to understand how the practi-
tioner ultimately uses their findings. Ideally,this enables a researcher to direct his
or her work in waysthat are more likelyto be useful to design, thus making the sci-
ence applicable (Chapanis, 1991).

This chapter presents common waysthat human factors researchers conduct
studies to advance the scientific basis of their field. This will help you to under-
stand descriptions of research studies covered later in this book, and other talks or
publications in the field of human factors.

11
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Knowledge of basic research methods is also necessary for human factors de-
sign work. That is, standard design methods are used during the first phases of
product or system design. As alternative design solutions emerge, it is sometimes
necessary to perform formal or informal studies to determine which design solu-
tions are best for the current problem. Atthis point, designers must select and use
appropriate research methods. Chapter 3 provides an overview of the more com-
mon design methods used in human factors and will refer you back to various re-
search methods within the design context.

INTRODUCTION TO RESEARCH METHODS

What fields of science are applied in human factors work? We often think of
human factors as an interdisciplinary field spanning psychology, engineering, and
computer science. This would lead us to believe that human factors is the appli-
cation of psychological theory and findings to product design, such as software in-
terface design. This conclusion is partly true. There are many theories and
principles developed in psychology that are applicable to system design. You will
be reading about the most important of these in later chapters.

However, psychologists tend to study thought and behavior in a rather pure
and context-free environment. Human factors, by definition, involve the interac-
tion between humans and machine or environment. This occurs at both a psy-
chological and a physical level. Thus, we must also rely on the science of anatomy
and physiology so that systems "fit" the human (as will be described later in
Chapters 10, 11, and 12). In addition, we need theories and principles that en-
compass the human-machine system as an integrated unit. Researchers in human
factors study such integrated systems and attempt to develop scientific knowledge
about the relationships between the system components. Put differently, human
behavior affects design, but machine/environment design also affects behavior
(Smith, 1993). For this reason, much of the scientific research performed in
human factors is more specific in terms of the tasks and environments than that
performed in basic subfields of psychology or physiology.

Basic and Applied Research

It should be apparent that scientific study relevant to human factors can range
from basic to very applied research. Basic research can be defined as“the develop-
ment of theory, principles, and findings that generalize over a wide range of peo-
ple, tasks, and settings.” An example would be a series of studies that tests the
theory that as people practice a particular activity hundreds of times, it becomes
automatic and no longer takes conscious, effortful cognitive processing. Applied re-
search can be defined loosely as "the development of theory, principles, and find-
ings that are relatively specific with respect to particular populations, tasks,
products, systems, and/or environments.” An example of applied research would
be measuring the extent to which the use of a particular cellular phone while dri-
ving on an interstate highway takes driver attention away from primary driving
tasks. Smith (1993) states that "applied research in human factors should be di-
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rected at delineating how performance is specifically influenced by particular de-
sign factors and/or combinations thereof"

While some specialists emphasize the dichotomy between basic and applied
research, it is more accurate to say that there is a continuum, with all studies
falling somewhere along the continuum depending on the degree to which the the-
ory or findings generalize to other tasks, products, or settings. Both basic and ap-
plied research have complementary advantages and disadvantages. On the one
hand, basic research tends to develop basic principles that have greater generality
than applied research. It is conducted in rigorously controlled laboratory envi-
ronments, an advantage because it prevents intrusions from other variables and al-
lows us to be more confident in the cause-and-effect relationships we are studying.
On the other hand, research in a laboratory environment is often simplistic and
artificial and may bear little resemblance to performance in real-world environ-
ments. The point here isthat caution isrequired in assuming that theory and find-
ings developed through basic research will be applicable for a particular design
problem (Kantowitz, 1990). For this reason, people doing basic research should
strive to conduct controlled studies with avariety of tasks and within avariety of
settings, some of which are conducted in the "field" rather than in the lab. This in-
creases the likelihood that their findings are generalizable to new or different tasks
and situations.

Given the discussion above, one might conclude that only applied research
is valuable to the human factors designer. After all, applied research yields prin-
ciples and findings specific to particular tasks and settings. Each designer need
only find research findings corresponding to the particular combination of fac-
tors they are facing in the current design problem, and apply the findings. The
problem with this view is that many, if not most, design problems are somehow
different from those studied in the past. If, for example, you are designing a new
and improved cellular phone, will the findings of previous work on attention be
applicable? Probably not, because your new design may be much easier to use and
take less attention. The advantage of applied research is also its downfall. It is
more descriptive of real-world behavior, but it also tends to be much more nar-
row In scope.

In summary, basic research is useful for yielding principles of human be-
havior that can be applied in a variety of design contexts. This is especially im-
portant for the design of radically new products and environments, for example,
interfaces for the Internet. However, applied research is also useful for human fac-
tors design for two reasons. First, there may be previous applied research that was
conducted for similar tasks or environments, which can be used to guide system
design. Second, the human factors specialist may come up with several alterna-
tive designs, and the methods described in this chapter can be used to evaluate
the alternative designs.

Overview of Research Methods

The goal of scientific research isto describe, understand, and predict relation-
ships between variables. In our example above, we were interested in the rela-
tionship between the variable of "using a cellular phone while driving" and
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"driving performance." More specifically, we might hypothesize that use of a
cellular phone will result in poorer driving performance than not using the
phone. This is an empirical question because it can be answered by conduct-
ing an experiment.

A variety of research methods are employed for human factors research. All
are valuable in different contexts and for answering different types of questions.
Both basic and applied research rely on two categories or types of research meth-
ods, experimental methods and descriptive methods.

The experimental method consists of deliberately producing a change in one
or more causal or independent variables and measuring the effect of that change
on one or more effect or dependent variable. In atrue experiment, this manipula-
tion is performed while keeping all other influential variables under control. The
true experiment is technically the only way to infer cause-and-effect relation-
ships. It is the most rigorous and well controlled of the research methods and is
the standard to which other methods are held.

When researchers cannot control all of the other influential variables for one
reason or another, they often conduct a"quasi-experiment:" These look like ex-
periments because causal variables are manipulated or set at different levels, and
effectvariables are measured. However, there are important differences that often
reduce the validity of the study. These differences will be addressed below in our
discussion of quasi-experiments.

The second major type of research design relies on descriptive methods.
There are instances where researchers (or system designers) are interested in
one or more theorized relationship between variables but cannot directly
manipulate the casual variable(s). For example, a researcher may be interested
in the relationship between years on the job at a manufacturing plant and
risk-taking behavior. It is not feasible for the researcher to “set" the number of
years on the job for each worker arbitrarily. Therefore, the researcher must
simply measure both variables and evaluate the correlation or degree of
relationship between them. Descriptive methods rely on measurement ofvari-
ables such as performance, opinion, and so on and yield data describing the
variables individually and in relationship to each other. If a researcher does this
type of work, it is termed a study or research project but is technically not an
experiment.

Basic research relies predominantly on the true experiment. This allows the
most confidence in the cause-and-effect relationship being suggested by the re-
search data. Applied research is often conducted in contexts that make a true ex-
periment difficult or impossible to implement. In these cases, a quasi-experiment
or descriptive study is conducted. Because these methods are less controlled than
atrue experiment, extra precautions should be taken to maximize the quality of
the design. The following sections describe the major research methods in more
detail and discuss methods for maximizing the quality of the studies, thereby in-
creasing their validity. Keep in mind that in addition to being research tools, all of
these methods are potentially used by human factors designers during one phase
or another of the design process.



Experimental Research Methods 15

EXPERIMENTAL RESEARCH METHODS

An experiment involves looking at the relationship between causal independent
variables and resulting changes in one or more dependent variables. The goal isto
show that the independent variable, and no other variable, is responsible for caus-
ing any quantitative differences that we measure in the dependent variable. When
we conduct an experiment or quasi-experiment, we proceed through a process of
steps or stages.

Steps in Conducting an Experiment

There are roughly fivesteps in conducting an experiment, whether in the lab or the
real world (Williges, 1995). The researcher begins with an idea or theory that
yields a hypothesized relationship between the independent and dependent vari-
ables. Once we have an idea of the predicted relationship between variables, we
specify the experimental plan, collect the data, analyze the data, and draw con-
clusions based on the statistical results.

Step 1.Define problem and hypotheses. A researcher first hypothesizes the re-
lationships between a number of variables and then sets up experimen-
tal designs to determine whether a cause-and-effect relationship does in
fact exist. For example, we might hypothesize that changing peoples'
work shifts back and forth between day and night produces more per-
formance errors than having people on a constant day shift or on a con-
stant night shift. Once the independent and dependent variables have
been defined in an abstract sense (e.g., "fatigue" or "attention") and hy-
potheses have been stated, the researchers must develop more detailed ex-
perimental specifications.

Step 2. Specify the experimental plan. Specifying the experimental plan con-
sists of identifying all the details of the experiment to be conducted. The
first step isto define each independent variable in terms of how it will be
manipulated. For example, we would specify exactly what we mean by"al-
ternating between day and night shifts:' Is this a daily change or a weekly
change? We next specify exactly what is meant by the dependent variable.
What do we mean by "performance?” We must specify the concept in
terms of some measurable variable. For example, we could define perfor-
mance as the number of keystroke errors in data entry.

The researcher next chooses an experimental design. There are a num-
ber of different possible designs that could be used to test the same hy-
pothesis. The researcher must choose the design most appropriate for the
problem (common designs are described below). The researcher deter-
mines equipment to be used, tasks to be performed (if any), the envi-
ronment in which the study will take place, and the people who will
participate in the study.

Step 3. Conduct the study. The researcher obtains participants for the exper-
iment, develops materials, and prepares to conduct the study. If he or she
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isunsure of any aspects of the study, it is efficient to perform a very small
experiment called apilot study before conducting the entire "real” study.
After checking everything through a pilot study, the experiment is carried
out and data collected.

Step 4. Analyze the data. In an experiment, the dependent variable is mea-
sured and quantified for each subject (there may be more than one de-
pendent variable). For the example described above, you would have a set
of numbers representing the keystroke errors for the people who were on
changing work shifts, a set for the people on day shift, and a set for the
people on night shift. Data are analyzed using inferential statistics to see
whether there are significant differences among the three groups.

Step 5. Draw conclusions. Based on the results of the statistical analysis, the
researchers draws conclusions about the cause-and-effect relationships
in the experiment. At the simplest level, this means determining
whether hypotheses were supported. In applied research, it is often im-
portant to go beyond the obvious. For example, if we are evaluating var-
ious computer cursor control devices, we might obtain results showing
a mouse to be superior to a trackball with respect to performance of
certain tasks. Rather than just accepting that "the mouse was superior
to the trackball,” it is important for the researcher to go beyond the ob-
vious and ask why. Is it because the devices require use of different
types of muscle groups, or that one requires more fine motor control
than the other? Identifying underlying reasons, whether psychological
or physiological, allows for the development of principles and guide-
lines that are more likely to be useful to others.

Experimental Designs

Experiments can be conducted in anumber of different ways. In a simple case, we
might have only two groups of subjects and compare performance between the
two groups. For example, we could have a study where one group of subjects uses
a trackball for cursor control on a computer, and another group uses a mouse for
cursor control. We evaluate the differences in performance to seewhich input de-
vice leads to more accurate performance. However, using a different type of ex-
perimental design, we could just as easily have the same group of subjects perform
tasks alternatively with both a trackball and a mouse and then evaluate the dif-
ferences. For any experiment, there are different designs that can be used to col-
lect the data. Which design is best depends on the particular situation. The sections
below describe the basic differences between experimental designs. However, it is
beyond the scope of this text to outline how to select one design over another.
Readers are referred to works such as Elmes, Kantowitz, and Roediger (1995),
Keppel (1992), and Mitchell and Jolley (1996).

The Two-Group Design. In a two-group design, one independent variable or fac-
tor is tested with only two conditions or levels of the independent variable. In the
classic two-group design, a control group of subjects gets no treatment (e.g., dri-
ving with no cellular car phone), and the experimental group of subjects gets
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some "amount" of the independent variable (e.g., driving while using a cellular
phone). The dependent variable (driving performance) is compared for the two
groups. However, in human factors it is frequently the case that we are compar-
ing two different experimental treatment conditions, such as comparing perfor-
mance using a trackball versus performance using a mouse. In these cases, it may
not make sense to have a control group per se. Having a control group to compare
with a mouse or trackball would mean having no cursor control at all, which does
not really make sense.

Multiple Group Designs. Sometimes the two-group design does not adequately
test our hypothesis of interest. For example, if we want to assessthe effects of VDT
brightness on display perception, we might want to evaluate several different lev-
els of brightness. Wewould be studying one independent variable (brightness) but
would want to evaluate many levels of the variable. If we used five different bright-
ness levels and therefore five groups, we would still be studying one independent
variable, but would gain more information than if we only used two levels/groups.
Similarly,we might want to test four different input devicesfor cursor control such
as trackball, thumbwheel, traditional mouse, and keymouse. We would have four
different experimental conditions but still only one independent variable (type of
input device). Increasing the number oflevels of an independent variable is espe-
cially important if we hypothesize a curvilinear relationship between the inde-
pendent and dependent variables.

Factorial Designs. In addition to increasing the number of levels used for ma-
nipulating an independent variable, we can expand the two-group design by eval-
uating more than one independent variable or factor in a single experiment. In
human factors, we are often interested in complex systems and therefore in si-
multaneous relationships between many variables rather than just two. This makes
research more complicated and difficult.

A multifactor design that evaluates two or more independent variables by
combining the different levelsof each independent variable is called afactorial de-
sign. The term factorial indicates that all possible combinations of the independent
variable levelsare combined and evaluated. Factorial designs allow the researcher
to assessthe effect of each independent variable by itself and also to assesshow the
independent variables interact with one another. Because much of human per-
formance is complex and human-machine interaction is often complex, factorial
designs are the most common research designs used in both basic and applied
human factors research.

Factorial designs can be more complex than a 2 X 2 design in a number of
ways. First, there can be multiple levels of each independent variable. For exam-
ple, we could compare five different cellular phone designs with each other, and
alsowith "no phone." And we might combine that first variable with a second vari-
able consisting of four different driving conditions. This would result ina 6 x 4
factorial design.

Another way that factorial designs can become more complex is by increas-
ing the number of independent variables. A design with three independent vari-
ables is called a three-way factorial design, for example, a 2 x 2 x 3 factorial
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F A SIMPLE FACTORIAL DESIGN:

To illustrate the logic behind factorial designs, we can first consider an
example of the most simple factorial design. This is where two levels of
one independent variable are combined with two levels of a second in-
dependent variable. Such a design is called a 2 X 2 factorial design.
Imagine that a researcher wants to evaluate the effects of using a cel-
lular phone on driving performance (and hence on safety}. The re-
searcher manipulates the first independent variable by comparing driving
with and without use of a cellular phone. However, the researcher sus-
pects that the driving impairment may only occur if the driving is taking
place in heavy traffic. Thus, he or she may add a second independent
variable consisting of light versus heavy traffic driving conditions. The ex-
perimental design would look like that illustrated in Figure 2.1: four
groups of subjects derived from combining the two independent variables.

Imagine that we conducted the study, and for each of the subjects
in the four groups shown in Figure 2.1, we counted the number of times
the driver strayed outside of the driving lane. We can look at the gen-
eral pattern of data by evaluating the cell means; that is, we combine
the scores of all subjects within each of the four groups. Thus, we might
obtain data such as that shown in Table 2.1.

If we only look at the effect of cellular phone use [combining the light
and heavy traffic conditions), we might be led to believe that use of car

DRIVING CONDITIONS

Light traffic

Heavy traffic

No car phone

Car phone

No car phone
while driving in
light traffic

No car phone
while driving in
heavy traffic

FIGURE 2.1

The four experimental conditions fora 2 X 2 factorial design.

Use car phone
while driving in
light traffic

Use car phone
while driving in
heavy traffic

TABLE 2.1 Hypothetical Data for Driving Study

Car Phone Use

Light traffic

No car phone
Car phone

2.1
2.2
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phones impairs driving performance. But looking at the entire picture, as
shown in Figure 2.2, we see that the use of a car phone only impairs dri-
ving in heavy traffic conditions (as defined in this particular study). When
the lines connecting the cell means in a factorial study are not parallel,
as in Figure 2.2, we know that there is some type of interaction between
the independent variables. Factorial designs are popular for both basic
research and applied questions because they allow researchers to eval-
uate interactions between variables.

6

[ O Car phone
c 4
=
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> .’
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52| ‘ 1 o car phone

1 |
Light traffic Heavy traffic

FIGURE 2.2

lustration of interaction between cellular phone use and driving conditions.

design. Adding independent variables has two advantages: (1) It allows design-
ers to vary more system features, and (2) it captures a greater part of the com-
plexity found in the real world, making experimental results more likely to
generalize.

Between-Subjects Design. In most of the examples described above, the dif-
ferent levels of the independent variable were assessed using separate groups of
subjects. For example, we might have one group of subjects use a cellular car
phone in heavy traffic, another group use a cellular phone in light traffic, and
so on. We compare the driving performance between groups of subjects, hence
the term between-subjects. A between-subjects variable is an independent vari-
able whereby different groups of subjects are used for each level or experi-
mental condition.

A between-subjects design is a design in which all of the independent variables
are between-subjects, and therefore each combination of independent variables is
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administered to a different group of subjects. Between-subjects designs are most
commonly used when having subjects perform in more than one of the conditions
would be problematic. For example, if you have subjects receive one type of train-
ing (e.g., on a simulator), they could not begin over again for another type of
training because they would already know the material.

Within-Subject Designs. In many experiments, it is feasible to have the same sub-
jects participate in all of the experimental conditions. For example, in the driving
study, we could have the same subjects drive for periods of time in each of the four
conditions shown in Table 2.1. In this way,we could compare the performance of
each person with him- or herself across the different conditions. This "within-sub-
ject" performance comparison illustrates where the method gets its name. When
the same subject experiences all levels of an independent variable, it is termed a
within-subjects variable. An experiment where all independent variables are
within-subject variables istermed a within-subjects design. Using a within-subjects
design is advantageous in a number of respects, including the fact that it is more
sensitive and easier to find statistically significant differences between experi-
mental conditions. Researchers usually choose this design over the between-sub-
jects design unless it isnot feasible, for example, when you are assessing a remedial
program for job performance.

Mixed Designs. In factorial designs, each independent variable can be either be-
tween-subjects or within-subjects. If both types are used, the design is termed a
mixed design. An example of a mixed design would be learning to perform ab-
dominal operations using a cadaver versus using a three-dimensional simulator.
The independent variable of training equipment would be a between-subjects
variable with two conditions. A second independent variable might be type of op-
eration (aneurism versus appendectomy versus intestinal section removal). If all
students in the study learned all three types of operation, this would be a within-
subjects variable.

To summarize, an experiment where all of the independent variables are be-
tween-subjects variables is called a between-subjects design. Correspondingly, an
experiment where all of the independent variables are within-subjects variables is
called awithin-subjects design. An experiment that has both between- and within-
subjects variables is called a mixed design.

Multiple Dependent Variables

In the previous sections, we described several different types of experimental de-
sign that were variations of the same thing-multiple  independent variables
combined with asingle dependent variable or "effect:' However, the systems that
we study, including the human, are very complex. We often want to measure how
causal variables affect several dependent variables at once. For example, we might
want to measure how use of a cellular phone affects a number of driving vari-
ables, including deviations from a straight path, reaction time to brake for cars
or other objects in front of the vehicle, time to recognize objects in the driver's
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peripheral vision, speed, acceleration, and so forth. It is possible to perform an ex-
periment and simultaneously measure multiple dependent variables.
Determining the number of independent and dependent variables are relatively
independent processes.

Selecting the Apparatus and Context

Once the experimental design has been specified with respect to independent and
dependent variables, the researcher must decide what tasks the person will be
performing, and under what context. For applied research, we try to identify tasks
and environments that will give us the most generalizable results. This often
means conducting the experiments under real-world or high-fidelity conditions.

Selecting Experimental Participants

Participants should represent the population or group in which the researcher
is interested. For example, if we are studying pilot behavior, we would pick a
sample of pilots who represent the pilot population in general. If we are study-
ing the elderly, we define the population of interest (e.g., all people aged 65 and
older who are literate); then we obtain a sample that is representative of that
population. Notice that it would be difficult to find a sample that has all of the
qualities of all elderly people. If lucky, we might get a sample that is representa-
tive of all elderly people living in the United States who are healthy, speak
English, and so on.

Controls

In deciding how the study will be conducted, it is important to consider all
variables that might impact the dependent variable. All of these extraneous
variables have the potential to interfere in the causal relationship. Extraneous
variables must be controlled so that they do not interfere. One group of extra-
neous variables is the wide range of ways participants differ from one another.
These variables must be controlled, so it is important that the different groups
of people in an experiment differ only with respect to the treatment condition
and not on any other variable or category. For example, in the cellular phone
study, you would not want elderly drivers using the car phone and young drivers
using no phone. The easiest way to make sure all groups are equivalent isto take
the entire set of subjects and randomly put them in one of the experimental
conditions. That way,on the average, characteristics of the subjects will even out
across the groups. This procedure is termed random assignment. Given a large
enough number of participants, all the "subject variables" are automatically
controlled just through the use of random assignment. True experiments rely
on random assignment of participants so that researchers can make causal
inferences.

Other variables in addition to subject variables must be controlled. For ex-
ample, it would be a poor experimental design to have one condition where cel-
lular car phones are used in a Jaguar and another condition where no phone is



22 Chapter 2: Research Methods

used in an Oldsmobile. There may be driving characteristics or automobile size
differences that cause variations in driving behavior. The phone versus no-phone
comparison should be carried out in the same vehicle (or same type of vehicle).
Control of extraneous variables should be carried out for as many factors as is fea-
sible. Thus, if it is a between-subjects design with four groups of subjects, all four
groups should drive the same car, in the same place, with the same researcher(s),
and so forth. If several cars are to be used, they should be balanced (used approx-
imatelyequally) across all groups.

In summary, the researcher must control extraneous variables by making
sure they do not covary along with the independent variable. If they do covary
with the independent variable, they become confounds and make interpretation of
the data impossible. This is because the researcher does not know which variable
caused the differences in the dependent variable.

For within-subjects designs, there is another variable that must be con-
trolled in addition to the extraneous variables relevant to between-subjects de-
signs. This variable is called order, or order effects. When people participate in
several treatment conditions, the dependent measure may show differences
from one condition to the next simply because the treatments, or levels of the
independent variable, are experienced in a particular order. For example, if
participants use five different cursor control devices in an experiment, they
might be fatigued by the fifth device and therefore exhibit more errors or slower
times. This would be due to the order of devices used rather than the device per
se. To keep order from confounding the independent variables, we use a vari-
ety of methods. For example, extensive practice can reduce learning effects.
Time between conditions can reduce fatigue. Finally, researchers often use a
technique termed counterbalancing. This simply means that different subjects
receive the treatment conditions in different orders. For example, half of the
participants in a study would use atrackball and then a mouse. The other half
would use amouse and then atrackball. There are specific techniques for coun-
terbalancing order effects, with the most common one being a Latin-square
design. Research methods books can be consulted for instruction on using
these designs.

Conducting the Study

After designing the study and identifying a sample of participants, the researcher
is ready to conduct the experiment actually and collect data (sometimes referred
to as "running subjects"). Depending on the nature of the study, the experimenter
may want to conduct a small pretest, or pilot study, to check that manipulation lev-
els are set right, that participants (subjects) do not experience unexpected prob-
lems, and that the experiment will generally go smoothly.

When the experiment isbeing conducted, the experimenter should make sure
that data collection methods remain constant. For example, an observer should
not become more lenient over time; measuring instruments should remain cali-
brated. Finally, all participants should be treated ethically as described later.
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Data Analysis

Once the experimental data have been collected, the researcher must determine
whether the dependent variable(s) actually did change as a function of experi-
mental condition. For example, did subjects take longer to perform tasks using a
trackball as opposed to a mouse? To evaluate the research questions and hy-
potheses, the experimenter calculates two types of statistics, descriptive and infer-
ential statistics. Descriptive statistics are a way to summarize the dependent
variable for the different treatment conditions, while inferential statistics tell us the
likelihood that any differences between our experimental groups are "real” and not
just random fluctuations due to chance.

Descriptive Statistics.  Differences between experimental groups are usually de-
scribed in terms of averages. Thus, the most common descriptive statistic is the
mean. Research reports typically describe the mean scores on the dependent vari-
able for each group of subjects (e.g., seethe data shown in Table2.1). This isasim-
ple and easy-to-understand way of conveying the effects of the independent
variable(s) on the dependent variable. Standard deviations are also sometimes
given to convey the spread of scores.

Inferential Statistics.  While experimental groups may show different means for
the various conditions, it is possible that such differences occurred solely on the
basis of chance. Humans almost always show random variation in performance,
even without manipulating any variables. It is not uncommon to get two groups
of subjects who have different means on a variable, without the difference being
due to any experimental manipulation. In fact, it isunusual to obtain means that
are exactly the same. So the question becomes, Is the difference big enough that
we can rule out chance and assume the independent variable had an affect?
Inferential statistics giveus the probability that the difference between the groups
is due to chance. If we can rule out the "chance" explanation, then we infer that the
difference was due to the experimental manipulation.
For a two-group design, the inferential statistical test usually used is at-test.

For more than two groups, we use an Analysis of Variance (ANOVA). Both tests
yield a score; for a t-test, we get a value for a statistical term called t, and for
ANOVA, we get avalue for F. Most important, we also identify the probability, p,
that the tor F value would be found by chance for that particular set of data.

Drawing Conclusions

Researchers usually assume that ifp islessthan .05,they can conclude that the re-
sults are not due to chance and therefore that there was an effect of the indepen-
dent variable. Accidently concluding that independent or causal variables had an
effect when it was really just chance is referred to as making a Type I error. If sci-
entists use a .05 cutoff, they will be making a Type | error one in twenty times. In
traditional sciences, a Type | error is considered a "bad thing" (Wickens, 1995).
This makes sense if a researcher istrying to develop a cause-and-effect model of
the physical or social world. It would lead to the development of false theories.
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Researchers in human factors have accepted this implicit assumption that
making a Type | error isbad. Research where the data result in inferential statis-
tics with p > .05 is not accepted for publication in most journals. Experimenters
studying the effects of system design alternatives must conclude that the alterna-
tives made no difference. Program evaluation where introduction of a new pro-
gram resulted in statistics of p > .05 must conclude that the new program did not
work, all because there is greater than a one in twenty chance that spurious fac-
tors could have caused the results.

What isthe cost of setting this arbitrary cutoff of p =: .OS?The cost is that re-
searchers are more likely to make Type Il errors, concluding that the experimen-
tal manipulation did not have an effectwhen in fact it did. This means a researcher
evaluating a new display format may erroneously conclude that it does not help
operator performance. A safety officer might conclude that a new piece of equip-
ment is no easier to use under adverse environmental conditions when in fact it
is easier. The likelihood of making Type | and Type Il errors are inversely related.

The use of the p =:.05 criterion is especially problematic in human factors be-
cause we frequently must conduct experiments and evaluations with relatively
low numbers of subjects. Using a small number of subjects makes the statistical test
less powerful and more likelyto show "no significance,"orp > .05. In addition, the
difference in performance between different subjects or for the same subject but
over time and conditions is also likelyto be great. Again, these factors make it more
likely that the results will show "no significance,” or p > .05. The result is that
human factors researchers frequently conclude that there is no difference in ex-
perimental conditions simply because there is more than aone in twenty chance
that it could be caused by random variation in the data.

Statistical inference tests are always based on the law of averages. Take an ex-
ample from medical research. We test a cancer drug and conduct a t-test for the
drug versus a placebo. Imagine that we find p =: .20. Statistically, this means there
is a one-in-five chance that there was no effect of the drug, that the differences
were simply due to random variation. Do we throw out the drug saying "No, it
must not work"? We should not because there is too high of a risk that we have
made a Type Il error. We are better off doing more research. Did we fail to get a
statistically significant effect because we did not have enough participants? Did it
help some people but not others? If it helped four out of twenty people, we might
do well to try to determine why it helped those four people.

Finally, consider a hypothetical example from the area of aviation research re-
ported by Harris (1991). Earlier researchers had conducted statistical tests to com-
pare the effects of two crew aircraft (pilot, copilot) versus three crew aircraft
(pilot, copilot, flight engineer) on safety. Looking at accident rates, the researchers
had concluded that while accident rates for two crew flights were higher, the dif-
ferences were not statistically different. Harris evaluated the power of the statisti-
cal test and concluded that it was low enough that there was a 40 percent chance
of a Type Il error (there really was a difference but it went undetected). The point
isthat a researcher is likely to have made system design recommendations related
to safety that were 40 percent likely to be incorrect. In human factors, where con-
clusions support design decisions and not just development and validation of
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theories, researchers must be more aware of the tradeoffs between Type | and Type
Il errors, and not blindly apply the traditional .05 cutoff.

New methods are being developed in order to avoid the pitfalls of using a sin-
gle experiment to draw conclusions. Psychologists are using an analysis method
called meta-analysis, a technique that combines the results of many studies into
one analysis and overall conclusion. A meta-analysis can show the strength of a re-
lationship between two variables across multiple studies. This means that we are
less likely to make either a Type | or a Type Il error and can be more confident in
our conclusions.

Statistical Significance versus Practical Significance

Once chance isruled out, meaningp < .05, researchers discuss the differences be-
tween groups asthough they are a fact. However, it isimportant to remember that
two groups of numbers can be statistically different from one another without the
differences being very large. As an example, suppose we compare two groups of
Army trainees. One group istrained in tank gunnery with a low-fidelity personal
computer. Another group is trained with an expensive high-fidelity simulator.
We might find that when we measure performance later, the mean percent correct
for the personal computer group is 80 percent while the mean percent correct for
the simulator group is 83 percent. If we used a large number of subjects, there may
be a statistically significant difference between the two groups, and we would
therefore conclude that the simulator is a better training system. However, espe-
cially for applied research, we must look at the difference between the two groups
in terms of practical significance. Is it worth spending billions to place simulators
on every military base to get an increase from 80 percent to 83 percent? This il-
lustrates the tendency for some researchers to place too much emphasis on statis-
tical significance and not enough emphasis on practical significance.

Quasi-Experiments

Quasi-experiments are conducted when the researcher cannot directly manipu-
late the independent variable(s). Quasi-experiments fall somewhere between "ex-
perimental” and "descriptive” research methods. While they are technically not
experiments, we discuss them in this section because they use groups and statis-
tical analyses that are similar to an experiment. There are a number of quasi-ex-
perimental designs (see Cook & Campbell, 1979), but the most common in
human factors is the "non-equivalent control group design" with two variations,
those that make use of existing groups and those that let subjects self-select their
treatment conditions.

Existing Groups or Ex Post Facto Designs. In many quasi-experiments, indepen-
dent variables are selected which have different levels or conditions, but the lev-
els were not explicitly created (and controlled) by the experimenter. Examples
would include the variables of gender, age groups, levels of work experience, and
weight. As an example, assume that we want to evaluate the hypothesis that
workers with greater work experience (for example, over ten years) in a manu-
facturing plant exhibit lower risk-taking behavior. Our independent variable
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would be years on the job (e.g., <1,1-10, and >10), and our dependent variable
would be some measure of risk-taking. However, we cannot perform atrue ex-
periment. That would require obtaining a sample of workers, say ninety people
from alocal plant, and then randomly assigning them to one of the three levels
of the experiment. We cannot assign workers to conditions because they already
naturally occur within the conditions-they  already have some number of years
on the job. The problem with this design is that people who naturally fall into the
different groups may vary on other dimensions aswell. For example, people who
have been on the job longer may have different personality characteristics than
those who have worked less time. These personality characteristics may be re-
sponsible for any differences in risk-taking.

In applied research, we must often use such "existing groups" for experi-
ments. These studies are called quasi-experiments because they look like true ex-
periments but do not have the same level of control. Our inferences about cause
and effect are much weaker because there may be competing causal factors that
cannot be ruled out.

Subject Self-Selection to Condition. Consider another example. We are evaluat-
ing the differences in cursor control for the trackball versus mouse example. We
bring participants in and allow them to choose one device or the other for their
work. We collect data and find that fewer errors were made with the trackball than
with the mouse. Can we conclude that the input device was responsible for the
difference? Only if we can assume that subjects choosing the trackball are the
same on all characteristics as those choosing the mouse. Clearly we cannot make
that assumption.

Using existing groups or letting subjects self-select their condition means in-
troducing possible confounds that cannot be eliminated with any type of statisti-
cal analysis. Whenever possible, researchers should use a true experiment with
random assignment of subjects to groups. This is true whether the study is being
conducted for research purposes or for the support of system design and evalua-
tion, as described in Chapter 3.

DESCRIPTIVE METHODS

While experimentation in a tightly controlled environment is valuable for un-
covering basic laws and principles, there are often cases where research is better
conducted in the real-world. In many respects, the use of complex tasks in a real-
world environment results in data that are more generalizable because they cap-
ture more of the characteristics of a complex real-world environment.

Unfortunately, conducting research in real-world settings often means that we
must give up the "true" experimental design because we cannot directly manipu-
late and control variables. We have already seen one example of this in the quasi-
experiment. Another case is descriptive research, where researchers simply measure
a number of variables and possibly evaluate how they are related to one another.
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One example of this type of research would be evaluating the driving behavior of
local residents at various intersections. Another example would be measuring
how people use a particular design of ATM (automatic teller machine). A third ex-
ample would be observing workers in a manufacturing plant to identify the types
and frequencies of unsafe behavior.

Observation

In many instances, human factors research consists of recording behavior during
tasks performed under avariety of circumstances. For example, in studying nat-
uralistic decision making, we might observe command and control personnel re-
ceiving information, asking for additional information, making decisions, and
evaluating those decisions. This could be done for a wide range of tasks ranging
from mundane everyday conditions to unusual emergency circumstances.
Observational research can yield a great deal of information about human per-
formance (including errors) under complex conditions.

In planning observational studies, a researcher identifies the variables to be
measured, the methods to be employed for observing and recording each vari-
able, conditions under which observation will occur, the observational time
frame, and so forth. For example, if we are observing decision making and one
variable is the type of information initially received, we must develop a taxon-
omy to classifythe different types of information. Otherwise, observation will re-
sult in a large number of specific pieces of information that cannot be reduced
into any meaningful descriptions or conclusions. It isusually most convenient to
develop ataxonomy based on pilot data. This way, an observer can use a check-
list to record and classify each instance of new information, condensing the in-
formation as it is collected.

In situations where a great deal of data is available, it may be more sensible to
sample only a part of the behavioral data available or to sample behavior during
different sessions rather than all at once. For example, a safety officer is better off
sampling the prevalence of improper procedures or risk-taking behavior on the
shop floor during several different sessions spread out over a period of time rather
than all at once during one day. The goal is to get representative samples of be-
havior, and this is more easily accomplished by sampling over different days and
during different conditions.

There are several other issues in observational research that are related to
the quality of research and findings. First, researchers should consider the ex-
tent to which the process of observation is likely to affect the behavior being
measured. This is particularly problematic for behaviors that violate company
policy or are incompatible with prevalent social norms. A second issue is the re-
liability of the observer. Humans are notoriously unreliable in the sense that
what they see and how they interpret it tends to change over time. Observer re-
liability can be increased by having two or more observers collect data for the
same situation and then checking the percentage of observations in which they
are in agreement. In addition, videotapes can be reviewed and discussed to in-
crease interobserver reliability.
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Surveys and Questionnaires

Both basic and applied research frequently rely on surveys or questionnaires to
measure variables. Survey research is "the systematic gathering of information
about people's beliefs, attitudes, values, and behavior" (Sommer & Sommer, 1986).
An example would be conducting a survey of forest firefighters' beliefs, attitudes,
values, and actual behavior with respect to safety and safety related procedures in
firefighting. This information might be useful in developing new company poli-
cies, guidelines, training programs, and so forth to increase safety-oriented atti-
tudes and behavior among firefighters.

A questionnaire is a set of written questions or scales used for both experi-
mental and descriptive research. Asan example, a true experiment might be con-
ducted where participants are randomly assigned to one of five computer display
conditions. After using the display for some period of time, they are given a ques-
tionnaire measuring several dependent variables such as subjective fatigue, beliefs
about the effectiveness of the display, and so forth. Answers to the questionnaire
would be quantified and submitted to statistical analyses, as described earlier in
this chapter.

Questionnaires are also used in descriptive research where no independent
variables are manipulated. They are extremely valuable in measuring perceptions,
opinions, predictions, and other "mental phenomena™ that affect the relationship
between human and machine. There are two basic types of questionnaire: self-ad-
ministered questionnaires where the respondent reads and fillsout the question-
naire him- or herself, and interviewer-administered questionnaires where the
researcher asks questions and records the answers. These are also known as struc-
tured interviews. Self-administered questionnaires are more common because
they are faster and more efficient.

Content.  In developing a questionnaire, it is best to start with a definition of the
variables of interest. For example, let us assume we are evaluating several alterna-
tive ergonomic designs for a computer workstation chair. We will probably mea-
sure several objective physiological and performance variables, but we are
interested in people's subjective reactions as well. We might want to know if the
chair feels comfortable, whether people had trouble making the various adjust-
ments, and if people simply like the chair in general. However, in order to write the
questionnaire assessing these variables, we must first develop a list of the exact
variables we wish to measure. Thus, in identifying questionnaire content, it is
better to start with a list of the dependent variables of interest. Often these will be
grouped into categories, such as comfort (e.g., leg, back, arm, etc.), ease of use of
the various controls, and overall appeal. Once the clusters of variables have been
listed, specific questionnaire items are developed. The development of question-
naire items requires deciding on format for each question and then writing the
question using clear and concise terms.

Format. Question format can be either open-ended or closed. An open-ended
question has a format where a question is asked and the respondents write their
own answer (e.g., What did you like about the chair?). Open-ended questions are
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desirable when the researcher cannot foresee all possible answers, when the range
of possible answers istoo large to be practical, or when the researcher wants the
respondent's own words for some reason (Sommer & Sommer, 1986).

Closed questions give respondents a limited choice of answers; examples are
multiple choice questions or rating scales. An example would be:

In general, how easy was it to accomplish your goals using this ATM?

Extremely 6 7 Extremely
Difficult Easy

There are numerous advantages to using closed questions. The predominant one
is that they are much easier to convert to quantitative scores for the variables
being studied. For example, a respondent could rate the overall appeal of a soft-
ware interface design on a scale of 1to 7. These values represent quantities that can
be used as variables for descriptive or inferential statistical analyses.

Many analysts recommend using a combination of open-ended and closed
questions so that each can overcome the disadvantages of the other. Some suggest
that one put open-ended "reaction" questions at the beginning of a section or
questionnaire, followed by the more specific closed questions. This helps to keep
respondents from being biased by the content of specific questions.

Pretesting.  After the first draft of a questionnaire is written, it should be
pretested. The researcher finds several respondents who are similar in character-
istics to the ultimate group who will receive the questionnaire. These trial re-
spondents are asked to fill out the questionnaire and give the researcher feedback
regarding any problems that they note. This process is critical because the person
writing the questionnaire is close to the subject and often will not be able to see
when items are unclear or misleading. Pretesting can be done with a small num-
ber of respondents and usually no statistical analyses are needed.

Validity. Aswith any other measure, questionnaires are only valid to the extent
that they are well-designed and measure what they are intended to. Questionnaires
often measure beliefs and behavior that are sensitive or open to judgment. Under
most circumstances, respondents should be told that their answers will be both
confidential and anonymous. It iscommon practice for researchers to place iden-
tifying numbers on the questionnaires rather than names. Employees are more
likelyto be honest if their name will never be directly associated with their answers.

Incident and Accident Analysis

Sometimes a human factors analyst needs to determine the overall functioning of
a system, especially with respect to safety. There are a number of methods for eval-
uating safety, including the use of surveys and questionnaires. Another method is
to evaluate the occurance of incidences, accidents, or both. An incidence iswhere
anoticeable problem occurs during system operation, but an actual accident does
not result from it. Some fields, such as the aerospace community, have formalized
databases for recording reported incidents and accidents (Rosenthal & Reynard,
1991). The Aviation Safety Reporting Systems (ASRS) database is run by NASA
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and catalogs on the order of 30,000 incidents reported by pilots or air traffic con-
trollers each year.

While this volume of information is potentially invaluable, there are certain
difficulties associated with the database. First, just the sheer size of the qualitative
database makes it difficult to search to develop or verify causal analyses. Second,
even though people who submit reports are guaranteed anonymity, not all inci-
dents are reported. Finally, a third problem is the fact that the reporting person
may not give information that is necessary for identifying the root causes of the
incident or accident. The more recent use of follow-up interviews has helped but
not completely eliminated the problem.

Accident prevention isa major goal of the human factors profession, especially
as humans are increasingly called upon to operate large and complex systems.
Accidents can be systematically analyzed to determine the underlying root causes,
whether they arose in the human, machine, or some interaction. Accident analy-
sis has pointed to a multitude of cases where poor system design has resulted in
"human error;' including problems such as memory failures in the 1989 Northwest
Airlines Detroit crash, training and decision errors in the 1987 Air Florida crash
at Washington National Airport, high mental workload and poor decision mak-
ing at Three-Mile Island, and attention tunneling in the 1972 Eastern Airlines
Everglades crash. Accidents are usually the result of several coinciding break-
downs within a system. This means that most of the time, there are multiple un-
safe elements such as training, procedures, controls and displays, system
components, and so on that would ideally be detected before rather than after an
accident. This requires a proactive approach to system safety analysis rather than
a reactive one such as that provided by accident analysis. This topic will be ad-
dressed in greater length in Chapter 14.

Data Analysis for Descriptive Measures

Most descriptive research is conducted in order to evaluate the relationships be-
tween a number of variables. Whether the research data has been collected through
observation or questionnaires, the goal isto (1) seewhether relationships existand
(2) measure their strength. Relationships between variables can be measured in a
number of ways. In this section, we briefly describe several of them.

Differences Between Groups. Researchers are frequently interested in how vari-
ables differ for different groups of people. For example, we might want to see how
the attitudes and behavior of firefighters differ for people who are new on the job
versus people who have extensive experience. Data for different groups of subjects
can be evaluated using ANOVAjust as it is done for true experiments. Data from
questionnaires are frequently analyzed to see whether groups of subjects differ on
one or more of the items. However, if you are analyzing more than a few variables,
there are statistical adjustments that should be made in order to avoid increasing the
chances of a Type | error (refer to a standard research methods and statistics text).

Relationships Between Continuous Variables. In the previous example, we
grouped firefighters into novice versus experienced firefighters. However, it is also
possible to seeif there isa relationship between job experience and safety attitudes
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without grouping the subjects at all. This is done by performing a correlational

analysis. The correlational analysis measures the extent to which two variables co-
vary. For example, in a positive correlation, one variable increases as the values of
another variable increase. In a negative correlation, the values of one variable in-
crease as the other variable decreases. By calculating the correlation coefficient, r,
we get a measure of the strength of the relationship. Statistical tests can be per-
formed that determine the probability that the relationship is due to chance fluc-
tuation in the variables. Thus we get information concerning whether a
relationship exists (p) and a measure of the strength of the relationship (r).

One caution should be noted. When we find a statistically significant corre-
lation, it istempting to assume that one of the variables caused the changes seen
in the other variable. This causal inference isunfounded for two reasons. First, the
direction of causation could actually be in the opposite direction. For example, we
might find that years on the job is negatively correlated with risk-taking. While it
is possible that staying on the job makes an employee more cautious, it is also pos-
sible that being more cautious results in a lower likelihood of injury or death. This
may therefore cause people to stay on the job. Second, a third variable might
cause changes in both variables. For example, people who try hard to do a good
job may be encouraged to stay on and may also be cautious as part of trying hard.

Complex Modeling and Simulation.  Researchers sometimes collect a large number
of data points for multiple variables and then test the relationships through mod-
els or simulations. According to Bailey (1989), a model is "a mathematical/physi-

cal system, obeying specific rules and conditions, whose behavior is used to
understand a real (physical, biological, human-technical, etc.) system to which it
is analogous in certain respects.” Models range from simple mathematical equa-
tions to highly complex simulations (runnable models), but in all cases, they are
more restricted and less "real" than the system they reflect.

Simple models may be conceptual or mathematical. Conceptual models spec-
ify a set of variables and their interrelationships without necessarily quantifying
those relationships. Such conceptual models can be verified by collecting correla-
tional data for the variables and submitting it to a model verification program such
as LISREL (Joreskog & Sorbom, 1976). Such model testing directly tests the re-
search hypotheses rather than testing the null or "no effect" hypothesis, asis done
in traditional research.

Other simple models may be mathematical equations linking two or more
variables. These are often used to describe relationships in a physical system, or the
physiological relationships in the human body. Mathematical models of the
human body have been used to create simulations that support workstation de-
sign. As an example, COMBIMAN is a simulation model that provides graphical
displays of the human body in various workstation configurations (McDaniel &
Hofmann, 1990). It is used to evaluate the physical accommodation of a pilot to
existing or proposed crew station designs.

Mathematical models can be used to develop complex simulations (see
Elkind, Card, Hochberg, & Huey, 1990). That is, key variables in some particular
system and their interrelationships are mathematically modeled and coded into a
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runnable simulation program. Various scenarios are "run" and the model shows
what would happen to the system. The predictions of a simulation can be validated
against actual human performance. This gives future researchers a powerful tool
for evaluating the effects of design changes. An example of this type of modeling
is currently being carried out for human cognitive performance. For example,
Woods, Roth, and Pople (1990) have developed an artificial intelligence program
called Cognitive Environment Simulation (CES) that models human problem
solving performance and errors for operators in a nuclear power plant. This allows
human factors specialists to predict what circumstances will be most likelyto lead
to errors and why. Other simulation models focus on variables such as task se-
quences, operator workload, and related performance problems (e.g., Baron, 1988;
Sarno & Wickens, 1995). One important advantage of using models for research
is that they can replace evaluation using human subjects to assess the impact of
harmful environmental conditions (Kantowitz, 1992; Moroney, 1994).

MEASURING VARIABLES

For both experimental and descriptive research, a key component is measurement
of variables. As an example, in applied research we might be interested in evalu-
ating how system design factors or environmental factors would impact a pilot's
flying performance. The question then becomes: How do you measure flying per-
formance? As Kantowitz states, "Measures are the gears and cogs that make em-
pirical research efforts run. No empirical study can be better than its selected
measures” (Kantowitz, 1992). Much of the advancement in human factors re-
volves around developing sound methods for measuring variables of interest.
This problem is more difficult than it may appear on the surface.

As an example, consider the concept of "mental workload." Researchers have
hypothesized that people will perform poorer on tasks and make more errors as
they are confronted with "too much mental workload." For example, air traffic
controllers may try to perform too many tasks at one time and experience an over-
load. What does it mean to say "high workload?" This question of measuring
mental workload may seem easy,but it is not. For example, we might define work-
load as the number of tasks a person is doing at once. However, it turns out that
sometimes numerous tasks can be performed concurrently with little deteriora-
tion in performance. How can we predict when combinations of tasks will increase
mental workload beyond a person's ability? That is, what factors cause high work-
load? To study these questions, we must have some way to measure mental work-
load. Unfortunately, this is a hypothetical variable that cannot be directly
measured. We therefore try to find indirect measures that reflect different levels of
mental workload and that do not reflect other factors.

Researchers have tried measuring the elusive mental workload with a num-
ber of different techniques (Hancock & Meshkati, 1988; Lysaght et al. 1989;
Wierwille & Eggemeier, 1993). The various workload measurement methods gen-
erally fall into three categories: (1) subjective procedures that consist of subjects'
estimates of workload experienced under various tasks, (2) performance measures
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where lower performance isassumed to reflect greater workload, and (3) physio-
logical measures such as brain wave activity and heart rate or heart rate variabil-
ity (Wierwille & Eggemeier, 1993). None of these are pure measures of mental
workload; each is contaminated in a different way. For example, Wilson and
O'Donnell (1988) concluded that simple heart rate is an index of overall physio-
logical arousal, while Hart and Wickens (1990) contend that heart rate provides
an index of the overall effect of task demands plus the emotional response of the
operator to them.

Because different measures of avariable are contaminated in different ways,
it is often desirable to use more than one measure for a single concept or vari-
able. For example, if we were assessing the effect of different displays on mental
workload, a researcher might use measurement techniques from each of the
subjective, performance, and physiological measurement categories. If the data
for the different measures agree, it provides converging data for the conclu-
sions. If only some of the measures are affected, the data can be used in a diag-
nostic fashion (some measures are sensitive measures of workload only under
certain circumstances).

For most performance measures, researchers make educated guesses asto the
best measures for a particular problem, and theory is often the most valuable tool
in guiding the selection of measures. Kantowitz (1992) provides a good discussion
and several examples of how theory is useful in identifying the most relevant and
useful measures for a study, whether basic research or applied.

System Performance

The human factors specialist is frequently concerned with monitoring the func-
tioning of an entire system that includes humans as one component. For exam-
ple, we might be interested in monitoring the "safety” of a power plant; however,
there are no clear measures that reflect overall system safety. Olson et al. (1988)
attempted to identify aset of consistent and objective safety indicators for a nu-
clear power plant (see Table 2.2). It can be seen in Table 2.2 that "safety" was re-
lated to a variety of measures that cluster around different issues, including
radiation, equipment maintenance, and so forth. Allof the initial indicators were
evaluated on dimensions such as data quality, availability, and directness of the
relationship to safety. The researchers concluded that no single measure was an
adequate indicator of plant safety, but rather the use of a cluster of multiple in-
dicators was necessary.

Objective versus Subjective Measures

It has been a long tradition in science to believe that the best measures are those
that are most objective and least subjective (e.g., Kosso, 1989), where subjective
measures are those that rely on human experience, judgment, perception, or cog-
nition. These factors are assumed to distort or unfavorably alter the reality being
measured. For this reason, researchers may assume that in measuring human per-
formance, any objective measure, such as number of keystrokes, is more desirable
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TABLE 2.2 Nuclear Power Plant Safety Measures

Management!
administration

Operations

Maintenance

Training!experience

Quality programs

Health physics/
radiation control

Configuration
management

Turnover rate

% vacancies

Number of administrative licensee event reports (LERS)
Number of repeat violations

Number of repeat human errors and equipment failures
Amount of overtime worked by functional area

Ratio of contractor to plant personnel

Supervisory ratio

Operator exam pass-fail rate

Time in limiting condition of operation (also relevant to
maintenance)

Operator error events (LERs, forced outages, violations)

Control room instrument inoperability

% continuously alarming annunciators

Number of temporary procedures

Equipment out of service (or degraded)

Safety system rework

Maintenance work request status (backlog)

Maintenance-related events (LERS)

Preventive maintenance requests completed on safety-
related equipment

Number of maintenance requests issued on safety-related

equipment
Realignment errors during maintenance
Wrong unit-wrong train events

Operator exam pass/fail rate
Number of personnel errors
Average years of licensed operator experience

Corrective action request backlog
Quality assurance audit deficiencies

Number of skin contaminations

Water chemistry out of specification

Work areas (or % of work areas contaminated)

Collective exposure (person rems per site)

Ratio of individual doses greater than 1.5rems to the total
collective dose

Backlog of design change requests
Backlog of drawing updates

Source: Olson et al., 1988. Development of programmatic performance indicators. Washington, DC:
U.S. Nuclear Regulatory Commission.
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than subjective measures. As an example, some researchers are generally more
skeptical of subjective ratings as a measure of mental workload, as compared to
"objective™ measures such as heart rate. In addition, as more performance in-
volves interaction with computers, it becomes easier and easier for researchers to
simply program the computer to measure a host of objective measures. Imagine
the number of objective measures that could be obtained on a flight simulator
(speed, altitude, attitude, rate of ascent, etc.). The question is: What would the
measures tell us about performance? It often becomes very easyto collect volumes
of objective data with little way to make sense of it.

Several good papers have been published on the objective versus subjective
measurement issue (e.g., Hennesy, 1990; Muckler, 1992). Ifwe evaluate the litera-
ture, it is clear that both objective and subjective measures have their uses. For ex-
ample, in a study of factors that lead to stress disorders in soldiers, Solomon,
Mikulincer, and Hobfoll (1987) found that objective and subjective indicators of
event stressfulness and social support were both predictive of combat stress reac-
tion and later posttraumatic stress disorder and that "subjective parameters were
the stronger predictors of the two" (p. 581). Other researchers have noted similar
conditions where subjective measures are actually superior to objective measures.
For example, Hennessy (1990) notes that human performance testing and evalu-
ation is often conducted in complex real-world environments where tasks are per-
formed in highly varying conditions. In such circumstances, subjective measures
have several advantages over objective measures, including the fact that subjective
data can usually be summarized more quickly and easily because it has already
been condensed down in the process of determining what to score or rate. In con-
trast, collection of vast amounts of objective data will result in large amounts of
coding and data reduction before the performance measures can be analyzed.

QUALITIES OF GOOD RESEARCH

The quality of a study is usually evaluated in terms of three categories: construct va-
lidity,internal validity,and external validity. These characteristics are important be-
cause without validity,the results of a study cannot be used to draw any conclusions.

Construct Validity

Construct validity refers to the degree to which the researchers manipulated what
they wanted to and also the degree to which the researchers measured the depen-
dent variables they wanted to. Asan example, if researchers were looking at the in-
dependent variable of "fatigue;' it would be important that the subjects experienced
different levels of fatigue. If the researcher thinks that fatigue refers to the state
caused by excessive physical effort, then the physical effort must be extensive
enough that subjects are, in fact, fatigued. If the researcher never performs a ma-
nipulation check, it is possible that subjects actually experienced a very minimal
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amount of fatigue. Similarly, if a researcher is looking at risk-taking, it might not
be appropriate to measure the number of times a subject performs a task.

A good experiment starts with appropriate ways of manipulating the inde-
pendent variables and valid ways of measuring the dependent variable(s) of in-
terest. Similarly, descriptive research usesvalid techniques for measuring all of the
variables of interest (since there are no experimental manipulations). Construct
validity is arguably the most critical factor in determining the worth of either ap-
plied or basic research.

Internal Validity

A study with high internal validity isan experiment where the causal or indepen-
dent variable (s), and no other extraneous variables, caused a change in the effects
(dependent variables) being measured. Studies that have confounds (where an ex-
traneous variable covaries along with the causal variable under study) have low in-
ternal validity. Such studies are often virtually worthless because no causal
inferences can be made. Confounds and their resulting lack of internal validity are
frequent characteristics of studies conducted by untrained researchers. Often the
experimenters are not even aware that there are confounding extraneous variables
that could be responsible for the results. This is one reason why, in submitting pa-
pers for publication, authors are required to describe their procedures in great de-
tail. This gives reviewers a chance to evaluate the study for possible confounding
variables. The importance of internal validity is the underlying reason for using
the experimental method (with its associated random assignment to groups and
other controls), even in very applied research in the field.

External Validity

A final measure of the worth of human factors research is its external validity. This
refers to the degree to which we can generalize the results of a study to other peo-
ple, tasks, and/or settings. In human factors, the issue of external validity is criti-
cal. A study that yields results that are too narrow to be applicable elsewhere has
little value to the professional community. This can happen because basic re-
search is performed using unrealistically simple tasks or settings, but it can also
occur in field research because the study is performed using highly ideosyncratic
equipment and tasks. In either case, it may be difficult for other professionals to
apply the research results to their problem.

ETHICAL ISSUES

It is evident from discussions in this chapter that the majority of human factors
research involves the use of people as participants in research. Many professional
affiliations and government agencies have written specific guidelines for the
proper way to involve participants in research. Federal agencies rely strongly on the
guidelines found in the Code of Federal Regulations HHS, Title 45, Part 46;
Protections of Human Subjects (Department of Health and Human Services,
1991). Anyone who conducts research using human participants should become
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familiar with the federal guidelines as well as APA published guidelines for ethi-
cal treatment of human subjects (American Psychological Association, 1992).
These guidelines fundamentally advocate the following principles:

e Protection of participants from mental or physical harm

e The right of participants to privacy with respect to their behavior

e The assurance that participation in research is completely voluntary

e The right of participants to be informed beforehand about the nature of the
experimental procedures

When people act as participants in an experiment, they are told the general nature
of the study. Often they cannot be told the exact nature of the hypotheses because
this will bias their behavior. Participants should be informed that all results will
be kept anonymous and confidential. This is especially important in human fac-
tors because often they are employees who fear that their performance will be eval-
uated by management. Finally, participants are often asked to sign a document,
termed an informed consent form, stating that they understand the nature and risks
of the experiment, that their participation is voluntary, and that they understand
they may withdraw at any time. In human factors field research, the experiment
is considered to be reasonable in risk if the risks are no greater than those faced in
the actual job environment.

As one last note, experimenters should always treat participants with respect.
Participants are usually self-conscious because they feel their performance is being
evaluated (which it is in some sense) and they fear that they are not doing well
enough. It is the responsibility of the investigator to put participants \ltease, as-
suring them that the system components are being evaluated and not the people
themselves. This is one reason that the term user testing has been changed to us-
ability testing (see next chapter) to refer to situations where people are asked to use
various system configurations in order to evaluate overall ease-of-use and other
factors.
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Design and

Evaluation
Methods

The goals of ahuman factors specialist are gen-
erally to make tasks easier, more effective, more satisfying to perform, and safer.
In addition to conducting basic and applied research to broaden our understand-
ing, this is done primarily by applying human factors principles, methods, and
data to the design of new products or systems. However, the concept of "design”
can be very broad, including activities such as the following:

® Design or help design products or systems, especially their interface.

* Modify the design of existing products to address human factors problems.

® Design ergonomically sound environments, such as individual workstations,
large environments with complex work modules and traffic patterns, home en-
vironments for the handicapped, gravity-free environments, and so forth.

® Perform safety-related activities, such as conduct hazard analyses, implement
industrial safety programs, design warning labels, and give safety-related
instructions.

® Develop training programs and other performance support materials such as
checklists or instruction manuals.

® Develop methods for training and appraising work groups and teams.

« Apply ergonomic principles to organizational development and restructuring.

In this chapter, we will review some of the methods that human factors spe-
cialists use to support the first activity, designing products or systems. Human fac-
tors methods and principles are applied in virtually all product design phases:
predesign analysis, conceptual and technical design, and final test and evaluation.
While the material in this chapter provides an overview of the human factors

41
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process, later chapters will provide some of the basic content information neces-
sary to carry out those processes. The remaining activities listed above will be cov-
ered in later chapters, which will provide both the content and specialized
methods for each topic.

OVERVIEW OF DESIGN AND EVALUATION

Many if not most products and systems are still designed and manufactured with-
out adequate consideration of human factors. Designers tend to focus primarily
on the product and its functions without fully considering the use of the product
from the human point of view. In a book that should probably be read by every
engineer, Norman (1988) writes cogently:

Why do we put up with the frustrations of everydayobjects,with objects that
we can't figure out how to use, with those neat plastic-wrapped packagesthat
seemimpossibleto open, with doors that trap people, with washingmachines
and dryers that have become too confusing to use, with audio-stereo-televi-
sion-video-cassette-recordersthat claim in their advertisements to do every-
thing, but that make it almost impossible to do anything?

Poor design is common, and as our products become more technologically so-
phisticated, they frequently become more difficult to use.

Evenwhen designers attempt to consider human factors, they often complete
the product design first and only then hand off the blueprint or prototype to a
human factors expert. This expert isthen placed in the unenviable position ofhav-
ing to come back with criticisms of a design that a person or design team has prob-
ably spent months and many thousands of dollars to develop. It is not hard to
understand why engineers are less than thrilled to receive the results of a human
factors analysis. They have invested in the design, clearly believe in the design, and
are often reluctant to accept human factors recommendations. The process of
bringing human factors analysis in at the end of the product design phase inher-
ently places everyone involved at odds with one another. Because of this induced
friction and the designer's resistance to change, the result is often a product that
is not particularly successful in supporting human performance and safety.

Aswe noted in Chapter 1,human factors can ultimately save companies time
and money. But to maximize the benefits achieved by applying human factors
methods, the activities must be introduced relatively early in the system design
cycle.We will shortly describe how this is done. However, first we describe some
methods that a designer can use to demonstrate the value of performing human
factors analysis. The best way to demonstrate the value of human factors to man-
agement is to perform a cost/benefit analysis.

Cost/Benefit Analysis

Human factors analysis is sometimes seen as an extra expense that does not reap
amonetary reward equal to or greater than the cost of the analysis. A human fac-
tors expert may be asked to somehow justify his or her involvement in a project
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and explicitly demonstrate a need for the extra expense. In this case, a cost/bene-
fit analysis can be performed to demonstrate the overall advantages of the effort
(Alexander, 1995; Bias & Mayhew, 1994; Mayhew, 1990). In other words, the
cost/benefit analysis is used to show management that human factors should be
included as part of the design effort even if it does entail an extra expense, because
in the long run, it will save the company money.

In a cost/benefit analysis, one calculates the expected costs of the human fac-
tors effort and estimates the potential benefits in monetary terms. Mayhew (1992)
provides a simple example of such an analysis. Table 3.1 shows a hypothetical ex-
ample of the costs of conducting a usability study for a software prototype.

In most instances, estimating the costs for a human factors effort is relatively
easy because the designer tends to be familiar with the costs for personnel and ma-
terials. Estimating the benefits tends to be more difficult and must be based on as-
sumptions (Bias & Mayhew, 1994). It is best if the designer errs on the conservative
side in making these assumptions. Some types of benefits are more common for
one type of manufacturer or customer than another. Mayhew (1992) lists the fol-
lowing benefits that might be applicable, and that can be estimated quantitatively:

1. Increased sales

2. Decreased cost of providing training
3. Decreased customer support costs
4. Decreased development costs

5. Decreased maintenance costs

6. Increased user productivity

7. Decreased user errors

8. Improved quality of service

9. Decreased training time

10. Decreased user turnover

TABLE 3.1 Hypothetical Costs for Conducting a Software Usability Study

Human Factors Task # Hours
Determine Testing Issues: 24
Design Testand Materials: 24
Test 20 Users: 48
Analyze Data: 48
Prepare/Present Results: 16
TOTALHF HOURS: 160
160 HF hours @ $45 = $7,200
48 Assistant hours @ $20 960
48 Cameraman hours @ $30 1,440
Videotapes: 120
TOTAL COST: $9,720

Source: D. J. Mayhew, 1992. Principles and guidelines in software user interface design. Englewood Cliffs,
NJ: Prentice-Hall Inc. Adapted by permission of Prentice-Hall, Inc., Upper Saddle River, NJ.
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Other quantifiable benefits are health or safety related (Alexander, 1995), such as:

1. Decreased sick leave or time off

Decreased number of accidents or acute injuries

Decreased number of chronic injuries (such as cumulative trauma dis-
orders)

Decreased medical and rehabilitation expenses

Decreased number of citations or fines

Decreased number of lawsuits

Increased employee satisfaction (lower turnover)

wn
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The total benefit of the effort is determined by first estimating values for the rel-
evant variables without human factors intervention. The same variables are then
estimated, assuming that even a moderately successful human factors analysis is
conducted. The estimated benefit is the total cost savings between the two.

For example, in a software usability testing effort, one might calculate the av-
erage time to perform certain tasks using a particular product and/or the average
number of errors and the associated time lost. The same values are estimated for
performance if a human factors effort is conducted. The difference is then calcu-
lated. These numbers are multiplied by the number of times the tasks are per-
formed and by the number of people performing the task (e.g., over a year or five
years time). Mayhew (1992) givesan example for ahuman factors software analy-
sis that would be expected to decrease the throughput time for fill-in screens by
three seconds per screen. Table 3.2 shows the estimated benefits. It is easy to see
that even small cost savings per task can add up over the course of a year. In this
case, the savings of $43,125 in one year easily outweighs the cost of the usability
study, which was $9,720. Karat (1990) reports a case where human factors was per-
formed for development of software used by 240,000 employees. She estimated
after the fact that the design effort cost $6,800,and the time-on-task monetary sav-
ings added up to a total of $6,800,000 for the first year alone. Designers who must
estimate performance differences for software screen changes can refer to the
large body of literature that provides specific numbers based on actual cases (see
Bias & Mayhew, 1994; Mayhew, 1990) for a review.

Manufacturing plants can likewise make gains by reducing costs associated
with product assembly and maintenance (e.g., Marcotte, Marvin, & Lagemann,

TABLE 3.2 Hypothetical Estimated Benefit for a 3-Second Reduction in Screen Use

250 users

60 screensper day

230 daysper year

processingtime reduced by 3 secondsper screen
Hourly rate of $15

= $43,125 SavingsPER YEAR

Source: D.J. Mayhew, 1992. Principles and guidelines in software user interface design. Englewood Cliffs, NJ:
Prentice- Hall Inc. Adapted by permission of Prentice- Hall, Inc., Upper Saddle River, NJ.
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1995), and for injury and health-related analyses, the benefits can be even greater.
Readers are referred to Alexander (1995), Bias and Mayhew (1994), Mantei and
Teorey (1988), and Mayhew (1992), for a more detailed description of cost/ben-
efit analysis.

Human Factors in the Product Design Lifecycle

One major goal in human factors is to support the design of products in a cost-
effectiveand timely fashion, such that the products support, extend, and transform
user work (Wixon, Holtzblatt, & Knox, 1990). As noted earlier, in order to maxi-
mally benefit the final product, human factors must be involved as early as possi-
ble in the product (or system) design rather than being performed as a final
evaluation after product design. The goal of this section isto provide an overview
of the role of human factors activities in different product design stages. The ac-
tivities will then be described in more detail.

‘There are numerous systematic design models, which specify the optimal se-
quence of steps for product analysis, design, and production (e.g., see Bailey,1996;
Blanchard & Fabrycky, 1990; Dix et al., 1993; Meister, 1987; Shneiderman, 1992).
Product design models are all relatively similar and include stages reflecting pre-
design or front-end analysis activities, design of the product per se, production,
and field test and evaluation. Product lifecycle models also add product imple-
mentation, utilization and maintenance, and dismantling or disposal. Table 3.3
shows a generic lifecycle model and lists some of the major activities performed
by human factors specialists in each stage.

While many people think of human factors as a*product evaluation™ step done
predominantly at one point in the design process, it can be seen from Table 3.3that
human factors activities occur in many of the stages. Most of the human factors
analysesare performed early,during the front-end analysis stage and during the two
design stages. Although the human factors work involves different activities and
products in different stages, most of it includes evaluation of some type. This
evaluation provides feedback for modification of the various work products.

During the firstfront-end analysis stage, also called requirements specification
or predesign, the human factors specialist conducts detailed analyses centering
around the user and job or task activities; identifying who the users will be, what
functions the human-machine system will serve, what activities the user will per-
form, and the environment in which they will perform them. This analysis cul-
minates in a detailed specification of user or customer requirements. As the
engineers or system designers write system specifications to guide the design
process, the human factors specialist makes sure the system functions are consis-
tent with user needs and makes sure that human factors criteria are included in the
list of requirements. Examples of this process will be given below.

In the two stages involving actual product design, the human factors special-
ist provides input to the designer or design team. This often requires numerous
analyses and studies, such as detailed functional analysis and allocation decisions,
task analysis, interface design and prototyping, heuristic evaluation of alternative
designs, workload analysis, and iterative usability testing (Dennison & Gawron,
1995). Many of these, such as safety or workload analyses, will be performed for
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TABLE 3.3 System Development Life Cycle and Associated Human Factors Activities
Stages in Product Life Cycle Human Factors Activities

Stage 1:Front-End Analysis User analysis
Function analysis
Preliminary task analysis
Environment analysis
Identify user preferences and requirements
Provide input for system specifications
* Make sure objectives and functions
match user requirements
« Provide ergonomic criteria

Stage 2: Conceptual Design Functional allocation
Support the conceptual design process

Stage 3: Iterative Design and Testing Task analysis

Interface design

Develop prototype(s)

Heuristic evaluation (design review)

Additional evaluative studies/analyses:
Cost-benefit analysis for alternatives
Trade-off analyses
Workload analysis
Simulations or modeling
Safety analysis

Usability testing

Stage 4: Design of Support Materials Develop or provide input for support
materials, such as manuals

Stage 5: System Production
Stage 6: Implementation and Evaluation Evaluate fielded system

Stage 7: System Operation and Monitor system performance over time
Maintenance

Stage 8: System Disposal

some types of system but not others. For each human factors activity listed in Table
3.3, this chapter will provide a short description of each procedure and give ref-
erences for further guidance.

Although the first four stages in the design model are shown as being se-
quential, in actuality, they often co-occur or are performed in an iterative loop-
ing fashion. The extent to which the processes are repeated depends to some
extent on what is being designed. For large-scale system design, such as the de-
velopment of an entire aircraft system, the human factors input tends to be more
sequential-where the human factors specialist may get only one chance at pro-
viding input at each stage.
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For smaller-scale projects, such as design of the interface for an ATM, the
human factors design work is often more iterative, repeated many times to pro-
duce a successivelymore effective design. For example, a mock-up prototype of a
design might be built very early and used to elicit customer preferences or re-
quirements. The design is then changed and more feedback solicited. Or as an-
other example, the results of a safety analysis may require designers to go back and
make design modifications.

The most effective way to involve human factors in product design is to have
multidisciplinary design team members working together from the beginning.
This is consistent with industry's new emphasis on concurrent engineering
(Chao, 1993), in which design teams are made up from members of different
functional groups who work on the product from beginning to end. Team mem-
bers often include personnel from marketing, engineers and designers, human
factors specialists, production or manufacturing engineers, service providers,
and one or more users or customers. For large-scale projects, multiple teams of
experts are assembled.

User-Centered Design

All of the specific human factors methods and techniques that we will review
shortly are ways to carry out the overriding methodological principle in the field
of human factors. That principle isto center the design process around the user,
thus making it "user-centered design" (Norman & Draper, 1986). Another phrase
that denotes a similar meaning is"know the user" or "honor thy user:' Obviously,
all of these phrases are suggesting the same thing. For a human factors specialist,
system or product design revolves around the central importance of the user.
How do we put this principle into practice? Primarily by taking time to ade-
quately determine user needs and by involving the user at all stages of the design
process. This means the human factors specialist will study the user's job or task
performance, elicit their needs and preferences, ask for their insights and design
ideas, and request their response to design solutions. User-centered design does
not mean that the user designs the product or has control of the design process.
The goal of the human factors specialist is to find a system design that supports
the user's needs rather than making a system to which users must adapt. User-cen-
tered design is also embodied in a subfield known as usability engineering (Gould
& Lewis, 1985;Nielson, 1993). Usability engineering has been most rigorously de-
veloped for software design (e.g., Nielson, 1993) and involves four general ap-
proaches to design:

 Early focus on the user and tasks

« Empirical measurement using questionnaires, usability studies, and usage stud-
ies focusing on quantitative performance data

* lterative design using prototypes, where rapid changes are made to the inter-
face design

» Participatory design where users are directly involved as part of the design
team.
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Several books and articles have now been published that provide designers with
specific methods for usability engineering (e.g., Nielson, 1993), lengthy case stud-
ies (Wiklund, 1994),and methods for usability testing (Rubin, 1994). Usabilityen-
gineering for software design will be reviewed in Chapter 15.

Sources for Design Work

Human factors specialistsusually rely on severalsources of information to guide their
involvement in the design process, including previous published research, data com-
pendiums, human factors standards, and more general principles and guidelines.

Data Compendiums. As the field of human factors has matured, many people
have emphasized the need for sources of information to support human factors as-
pects of system design (e.g., Boff et al., 1991; Rogers & Armstrong, 1977; Rogers
& Pegden, 1977). Such information isbeing developed in several forms. One form
consists of condensed and categorized databases, with information such as tables
and formulas of human capabilities. An example is the four-volume publication
by Boff and Lincoln (1988), Engineering Data Compendium: Human Perception
and Performance, which isalso published on CD-ROM under the title "Computer-
Aided Systems Human Engineering" (CASHE).

Human Factors Design Standards.  Another form of information to support design
is engineering or human factors design standards. Standards are precise recom-
mendations that relate to very specific areas or topics. One of the commonly used
standards in human factors is the military standard MIL-STD-1472D (U.S.
Department of Defense, 1989). This standard provides detailed requirements for
areas such as controls, visual and audio displays, labeling, anthropometry, work-
space design, environmental factors, and designing for maintenance, hazards, and
safety. Other standards include the relatively recent ANSI/HFES-100 VDT stan-
dard, and the ANSI/HFES-200 design standard for software ergonomics (Reed &
Billingsley, 1996). Both of these standards contain two types of specifications, re-
quirements and recommendations.

Human Factors Principles and Guidelines. There are many situations where an-
swers to design problems cannot be found in the existing standards. For example,
if a designer istrying to decide where to place the user controls on a camera, there
will be no standard in current publications to answer these questions. The designer
must look to more abstract principles and guidelines for this information. There
are hundreds, perhaps thousands, of sources for human factors principles and
guidelines. One symptom of the relative youth of the field is the lack of centrality
and organization to these materials. Efforts are being made within the human fac-
tors design community to organize an electronic database to provide accessto the
existing principles and guidelines. However, this is a daunting task. Unfortunately,
at this time, the human factors practitioner must become familiar with the sources
through regular literature reviews and attendance of the major conferences.
Human factors principles and guidelines cover a very wide range of topics,
some more general than others. On the very general end, Donald Norman gives
principles for designing products that are easy to use (Norman, 1992), and Van
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Cott and Kinkade provide general human factors guidelines for equipment design
(Van Cott & Kinkade, 1972). Some guidelines pertain to the design of physical fa-
cilities (e.g., McVey, 1990), while others are specific to video display units (e.g.,
Gilmore, 1985) or to the design of software interfaces (e.g., Galitz, 1993; Gould,
1988; Helander, 1988; Mayhew, 1992; Mosier & Smith, 1986; Shneiderman, 1992;
Smith & Mosier, 1986). Even the Association for the Advancement of Medical
Instrumentation has issued a human factors guideline (AAMI, 1988).

Many of the human factors guidelines are specific to system interface design
(e.g.,controls and displays). An example of a specific interface guideline for com-
puter displays would be: "Do not use yellow on white." However, many interface
guidelines are much more general, such as "be consistent" from one screen to the
next. It isimportant to point out that many guidelines are just that, guides rather
than hard-and-fast rules. Most guidelines require careful consideration and ap-
plication by designers, who must think through the implications of their design
solutions (Woods, Johannesen, & Potter, 1992).

FRONT-END ANALYSIS ACTIVITIES

In this section, we describe the major activities performed during the front-end
analysis stage. Not all of the activities will be carried out in detail for every pro-
ject, but in general, the designer should be able to answer the following questions
before design solutions are generated in the concept design stage:

1. Who are the product/system users? (This includes not only users in the
traditional sense, but also the people who will dispense, maintain, mon-
itor, repair, and dispose of the system.)

2. What are the major functions to be performed by the system, whether it
be by person or machine? What tasks must be performed?

3. What are the environmental conditions under which the system/product
will be used?

4. What are the user's preferences or requirements for the product? Do the
functions identified match user preferences or requirements?

5. Are there any existing constraints with respect to design of the system?

6. What are the human factors criteria for design solutions?

These questions are answered by performing various analyses, the most common
of which are described below.

User Analysis

Before any other analysis is conducted, potential system users are identified and
characterized for each stage of the lifecycle. The most important user population
is those people who will be regular users or "operators” of the product or system.
For example, designers of a more accessible ATM than those currently in use
might characterize the primary user population as people ranging from teenagers
to senior citizens with an education ranging from junior high to Ph.D. and having
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at least a third-grade English reading level. In evaluating such an ATM system,
Abedini  (1991) assumed that users might be confined to wheelchairs,._have poor
hearing or eyesight, or have missing limbs. After identifying characteristics of the
"operator" user population, designers should also specify the users who will be in-
stalling or maintaining the systems.

It is important to create a complete description of the potential user popula-
tion. This usually includes characteristics such as age, gender, education level or
reading ability, physical size, physical abilities (or disabilities), familiarity with
the type of product, and task-relevant skills. For situations where products or sys-
tems already exist, one way that designers can determine the characteristics of pri-
mary users is simply to sample the existing population of users over a period of
time. For example, the ATM designer might measure the types of people who cur-
rently use ATMs. Notice, however, that this will result in a description of users who
are capable of using, and do use, the existing ATMs. This is not an appropriate
analysis if the goal is to attract, or design for, a wider range of users.

Function and Task Analysis

Much of the front -end analysis activity is invested in performing detailed analy-
sis of the functions to be accomplished by the human/machine/environment sys-
tem and the tasks performed by the human to serve the functions.

Function Analysis.  Once the population of potential users has been identified, the
human factors specialist performs an analysis of the basic functions performed by
the "system" (which may be defined as human-machine, human-software, human-
equipment-environment, etc.). The functional description will simply list the
general categories of functions served by the system. Functions for an automatic
teller system might simply be something like, get person's funds into bank account,
get funds from bank account to person, and so forth.

Task Analysis.  Depending on the nature of the system being designed, the human
factors specialist might need to perform a preliminary task analysis (Nielson,
1993), also sometimes called an activity analysis (Meister, 1971). The preliminary
task analysis traditionally specifies the jobs, duties, tasks, and actions that a per-
son will be doing. For example, in designing a chain saw, the designer writes a list
of the tasks to be performed with the saw. The tasks should be specific enough to
include the types of cuts, type of materials (trees, etc.) to be cut, and so forth.

As a simple example, the initial task analysis for design of an ATM might re-
sult in a relatively short list of tasks that users would like to perform, such as:

e Withdraw money from bank checking account
« Deposit money into bank checking account

« Determine balance of checking account

e Withdraw money from bank savings account
e Deposit money into bank savings account

¢ Determine balance of savings account

e Withdraw money from credit card account
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Often it is difficult to discriminate the function list from the preliminary task
analysis list. For example, a letter opener has the function of opening letters (and
perhaps packages), and the task is also to open letters. The short list of a prelimi-
nary task analysis is often adequate for the front-end analysis stage; a-more ex-
tensive task analysis is performed during actual product design.

In general, the more complex the system, such as air traffic control, the more
detail in the preliminary function and task analysis. It is not unusual for er-
gonomists to spend several months performing this analysis for a product or sys-
tem. The analysis would result in an information base that includes user goals,
major tasks to achieve goals, information required, output, and so on. As an ex-
ample, imagine performing the preliminary analysis for the design of a camera.
There are many different types of users, even if we eliminate "professionals" from
our user description. Camera users vary widely in relevant characteristics such as
reading ability, physical characteristics (e.g., hand and finger size), and back-
ground knowledge. Add to that the wide variety of tasks performed; different
types of photos regularly taken by people-group  snapshots, portraits, land-
scapes, sport or action shots, and so forth. After we specify the general types of
photos taken by people, we must add more specific tasks such as buying film and
loading the camera, standing some distance from the subject, locating the cam-
era person and subject with respect to the sun, using flash, and so on. The pre-
liminary analysis would be complex, and we still would not specify the exact tasks
performed by the user (such as buttons pressed to open the camera) until the
camera is actually designed. Finally, the analysis should also include evaluation
of any other activities or jobs that may be performed at the same time as the pri-
mary tasks being studied. For example, task analysis of a cellular phone for au-
tomobile use should include a description of other activities (e.g., driving) that
will be performed concurrently.

How to Perform the Preliminary Task Analysis.  The task analysis performed in the
predesign stage will be shorter than the more rigorous task analysis performed later
for product design. However, it uses similar methods, and the reader is referred to
our later description of task analysis for detailed methods of collecting and de-
scribing the information. Here, we will just briefly describe the methods com-
monly used in the front-end analysis stage.

Apreliminary task analysis is conducted by interacting extensively with mul-
tiple users (Diaper, 1989;Johnson, 1992; Nielson, 1993). Users are usually first in-
terviewed, with the human factors specialist asking them to describe the general
activities they perform with respect to the system. Notice that for our camera ex-
ample, one would need to find users who represent the different types of people
who would be using the camera. We would interview each of them to identify ac-
tivities or general tasks performed with the camera.

Sometimes small groups of users are gathered together for the interview-
ing process, known as conducting afocus group (Caplan, 1990; Greenbaum,
1993). Focus groups are groups of between six and ten users led by a facilitator
familiar with the task and system (Caplan, 1990; Nielson, 1993). The facilitator
should be neutral with respect to the outcome of the discussion. Focus groups
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are advantageous because they are more cost effective than individual inter-
views (less time for the analyst), and discussion among users often draws out
more information because the conversation reminds them of things they would
not otherwise remember.

A third major method is to observe users performing activities with existing
versions of the product or system, if such systems exist (Nielson, 1993; Wixon et
al., 1990). System users are asked to perform the activities under a variety of typ-
ical scenarios, and the analyst observes the work, asking questions as needed.
Sometimes the activities are videotaped for later analysis. As Wixon et al. (1990)
note, the structure of users' work is often revealed in their thoughts, goals, inten-
tions, and general orientation taken toward the activities.

It is necessary for the analyst to evaluate not only how the users go about the
activities but also their preferences and strategies. Analysts also note points
where users fail to achieve their goals, make errors, show lack of understanding,
and seem to be frustrated or uncomfortable (Nielson, 1993). Thomas and
McClelland (1994) point out that the entire design team should visit the site and
observe workers. The understanding that results from such visits then ensures
that the system is"developed to serve the users, rather than simply supplying so-
phisticated functionality:'

During the preliminary task analysis, it is important to evaluate characteris-
tics of the environment, and also of the product or system, that may be con-
straining the manner in which users perform activities (Vicente, 1990). Users
should be queried to determine whether they would perform the activity differ-
ently if the constraints were lifted; that is, would they ideally rather do it in a dif-
ferent way?Finally, it isimportant to remember that the preliminary task analysis
should be completed before product/system design begins. The only exception is
the case where a new mock-up or prototype is used for analyzing user activities be-
cause they cannot be sufficiently performed on any existing system.

A fourth method isto obtain information through the use of surveys or ques-
tionnaires. Questionnaires are usually written and distributed after designers have
obtained preliminary descriptions of activities or basic tasks. The questionnaires
are used to affirm the accuracy of the information, determine the frequency with
which various groups of users perform the tasks, and identify any user preferences
or biases (see next section). This will later help designers prioritize different de-
sign functions or features.

As a last precaution, designers should remember that there are certain lim-
itations if the task analysis is done in too much detail using existing products or
systems. As Roth and Woods (1989) pointed out, overreliance on activity and
task analysis using existing systems means that new controls, displays, or other
performance aids may be designed to enhance the ability to carry out existing
operator strategies that "merely cope with the surface demands created by the
impoverished representation of the current work environment." This is why the
analysis should focus only on the basic user goals and activities and not exactly
on how they are carried out using the existing products. In design, it is better to
do the more extensive task analysis using prototypes of the new design solutions.



Front-End Analysis Activites 53

Environment Analysis

In most cases, the activities or basic tasks that are identified in the preliminary task
analysis should be described with respect to the specific environment inwhich the
activities are performed (Whiteside, Bennett, & Holtzblatt, 1988; Wixon et al.,
1990). For the example above, if ATMs are to be placed indoors, environmental

analysis would include a somewhat limited set of factors, such as type of access
(e.g., will the locations be wheelchair accessible?), weather conditions (e.g., will it
exist in a lobby type of area with outdoor temperatures?), what type of clothing
will people be wearing (i.e., will they be wearing gloves?), etc. The environment

analysis can be performed concurrently along with the preliminary task analysis.

Identify User Preferences and Requirements

Identifying user preferences and requirements is a logical extension of the pre-
liminary task analysis. Human factors analysts will attempt to determine key needs
and preferences that correspond to each of the major user activities or goals al-
ready identified. Sometimes these preferences will include issues related to au-
tomation; that is, do users prefer to do atask themselves or would they rather the
system do it automatically?

As an example, for designing a camera, we might ask users (via interview or
questionnaire)  for the following types of information:

e The extent to which water resistance is important to users.

e There are a number of features or functions that could be designed into a cam-
era, but to what degree are each of these features important to users, and what
is the cost users are willing to pay for such features?

e Iscamera size (compactness) more important than picture quality?

« Atwhat point does camera weight become unacceptable to users?

e The percentage of time that they would like the camera to determine aperture
and shutter speed automatically.

« Whether there are even any conditions under which they would rather perform
the task of determining aperture and shutter speed themselves (and what
those conditions would be).

« How quickly the camera should be able to focus automatically to be acceptable
to users.

It is easy to see that user preference and requirements analysis can be quite exten-
sive. Much of this type of analysis is closely related to market analysis, and the mar-
keting expert on the design team should be a partner in this phase. Sometimes
focus groups are brought together for brainstorming activities. Byrne and Barlow
(1993) suggest that a facilitator conduct such groups to (1) overcome resistance to
creativity, (2) evaluate existing products, and (3) develop ideas for new or differ-
ent products. Finally, if there are extensive needs or preferences for product char-
acteristics, some attempt should be made to weight or prioritize them.
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Providing Input for System Specifications

Once information has been gathered with respect to user characteristics, basic
tasks or activities, the environment(s), and user requirements, the design team
writes a set of system specifications. System specifications usually include (1) the
overall objectives for the system, (2) system performance requirements, and (3) de-
sign constraints.

The system objectives are very global and are written in abstract terms to
avoid premature design decisions. As an example, the objectives for a camera
targeted at novice to intermediate photographers might include the following
(partial) list:

» Takephotos using the most common 35 mm films

» Have flash capability

» Takephotos outdoors or indoors in a wide range of lighting conditions
» Accepta variety of lenses

» Haveatripod mount

The objectives do not specify any particular product configuration and should not
state specifically how the user will accomplish goals or activities.

After the objectives are written, designers determine the means by which the
product/system will accomplish the functions. These are termed performance re-
quirements. Performance requirements state what the system will be able to do and
under what conditions. Examples for the camera design might include items such as:

* Use35mm ISO films 100,200, and 400
» Provide flashand fill-in flash for distances up to 15feet

The system requirements list provides a design space in which the design team de-
velops various solutions. Finally, in addition to the requirements, the specifica-
tions document lists various design constraints, such as weight, speed, cost,
abilities of users, and so forth. The constraints provide limitations for the design
alternatives.

What is the role of the human factors specialist as the system specifications are
written? First, he or she compares the requirements and constraints with the orig-
inally identified user characteristics, activities, environmental conditions, and es-
pecially the users' preferences or requirements (Bailey, 1996; Dockery & Neuman,
1994). This ensures that the design specifications meet the needs of users and do
not add a great number of technical features that people do not necessarily want.
Human factors designers have developed a simple yet effective method for this
process known as the QFD "house of quality” (Barnett et al., 1992; Byrne &
Barlow, 1993; Hauser & Clausing, 1988). The method is a tool that uses a matrix
to map user requirements against system specifications. The matrix allows de-
signers to seethe degree to which their work will satisfy customer needs. New ma-
trices can be developed as the system is designed in more detail. The matrix also
supports analysis of conflicts between system requirements.
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The second role for the human factors specialist is adding human factors cri-
teria to the list of system requirements. This is especially common for software us-
ability engineering (Dix et al., 1993). Human factors criteria, also sometimes
termed usability requirements, specify characteristics that the system-should in-
clude that pertain directly to human performance and safety. For software usabil-
ity engineering, human factors requirements might include items such as the
following:

e Forward error recovery
e Backward error recovery
e Support user interaction pertaining to more than one task at a time

As another example, for an ergonomic keyboard design, McAlindon (1994) spec-
ified that the new keyboard must eliminate excessive wrist deviation, eliminate ex-
cessive key forces, and reduce finger movement. The design that resulted from these
requirements was a"keybowl;' drastically different from the traditional QWERTY
keyboard currently in use, but a design that satisfied the ergonomic criteria.

CONCEPTUAL DESIGN ACTIVITIES

In the conceptual design stage, the human factors specialist takes a Systems design
approach, analyzing the entire human-machine  system to determine the best con-
figuration of characteristics. The focus should be neither too strongly on the prod-
uct nor too strongly on the person, but evenly strong on the entire system as a unit.
To do this, the specialist first evaluates the basic functions that must be performed
by the human-machine  system in order to support or accomplish the activities
identified earlier (Kirwan & Ainsworth, 1992). He or she then determines whether
each function isto be performed by the system (automatic), the person (manual),
or some combination. This process is termed functional allocation and is an im-
portant, sometimes critical, step in human factors engineering (Price, 1990).

Functional Allocation
According to the Institute of Electrical and Electronic Engineers (1988):

Functional allocation refers to the conscious design decisions which deter-
mine the extent to which a given job, task, function, or responsibility isto be
automated or assigned to human performance. Such decisions should be
based upon aspects such as relative capabilities and limitations of humans
versus machines in terms of reliability, speed, accuracy, strength and flexi-
bility of response, cost, and the importance of successful and timely task or
function accomplishment to successful and safe operations.

An example of functional allocation can be given for our camera analysis. We
may have determined from the predesign analysis that users prefer a camera that
will always automatically determine the best aperture and shutter speed when the
camera is held up and focused. Given that the technology exists and that there are
no strong reasons against doing so, these functions would then be allocated to the
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camera. The functional analysis is usually done in conjunction with a cost analy-
sisto determine whether the allocation is feasible.

However, functional allocation is sometimes not so simple. There are nu-
merous complex reasons for allocating functions to either machine or person. In
1951, Paul Fitts provided a list of those functions performed more capably by hu-
mans and those performed more capably by machines (Fitts, 1951). Many such
lists have been published since that time, and some researchers have suggested that
allocation simply be made by assigning a function to the more "capable™ system
component. Given this traditional view, where function is simply allocated to the
most capable system component (either human or machine), we might ultimately
see aworld where the functional allocation resembles that depicted in Figure 3.1.

This figure demonstrates the functional allocation strategy now known as the
"leftover approach." As machines have become more capable, human factors spe-
cialists have come to realize that functional allocation is more complicated than
simply assigning each function to the component (human or machine) that is
most capable in some absolute sense. There are other important factors, includ-
ing whether the human would simply rather perform the function. Several re-
searchers have written guidelines for performing functional allocation (Clegg,
Ravden, Corbett, & Johnson; 1989; Kantowitz & Sorkin, 1987;Meister, 1971;Price,
1985, 1990; Pulliam & Price, 1985; Williams, 1988), although it is still more art
than science. Functional allocation is closely related to the question of automation
and is covered in more depth in Chapter 16.

Supporting the Conceptual Design Process

Once the major functions of the product/system have been allocated, the design
team begins developing conceptual design solutions. These start out as relatively
vague and become more progressively specific. Design solutions are often based on

]

FIGURE 3.1
Ultimate functional allocation when using a “capability” criterion. (Source: Cheney, 1989.
New Yorker Magazine, Inc.)
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other previous products or systems. As the design team generates alternative so-
lutions, the human factors specialist focuses on whether the design will meet sys-
tem specifications for operator performance and safety. .

ITERATIVE DESIGN AND TESTING

Once one or more conceptual designs have been generated, the designer or design
team begins to characterize the product in more detail. The human factors spe-
cialist usually works with the designer and one or more users to support the
human factors aspects of the design. These are all of the design features that will
affect use and safety of the product/system. Much of this work revolves around an-
alyzing the way in which users must perform the functions that have been allocated
to the human. More specifically, the human factors specialist evaluates each func-
tion to make sure that they require physical and cognitive actions that fall within
the human capability limits. In other words, can humans perform the functions
safely and easily? This evaluation is performed by first conducting a detailed task
analysis, followed by other activities such as heuristic design evaluation, trade-off
studies, prototyping and usability testing, and so on. The evaluation studies pro-
vide feedback for making modifications to the design or prototype. This redesign
and evaluation continues for many iterations, sometimes as many asten or twenty.

Task Analysis

At this point, for each basic function or activity that will be performed by the user,
the human factors specialist performs a task analysis that goes into much more de-
tail than the preliminary analysis performed in the predesign stage. The purpose
of this task analysis is to identify:

e Major user goals and their associated activities (or any that are new or have
changed)

e The tasks and subtasks required to successfully achieve the goals

e The conditions under which the tasks are performed (when/where do you do
them?)

e The results or outcome of performing the tasks and subtasks

e Information or knowledge needed to perform the tasks

e Communications with others for performing the task

¢ Equipment needed to perform the tasks

Depending on the specific product or system, designers may also identify certain
secondary factors associated with each task, such as frequency, importance, diffi-
culty, time spent on the task, severity of performing the task incorrectly, whether
there are tasks that will be performed concurrently, and minimum expectations for
task performance.

Tasks can be physical tasks such as setting the shutter speed on a camera, or
they can be cognitive tasks such as deciding on what the shutter speed should be,
given other factors. Because an increasing number of jobs have a large proportion
of cognitive subtasks, the traditional task analysis is being increasingly augmented



58 Chapter 3: Design and Evaluation Methods

by what is termed cognitive task analysis. These analyses focus on the mental
processes, skills, strategies, and use of information required for task performance
(Gordon, 1995; Gordon & Gill, 1997; Ryder, Redding & Beckshi, 1987; Roth &
Woods, 1989;Schlager,Means, & Roth, 1990; Seamster, Redding & Kaempf, 1997).
While there are many methods currently being developed specifically for cogni-
tive task analysis, we will treat these as extensions of standard task analyses. In this
section we will not distinguish between the methods and refer to all as task analy-
sis. However, if any of the following characteristics are present, designers should
pay strong attention to the cognitive components in conducting the analysis
(Gordon, 1994):

» Complex decision making, problem solving, diagnosis, reasoning, or infer-
encing from incomplete data

» Largeamounts of conceptual knowledgethat must be used to perform subtasks

» Largeand complex rule structures that are highly dependent on situational
characteristics

There isnow a relatively large literature on task analysis methods. One of the best
resources is Kirwan and Ainsworth (1992), A Guidebook to Task Analysis, a book
that describes forty-one different methods for task analysis (with detailed exam-
ples). Cognitive task analyses are described in Seamster et al. (1997). Because of the
complexity of these methods, we cannot begin to give task analysis adequate cov-
erage here. Table 3.4 shows the wide range of methods currently in use, organized
according to three taxonomies: general methods for collecting task analysis data,
general methods for representing the task analysis results, and several specific
task analysis methods. In this section, we will only review the most commonly
used of the methods; for a lengthier review of the techniques shown in Table 3.4,
see Gordon (1994).

Task analysis involves evaluating how tasks are to be accomplished. This can
be done by a variety of methods including analyzing the use of existing systems,
analytically determining how a user would have to perform tasks given the pro-
posed system, or having users perform tasks using mock-ups or prototypes, just
to name a few.As Dix et al. (1993) note, task analysis is not a simple and sequen-
tial process of "collect the data, organize the data, and analyze the results.” Rather
it tends to be iterative itself, where the specialist will go back to the starting point
with new questions or insights. It tends to be characterized by periods of data col-
lection, analysis, developing new questions, making design changes, and then col-
lecting more data. The following methods can be used in any combination during
this iterative process. It iscommon for designers to begin with relatively short un-
structured interviews with users.

Unstructured and Structured Interviews.  Unstructured interviews refer to sit-
uations where the specialist asks the user to describe their activities and tasks
but does not have any particular method for structuring the conversation.

Unstructured interviews are not particularly efficient for task analysis, but the
advantage is that they do not take any specific skills or training on the part of
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TABLE 3.4 Common Methods for Task Analysis and Cognitive Task Analysis

General Methods for Data Collection Document and equipment analysis
Unstructured interviews
Structured interviews
Group interviews and focus groups
Sorting and rating
Observation
Verbal protocol analysis
Task performance with questioning
Questionnaires

General Methods for Data Representation List and outlines
Matrix (cross-tabulation tables)
Structural networks
Hierarchical networks
Flow charts
Time-line charts

Specific Task-Analysis Methods Controls and displays analysis
Hierarchical task analysis
The GOMS model
Critical incident technique
Conceptual graph analysis
Activity sampling
Operational-sequence diagrams

the analyst. Unstructured interviews tend to revolve around questions/state-
ments such as: Tell me about ... ;What kinds of things do you do .. ?; and,
How do you .. ?

Structuring interviews with particular types of questions or method makes
the interview process more efficient and complete (Creasy, 1980; Fewins, Mitchell,
& Williams, 1992; Gordon & Gill, 1992; Graesser, Lang, & £lofson, 1987). Gordon
and Gill (1989, 1992) and Graesser et al. (1987) have suggested the use of question
probes, where questions include items such as:

e How do you perform task/subtaskx?

o Why do you perform task/subtask Xx?

e Under what conditions or in what situations do you perform task/ subtask Xx?
» What do you do before you perform task/subtask Xx?

» What happens after you perform task/subtask X?

» What isthe result or consequence of performing task/subtask Xx?

» What isthe result or consequence of NOT performing task/subtask Xx?

Usually the specialist conducts several interviews with each user, preparing notes
and questions beforehand, and tape-recording  the questions and answers.
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Hierarchical network notation systems (graphs) work especially well with inter-
views structured with this type of question (Gordon & Gill, 1992).

Observation. It is often difficult for users to imagine and describe how they
would/do perform a given task or activity. One of the best ways for the analyst to
gain a deep understanding of task performance isto spend time watching users
perform different tasks under different scenarios. Sometimes such task perfor-
mance is videotaped to allow time for adequate analysis at a later point. It is im-
portant to identify different methods for accomplishing a goal, rather than only
identifying the one typically used by a person. Observation can be performed in
the field where the person normally accomplishes the task, or it can be done in a
simulated or laboratory situation. Asan example, we could ask users to come into
a lab to show us how they use a camera, but we would gather a richer set of data
by accompanying them into the field where they normally perform the activities.
This analysis might be done with existing products, or it might be done using de-
sign prototypes.

Think-AloudVerbal Protocol. ~ Many researchers and designers conduct task analy-
sesby having the user think out loud as they perform various tasks. This yields in-
sight into underlying goals, strategies, decisions, and other cognitive components.

The verbalizations regarding task performance are termed verbal protocols, and
analysis or evaluation of the protocols is termed verbal protocol analysis. Verbal
protocols are usually one of three types: concurrent (obtained during task perfor-
mance), retrospective (obtained after task performance via memory or videotape
review), and prospective (where the users are given a hypothetical scenario and
think aloud as they imagine performing the task). Concurrent protocols are some-
times difficult to obtain. If the task takes place quickly or requires concentration,

the user may have difficulty verbalizing thoughts. Retrospective protocols can
thus be easier on the user, and a comparative evaluation by Ohnemus and Biers
(1993) showed that retrospective protocols actually yielded more useable infor-
mation than did concurrent protocols. Bowersand Snyder (1990) noted that con-
current protocols tend to yield procedural information while retrospective

protocols yield more by way of explanations.

Task Performance with Ouestioning. A variation on the collection of the verbal
protocol is to ask users to perform the tasks while answering questions such as
the question probes listed above. The advantage to this method over standard
verbal protocols is that it may cue users to verbalize their underlying goals or
strategies more frequently. The disadvantage to the method is that it can be dis-
ruptive. For this reason, retrospective analysis of videotapes is an effective
method for task analysis. Users can be asked to provide think aloud verbaliza-
tions, and when they fail to provide the types of information being requested,
the human factors specialist can pause the tape and ask the necessary questions.
This functions like a structured interview with the added memory prompt of
watching task performance.
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Once task-related information has been gathered, it must be documented
and organized in some form. There are several forms that are commonly used in
conjunction  with one another. These are (1) lists, outlines, or matrices; (2) hier-
archies or networks; and (3) flow charts.

Representing Data with Lists, Outlines, and Matrices. Task analysis usually starts
with a set oflists such asthose illustrated earlier in the chapter and then breaks the
tasks down further into subtasks. An example is shown in Table 3.5. After the hi-
erarchical outlines are relatively complete, the analyst might develop tables spec-
ifying related information for each task or subtask, such as information input,
required actions, feedback, and so forth (e.g., Seamster et al., 1993).

Hierarchies and Networks. The disadvantage of using outlines or tables is that
tasks tend to have a hierarchical organization, and this is easiest to represent and
analyze if the data is graphically depicted in a hierarchical form. This can be
done by using either hierarchical charts or hierarchical networks. An example of
a hierarchical chart is the frequently used method known as Hierarchical Task
Analysis (HTA) (e.g., Kirwan & Ainsworth, 1992). This is a versatile graphical

notation method that organizes tasks as sets of actions used to accomplish

TABLE 35  Part of TaskAnalysis for Using a Lawnmower, Shown in Outline Form

Step 1. Examine lawn
a. Make sure grass is dry
b. Look for any objects laying in the grass

Step 2. Inspect lawnmower

a. Check components for tightness

(1) Check to see that grass bag handle is securely fastened to the grass bag
support

(2) Make sure grass bag connector is securely fastened to bag adaptor
(3) Make sure that deck cover isin place
(4) Check for any loose parts (such as oil cap)
(5) Check to make sure blade is attached securely

b. Check engine oil level
(1) Remove oil fill cap and dipstick
(2) Wipe dipstick
(3) Replace dipstick completely in lawnmower
(4) Remove dipstick
(5) Check to make sure oil is past mark on dipstick
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0. Conduct accident
investigation

Plan 0: On instruction from supervisor do 1;
When all evidence is collected do 2 through 5.

. Collect 2. Analyze 3. Integrate facts 4. Validate 5. Make
evidence facts and draw conclusions conclusions recommendations

Plan 1: Firstdo 1 and 2,
then 3 and 4, then 5;
Repeat 3 and 4 if necessary.

. Walk the 2. Identify and 3. Identify 4. Interview 5. Review
accident site preserve evidence witnesses witnesses records

Plan1.4: Do 1,2, 3;

Do 4 if insufficient data from 3;

Then do 5;

Repeat 3 and 4 to meet conditions of 5.

1. Establish 2. State purpose | | 3. Let witness 4. Ask open-ended| | 5. Ensure that what,
meeting room of interview describe what questions where, when, who,
happened how, why is covered
TR NN
FIGURE 3.2

Hierarchical task analysis for conducting an industrial accident investigation. (Source:
McCallister, D., unpublished task analysis, University of Idaho. Used with permission.)

higher level goals. As an illustration, consider the HTA shown in Figure 3.2 for
conducting an accident investigation. The tasks are organized into plans, clus-
ters of tasks that define the preferred order of tasks, and conditions which must
be met to perform the tasks.

Another type of hierarchical graph is the representational format known as
GOMS, short for goals, operators, methods, and selection rules (Card, Moran, &
Newell, 1983; Kieras, 1988). The GOMS model is mostly used to analyze tasks per-
formed when using a particular software interface (e.g., Gugerty et al., 1991;John,
Vera, & Newell, 1994; Kieras, 1988) and is described in more detail in Chapter 15.
Neither HTA nor GOMS represent detailed levels of cognitive information pro-
cessing or decision making. For tasks that have a greater proportion of cognitive
components, conceptual graphs or computer simulations are frequently used to
represent information because they are more capable of depicting abstract con-
cepts, rules, strategies, and other cognitive elements (Gordon & Gill, 1997).



Flow Charts.  Another graphical notation system frequently used for task analy-
sis is a flow-chart format (Kirwan & Ainsworth, 1992). Flow charts capture the
chronological sequence of subtasks as they are normally performed and depict the
decision points for taking alternate pathways. One popular type of flow chart isthe
operational sequence diagram (Kirwan & Ainsworth, 1992). Operational.s.equence
diagrams show the typical sequence of activity and also categorize the operations
into various behavioral elements, such as decision, operation, receive, and trans-
mit. They show the interacting among individuals and task equipment.

All of the methods described have advantages and disadvantages, and choos-
ing the most appropriate method will depend on the type of activity being ana-
lyzed. If the tasks are basically linear and usually done in a particular order, such
as changing a flat tire, it is appropriate to use an outline or flow-chart method. If
there are more cognitive elements and many conditions for choosing among ac-
tions, hierarchical formats are more appropriate. There isone major disadvantage
to flow charts that is often not readily apparent. There is evidence that people men-
tally represent goals and tasks in clusters and hierarchies. The design of controls
and displays should map onto these clusters and hierarchies. However, when de-
scribing or performing a task, the actions will appear as a linear sequence. If the
task analysis is represented in a flow-chart format, the cognitive groupings or
"branches™ are not evident. This makes it harder for the designer to match the in-
terface with the mental model of the user.

Interface Design

Asthe design team progressively determines more detail for the design, the human
factors specialist focuses on the interface-how the user interacts with the prod-
uct or system. Frequently, more than one interface design solution isidentified, or
a solution has developed that has certain alternative design characteristics. There
are several evaluative methods with which we might determine the best design al-
ternative (discussed below).

In designing the interface, specialists rely on experience aswell as a variety of
published standards, principles, and guidelines. According to Nielson (1993),
standards specify how the interface should appear to users, while guidelines give
advice about usability characteristics. Extensive collections of general user inter-
face guidelines include Brown (1988), Dumas (1988), Mayhew (1992), and Smith
and Mosier (1986). Other authors, such as Norman (1992) and Nielson (1993),
provide more general principles that designers must apply by analyzing the par-
ticular user-product interaction of the given situation. Design principles are also
found in the remainder of this text as well as others.

As an example of the general type of human factors principles, consider the
guidance offered by Don Norman (1992). The four principles offered by Norman
are appropriate for any product or system for which ease of use is a prime con-
sideration (which should be most, but not all, products). Norman (1992) proposes
that products can be made easy to use by increasing the user's conceptual model
of how they work and especially what we have to do to interact with them. This is
done by applying the following four principles:
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1. Provide agood conceptual model. If the product somehow conveys to us the
basic structure and function of the system, we can imagine interacting with the
product in our head. This means we have a good mental model and sixi correctly
predict the results of our actions. Asan example, if a person has a good, or at least
adequate, conceptual model of their mountain bike, they will be able to imagine
what would happen if they moved the right shift lever in a counterclockwise man-
ner. Systems that do not convey an accurate conceptual model or do not convey
any model tend to be more difficult to use. An interesting example is that of a stan-
dard household thermostat. The thermostat does not give users an accurate con-
ceptual model of the household heating system. This is evidenced by the fact that
when first turning up the heat in their house, many users turn the thermostat up
too high in the belief that this will somehow make the temperature rise faster than
it would otherwise (which is almost never the case).

2. Make things visible. Systems that have many functions and associated con-
trols that are "hidden" tend to be difficult to use. An example provided by Norman
(1992) is the modern-day telephone. Many phones have special features such as
conference calls or call forwarding. However, it is not clear from the controls (al-
phanumeric push buttons) and displays (auditory beeps or buzzes) how to make
use of these features. The structure, functions, and how to accomplish goals are all
hidden. As a counterexample, Norman offers the automobile. The functions for
driving a car are much more numerous. But if we evaluate the standard set of con-
trols and displays, we see that most functions have individual and visible controls
and displays. We control the speed by pressing on the accelerator and see the ef-
fects in the speedometer. While the functions of the car are more numerous than
the functions of a phone, it is easier to use because the "interface" has more visi-
ble components. Asa final example, consider the push-bar door. We often see peo-
ple walk up to a door with a push-bar extending from one side to the other. The
user has an adequate conceptual model of "how" the door works but cannot tell
which side to push. The result is often an abrupt and embarrassing stop in front
of the wrong side of the door. A simple "push here" sign on one side makes the re-
quired action visible.

3. Use natural mappings. To make things easy to use, designers should make
use of natural mappings. Mapping refers to the relationship between input to or
output from a system and the associated system state or event. For example, con-
sider actions to control systems. To move an object up, it seems natural to push a
control lever in the same direction. Toturn the car to the right, we turn the steer-
ing wheel to the right, and to put the car window up, we press the lever up. These
are natural mappings or correspondence between two variables. Figure 3.3a shows
a stovetop that has a natural mapping. The drawing in Figure 3.3b represents an
actual design of a glass cooktop sold by one of the most elite manufacturers in
1994.Informal observation and questioning of users revealed that people were un-
able to predict which control turned on the top left burner (it is the second from
the top). This interface does not make use of natural mappings.

4. Provide feedback. Feedback is also important for ease of use. A product
or system should be designed so that users know what action has been actually
done and what the results have been within the system. Simple systems such as
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FIGURE 3.3

(a) Natural mapping from controls to burners on a cooktop. (b) Lack of a natural mapping
from controls to burners on a cooktop.

scissors or lamps tend to have very straightforward feedback. It is easy to see the
results of our actions. Other systems, such as computers, may have less adequate
feedback. An example can be seen in older software systems where user input re-
sulted in lag time in computer processing. The user did not know whether their
input was "received" by the computer and so performed the action again.
Designers finally realized that providing a signal, such as an hourglass, would
provide users with feedback that their input had been received and that the
computer was working.

Norman (1992) offers some particularly valuable guidelines that will be dis-
cussed in more detail in later chapters:

» Simplifythe structure of tasks.

* Make things visible, including the conceptual model of the system, the alter-
native actions, and the results of the actions.

» Make it easyto determine what actions are possible at any moment.

» Make it easyto evaluate the current state of the system.

» Exploit the power of constraints (e.g.,you can only do it one way-the right
way).

» Designto allowfor easyerror recovery.

» When all else fails,standardize.

In Chapter 15on human-computer interaction, we will review and summarize
more specific guidelines to make systems more usable, as usability engineering has
been developed the most rigorously in that field.

Even with relatively specific guidelines, it can be difficult to design a product
that is easy to use, and the more complex the product, the more difficult the de-
sign becomes. Norman (1992) suggests that to keep a system easy to use, in gen-
eral, a designer should match the number of controls to the number of functions
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and organize the controll display panels according to function. Finally, controls or
displays not needed for the current task can be "hidden” to reduce the appearance
of system complexity if that is a design goal . :

Prototypes

To support interface design, usability testing, and other human factors activities,
product mock-ups and prototypes are built very early in the design process. Mock-
ups are very crude approximations of the final product, often being made out of
foam or cardboard. Prototypes frequently have more of the look and feel of the
final product but do not yet have full functionality. The use of prototypes during
the design process has a number of advantages including:

e Support of the design team in making ideas concrete

e Support of the design team by providing a communication medium

e Support for heuristic evaluation

e Support for usability testing by giving users something to react to and use

In designing computer interfaces, specialists often use rapid prototyping tools that
allow extremely quick changes in the interface so that many design iterations can
be performed in a short period of time. Bailey (1993) studied the effectiveness of
prototyping and iterative usability testing. He demonstrated that user performance

improved 12 percent with each design iteration and that the average time to per-
form software-based tasks decreased 35 percent from the first to the final design it-
eration. Prototypes may potentially be used for any of the evaluations listed below.

Heuristic Evaluation

A heuristic evaluation of the design(s) means analytically considering the char-
acteristics of a product or system design to determine whether they meet human
factors criteria (Desurvire & Thomas, 1993). For usability engineering, heuristic
evaluation means examining every aspect of the interface to make sure that it
meets usability standards (Nielson, 1993; Nielson & Molich, 1990). However, there
are important  aspects of a system that are not directly related to usability, such as
safety and comfort. Thus, in this section heuristic evaluation will refer to a sys-
tematic evaluation of the product design to judge compliance with human factors
guidelines and criteria (see O'Hara, 1994, for a detailed description of one
method). Heuristic evaluations are usually performed by comparing the system in-
terface with the human factors criteria listed in the requirements specification and
also with other human factors standards and guidelines. For simple products/sys-
tems, checklists may be used for this purpose. Heuristic evaluation can also be per-
formed to determine which of several system characteristics, or design alternatives,
would be preferable from ahuman factors perspective.

While an individual analyst can perform the heuristic evaluation, the odds are
great that this person will miss most of the usability or other human factors prob-
lems. Nielson (1993) reports that, averaged over six projects, only 35 percent of the
interface usability problems were found by single evaluators. Since different eval-
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uators find different problems, the difficulty can be overcome by having multiple
evaluators perform the heuristic evaluation. Nielson (1993) recommends using at
least three evaluators, preferably five. Each evaluator should inspect the-product
design or prototype in isolation from the others. After each has finished the eval-
uation, they should be encouraged to communicate and aggregate their findings.

Once the heuristic evaluations have been completed, the results should be
conveyed to the design team. Often this can be done in a group meeting, where the
evaluators and design team members not only discuss the problems identified but
also brainstorm to generate possible design solutions (Nielson, 1994a). Heuristic
evaluation has been shown to be very cost effective. For example Nielson (1994b)
reports a case study where the cost was $10,500 for the heuristic evaluation, and
the expected benefits were estimated at $500,000 (a 48:1 ratio).

Additional Evaluative Studies and Analyses

After the design (or set of alternative designs) has received a preliminary review
for human factors design flaws,the human factors specialist may perform several
other types of analysis. This will depend on the complexity of the system, whether
the tasks to be performed are difficult or performed under high workload condi-
tions, and whether there are safety issues associated with the product/system.

Analyses that may be performed at this point include:

» Cost/benefit analysisfor design alternatives

» Trade-off analysesor studies (e.g.,which displayworks best)
» Workload analysis

» Simulations and modeling

» Safety,human reliability,or hazard analyses

CostlBenefit Analysis for Design Alternatives.  Cost/benefit analysis refers to the
comparison of different design features and their implications. The cost can be de-
fined monetarily or in other ways. For example, product weight might be greater
for one design than another. The most common method for doing a quantitative
cost/benefit analysisisto do a decision matrix. The features, or variables, on which
the design alternative differ are listed on the left side of a matrix. Examples might
be weight, manufacturing cost, range of users who would have accessto the prod-
uct, and so on. Each feature is given aweight representing how important the fea-
ture is in the overall picture. Then, each design alternative is assigned a number
representing where it stands with respect to the feature. Finally, each design alter-
native is given a total score by multiplying individual scores by the feature weights
and then adding the scores together.

Trade-Off Analyses. Sometimes a design feature, such as a particular display, can
be implemented in more than one way. The human factors analyst might not
have data or guidelines to direct a decision between alternatives. Many times a
small-scale study is conducted to determine which design alternative results in the
best performance (e.g., fastest or most accurate). These studies are referred to as
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trade studies. Sometimes the analysis can be done by the designer without actu-
ally running studies, using methods such as modeling or using performance esti-
mates. If multiple factors are considered, the design trade-offs-might revolve
around the design with the greatest number of advantages and the smallest num-
ber of disadvantages.

Workload Analysis.  The product or system being designed may be complex
enough to evaluate whether it is going to place excessivemental workloads on the
user, either alone or performed in conjunction with other tasks. When this is the
case, the human factors specialist performs an analysis to predict the workloads
that will be placed on the user during various points of task performance (Aldrich,
Szabo, & Bierbaum, 1988; Fontenelle & Laughery, 1999; Hamilton & Bierbaum,
1990). Sometimes this can be done using just the results of the task analysis if the
information is sufficiently detailed. Hamilton and Bierbaum (1990) describe a
tool, TAWL that can be used for estimating mental workload on the basis of a task
analysis. It does this by evaluating the total attentional demand that will be placed
on users as they perform the various tasks required for job activities.

Simulations or Modeling.  In evaluating the effects of the system on the user, de-
signers frequently use models or simulations. The most well-developed of these
have been designed to address ergonomic issuesby modeling the human body in dif-
ferent workstation configurations (Dennison & Gawron, 1995). Newer modeling
programs, such as HUMANCAD, are capable of depicting complex movement
based on human biodynamics (Dennison & Gawron, 1995),and models such as the
Air Force COMBIMAN include anthropometric data for arm and leg reach, visual
fields, and strength for operating various controls (MATRIS, 1994). Other simula-
tion programs such as MicroSAINT (Chubb, Laughery, & Pritsker, 1987)are able to
simulate complex tasks in relationship to various combinations of controls and dis-
plays, a primary focus for many human factors practitioners (e.g., Eisenhut &
Beaton, 1995). Finally, the Ergonomic Design using Graphic Evaluation (EDGE)
provides advanced modeling of physiological factors such as metabolic expenditure,
torso biomechanics, and NIOSH lifting limits (Evans, 1991). All of these modeling
tools and simulations are used to test the human factors characteristics of design
configurations in the abstract before they undergo the cost of manufacturing.

Similarly, more recent modeling and simulation efforts are geared toward
evaluation of cognitive processing in complex problem-solving and decision-
making environments (e.g; Amendola et al., 1987; Elkind et al., 1990; Woods,
Roth, & Pople, 1990). Simulation tools such as CES, Cognitive Environment
Simulation, can be used to predict human errors by estimating the mismatch be-
tween cognitive resources and demands of the particular problem-solving task
(Woods, Roth, & Pople, 1990).

Safety Analysis.  Anytime aproduct or system has implications for human safety,
analyses should be conducted to identify potential hazards or the likelihood of
human error. There are several standard methods for performing such analyses,
such as Failure Modes and Effects Analysis, or Human Reliability Analysis. These
analyses are specific to safety and will therefore be covered in Chapter 14.
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Designers must assess hazards associated with the product during all stages of the
system life cycle. As an example, old refrigerators have posed a safety hazard be-
cause children climb inside abandoned units and become locked inside.

Usability Testing

Designers conduct heuristic evaluations and other studies to narrow the possible de-
sign solutions for the product/system. They can determine whether it will cause ex-
cessive physical or psychological loads, and they analyze associated hazards. However,
if the system involves controls and displays with which the user must interact, there
is one task left. The system must be evaluated with respect to usability. Usability is pri-
marily the degree to which the system is easy to use or "user friendlY:' This translates
into a cluster of factors including the following five variables (from Nielson, 1993):

» Learnability: The system should be easy to learn so that the user can rapidly
start getting some work done.

« Efficiency: The system should be efficient to use so that once the user has
learned the system, a high level of productivity is possible.

* Memorability: The system should be easy to remember so that the causal user
is able to return to the system after some period of not having used it, without
having to learn everything allover again.

e Errors: The system should have a low error rate so that users make few errors
during the use of the system, and so that if they do make errors, they can eas-
ily recover from them. Further, catastrophic errors must not occur.

« Satisfaction: The system should be pleasant to use so that users are subjectively
satisfied when using it; they like it.

Designers determine whether a system is usable by submitting it to usability
testing (a process that was originally called user testing, but the connotation was
that the users were somehow being "tested"). Usability testing isthe process of hav-
ing users interact with the system to identify human factors design flaws over-
looked by designers. Usability testing conducted early in the design cycle can
consist of having asmall number of users evaluate rough mock-ups. Asthe design
evolves, a larger number of users are asked to use a more developed prototype to
perform various tasks. If users exhibit long task times or alarge number of errors,
designers revise the design and continue with additional usability testing.

Because usability testing has evolved primarily in the field of human-com-
puter interaction, the methods will be described in Chapter 15. However, it should
be noted that those methods generalize to essentially any interaction when a sys-
tem has control and display components.

Support Materials

Finally, as the product design becomes more complete, the human factors spe-
cialist is often involved in design of support materials, or what Bailey calls "facil-
itators" (Bailey, 1996). Products are often accompanied by manuals, assembly
instructions, owner's manuals, training programs, and so forth. A large responsi-
bility for the human factors member of the design team isto make sure that these
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materials are compatible with the characteristics and limitations of the human
user. For example, the owners manual accompanying atable saw contains very im-
portant information on safety and correct procedures. This information s criti-
cal, and must be presented in a way that maximizes the likelihood that the user will
read it, understand it, and comply with it. The development of support materials
will be discussed in more depth in Chapter 14 and in Chapter 18.

FINAL TEST AND EVALUATION

We have seen that the human factors specialist performs a great deal of evaluation
during the system design phases. Once the product has been fully developed, it
should undergo final test and evaluation. In traditional engineering, system eval-
uation would determine whether the physical system is functioning correctly. For
our example of a camera, testing would determine whether the product meets de-
sign specifications and operates as it should (evaluating factors such as mechani-
cal functions, testing for water resistance, impact resistance, etc.). For human factors
test and evaluation, designers are concerned with any aspects of the system that af-
fect human performance, safety, or the performance of the entire human-machine
system. For this reason, evaluation inherently means involving users. Data is col-
lected for variables such as acceptability, usability, performance of the user or
human-machine  system, safety, and so on. In this section, we will briefly review the
basics of final system evaluation. Most of the methods used for evaluation are the
same experimental methods that are used for research. Therefore, the material
presented in Chapter 2 is applicable. However, evaluation is a complex topic, and
readers who will conducting evaluation studies should seek more detailed infor-
mation from publications such as Weimer (1995) or Meister (1986) and an exten-
sive treatment of testing and evaluation procedures by Carlow International (1990).

In conducting evaluation studies, the procedure is essentially the same as that
described in Chapter 2. The human factors specialist should determine the design
or type of study to be conducted. This includes deciding what independent vari-
ables will be evaluated, what dependent variables will be measured, who the par-
ticipants will be, what tasks will be performed, and so forth. These considerations
are briefly outlined below.

Evaluation Design

Usually the evaluation consists of a comparison between the new product and some
other treatment "condition;' such as the old product. For example, users might per-
form the same set of tasks using the old controls and display system and also using
the new system. Performance isto demonstrate effectiveness of the new system with
respect to variables such as increased accuracy, reduced task time, reduced error rate,
increased user satisfaction, and so on. The two most common research design are:

« Abetween-subjects design where different groups of users perform tasks using
the new product or system, the old product or system, or a different product
or system
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» Awithin-subjects design, where the same users perform tasks using the new
product/system and also comparison systems.

Each of these options has certain advantages and disadvantages as discussed in
Chapter 2. In most cases, comparison systems should be those which have the
most external validity. That is, are they realistic alternative systems? For our
camera example, we might decide on an evaluation design in which a group of
users is asked to perform all of the critical tasks identified in the design task
analysis using a variety of cameras. One would be our company's old design, one
would be the new design, and others would be competitors' designs. We would
have different groups of users operate the cameras in different orders to over-
come order effects.

Test Participants.  In conducting evaluation studies, it is critical to obtain test par-
ticipants who are representative of the final user population. Their subjective re-
actions and performance using the system will not be informative if designers
cannot generalize the findings to the ultimate user population. Critical charac-
teristics include age, physical characteristics, education level, knowledge and skills,
job-related ability, and so forth.

Measures.  In Chapter 2 we discussed the importance of determining appropriate
measures or dependent variables. In evaluation studies, the dependent variables fall
into one of two categories, proximal measures and distal measures. Proximal mea-
sures are those that are directly associated with the person's performance or thought:

» User satisfaction

» Usability (as defined above)

» Taskperformance levels(accuracy,task time, etc.)

» Number of performance errors related to safety issues

After the product or system is fielded, designers may need to measure more distal
measures, which capture the impact of the product on more global factors per-
taining to the company or organization asa whole, including measures such as:

» Manufacturing costs, efficiency waste, etc.
» Personnel costs

* Number of accidents and injuries

* Number of disability claims

» Sickleaveand other health indices

In most cases, the variables being measured will fluctuate over time, reducing the
reliability of the measure. Since reliability of a measure affects the statistical eval-
uation (and makes "significant results" harder to obtain), designers should take
multiple measures of the factors being studied both before and after the new
product/system is introduced. For example, a time-series study could be con-
ducted for the number of accidents with respect to a certain piece of equipment
for a period of time before and after a human factors redesign.
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PROGRAMS OF CHANGE

Up until this point, we have mostly discussed the design and evalu_Hon of a sin-
gle product or system. Some of the work performed by ergonomists concerns
more programmatic  design and analysis. For example, ahuman factors specialist
might go into an entire manufacturing plant and conduct an ergonomic analysis.
This analysis would consider a wide range of factors including:

e Design of individual pieces of equipment from human factors perspective
e Hazards associated with equipment, workstations, environments, etc.

e Safety procedures and policies

« Design of workstations

e Efficiency of plant layout

e Efficiency of jobs and tasks

e Adequacy of employee training

¢ Organizational design, job structures

¢ Reward/incentive or policies

¢ Information exchange and communication

After evaluating these facets, the human factors specialist would develop a list of
recommendations  for the plant.

An example is given by Eckbreth (1993), who reports an ergonomic evalua-
tion and improvement study for atelecommunications  equipment manufacturer.
This company had experienced a variety of employee injuries and illness among
cable formers in its shops. A team evaluated the shop, with the team consisting of
process engineer, supervisor, plant ergonomist, production associates, and main-
tenance personnel. The team assessed injury and accident records and employee
complaints and reviewed task performance videotapes. An ergonomic analysis was
carried out, and the team came up with recommendations and associated costs.
The recommendations  included:

Training: Thirty-six employees were taught basic ergonomic principles in-
cluding the best working positions, how to use the adjustability of their
workstations, and positions to avoid.

Changes to Existing Equipment: Repairs were made to a piece of equipment
which changed the force required to rotate a component (from 58 pounds
down to 16).

Equipment Redesign or Replacement: Some equipment, such as the board for
forming cables, was redesigned and constructed to allow proper posture
and task performance in accordance with ergonomic principles. Other
equipment, such as scissors, was replaced with more ergonomically sound
equipment.

Purchase of Step Stools: The purchase of step stools eliminated overhead reach-
ing that had occurred with certain tasks.

Antifatigue Mats: Floor mats to reduce fatigue and cumulative trauma disor-
der were purchased.
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Job Rotation: Job rotation was recommended but was not able to be imple-
mented because it was the only Level 2 union job in the company.

It can be seen from this example that frequently aworkstation or plant analysis will
result in awide variety of ergonomic recommendations.  After the recommended
changes have been instituted, the human factors specialist should evaluate the ef-
fects of the changes. This program evaluation is carried out using research meth-
ods as discussed earlier. Obviously, the most common research design for program
evaluation is the pretest-posttest  quasi-experiment. ~ Because the design is not a
true experiment, there are certain factors that can make the results un inter-
pretable. Ergonomists should design program evaluation studies carefully in order
to avoid drawing conclusions that are unfounded (see Chapter 2 and other sources
on experimental methods).

It is clear that human factors concerns more than just the characteristics or in-
terface of a single product or piece of equipment. An increasing number of human
factors specialists are realizing that often an entire re-engineering of the organization,
including the beliefs and attitudes of employees, must be addressed for real long-term
changes to occur. This global approach to system redesign, termed macroergonomics,
is a new and growing subfield in human factors. We will briefly review some of the
basic concepts of macroergonomics in Chapter 19, which deals with social factors.
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Visual Sensory
Systems

The 50-year-old traveler, completing his flight to
an unfamiliar city on a dark rainy night, has proceeded to pick up the rental car.
Dropping the traveler off in the parking lot, the rental agency bus driver points to "the
red sedan over there" and drives off, but in the dim light of the parking lot, our trav-
eler cannot easily tell which car is red and which is brown and for a moment finds
himself climbing into the wrong car. Eventually correcting his mistake and settled at
last in the correct vehicle, he now pulls out the city map tofigure his way out of the
airport. But in the dim illumination of the dome light, the printed street names on the
map appear to bejust a haze of black, with little form or shape. Giving up on the map,
he remains confident that he will see the appropriate signage to Route 60 that will di-
rect him toward his destination, and so he starts the motor to pull out of the lot. The
rain streaming down forces him to search for the wiper switch, but the switch remains
hard tofind because the dark printed labels cannot be read against the gray color of
the interior. A little fumbling, however, and the wipers are on, and he emerges from
the lot onto the highway. The rapid traffic closing behind him and bright glare of the
headlights in his rearview mirror force him to accelerate to an uncomfortably rapid
speed. He cannot read the contents of the first sign to his right as it speeds by. Was that
sign announcing Route 60 or Route 66? He drives on, assuming that when the turnoff
arrives it will be announced again and so peers ahead to await its arrival. Suddenly
there it is on the left side of the highway, not the right where he had expected it, and
now it has passed him before he has had a chance to react. Frustrated, he turns on the
dome light to glance at the map again, but in the fraction of a second his head is down,
the sudden sound of gravel on the undercarriage signals that he has slid off the high-
way. As he drives along the berm, waiting to pull back on the road, hefails to see the
huge pothole that unkindly brings his car to an abrupt halt.

81
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Our unfortunate traveler is in a situation that is far from unique. Night dri-
ving in unfamiliar locations is one of the more hazardous endeavors that humans
undertake (Evans, 1991), especially as they become older (see Chapterl7). The
reasons the dangers are so great relate very much to the pronounced limits of the
visual sensory system. Aswe discuss below, many of these limits reside within the
very peripheral features of the eyeballitselfand the neural pathways that send mes-
sages of visual information to the brain. Others relate more directly to brain pro-
cessing and can be related to many of the perceptual processes we discuss in more
detail in Chapter 6. In the present chapter we will first discuss the nature of the
light stimulus and the eyeball anatomy as it processes this light. We shall then dis-
cuss several of the important characteristics of human visual performance asitis
affected by this interaction between characteristics of the stimulus and the human
percelver.

THE STIMULUS: LIGHT

As shown in Figure 4.1a, essentially all visual stimuli that the human can perceive
may be described as a wave of electromagnetic energy. The wave can be repre-
sented as a point along the visual spectrum. This point has a wavelength, typically
expressed in nanometers, and an amplitude. The wavelength determines the hue
of the stimulus that is perceived, and the amplitude determines its brightness. As
the figure shows, the range of wavelengths that are typically visible to the eye runs
from short wavelengths of around 400 nm (typically observed as blue-violet) to
long wavelengths of around 700 nm (typically observed as red). In fact the eye
rarely encounters "pure" wavelengths. On the one hand, mixtures of different
wavelengths may act as stimuli. For example, the figure depicts a spectrum that is
amixture of red and blue, which would be perceived as purple. On the other hand,
the "pure" wavelengths, characterizing a hue, like blue or yellow, may be "diluted"
by mixture with varying amounts of achromatic light (like gray: light with no
dominant hue and therefore not represented on the spectrum). Undiluted wave-
lengths, like a pure red, are said to be saturated. Diluted wavelengths, like a pink,
are of course unsaturated. Hence, a given light stimulus can be characterized by
its hue, saturation, and brightness.

The actual hue of a light is typically specified by the combination of the three
primary colors-red, green, and blue-necessary to achieve it (Helander, 1997).
This specification follows a procedure developed by the Commission Internationel
de L'Elairage and hence is called the CIE color system.

As shown in Figure 4.1b, the CIE color space represents all colors in terms of
two primaries of long and medium wavelengths specified by the x and y axes
(Wyszecki, 1986). Those colors on the rim of the space are pure "saturated" col-
ors. Monochrome isrepresented at the point C in the middle. The figure does not
represent brightness, which can be conceived as athird dimension running above
and below the color space of 4.1b. Use of this standard coordinate system allows
common specification of colors across different users.

While we can measure or specify the hue of a stimulus reaching the eyeball by
its wavelength, the measurement of brightness is more complex because of the sev-
eral interpretations of light "intensity." In Figure 4.2, we see a source of light, like



Amplitude
i
H

2 N . Q
° \® ) & & > >
\)\\(b K\ @\IQ 0@' .@\ Q¥ \0\&
I
400 WAVELENGTH 700
§ {nanometers)
Visual Spectrum
(@)
_\l 1 1 1 1 | I ) 1 I 1 1 I 1 1 1 1 I 1
- Y PRIMARY 1931, 2° CIE 4

0.8

0.6

STANDARD OBSERVER

LOCUS OF SPECTRAL -
COLORS (wavelength in nm)

550

YELLOW

04 HERSHEY i
BAR 600
i WHITE ( J— .
490 620
- LIPSTICK 4
ILLUMINANT & 650
oz L PHYSICALLY 700 i
' POSSIBLE 4
i COLORS PURITY o
480 7
- BLUE LOCUS OF PURE 4
470 NONSPECTRAL COLORS
460 X PRIMARY ]
0.0 1 1 1 1 | 1 1 1 1 1 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0
FIGURE 4.1

(a) The visible spectrum of electromagnetic energy (light). Very short (ultraviolet) and
very long (infrared) wavelengths falling just outside of this spectrum are shown. Mono-
chromatic (black, gray, white) hues are not shown because these are generated by the
combinations of wavelengths. (b) The CIE color space, showing typical colors created by
levels of x and y specifications. (Source: Helander, M., 1987. The design of visual displays.
In Handbook of Human Factors. G. Salvendy, ed., New York: Wiley, Fig. 5.1.35, p. 535,

Fig. 5.1.36, p. 539. Reprinted by permission of John Wiley & Sons, Inc.)
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FIGURE 4.2

Illustrates concepts behind the perception of visual brightness. Luminance energy (flux) is
present at the source (the headlight), but for a given illuminated area (illuminance), this
energy declines with the square of the distance from the source. This is illustrated by the
values under the three signs at increasing intervals of two units, four units, and six units
away from the headlight. Some of the illuminance (solid rays) is absorbed by the sign, and
the remainder is reflected back to the observer, characterizing the luminance of the viewed
sign. Brightness is the subjective experience of the perceiver.

the sun or, in this case, the headlight of our driver’s car. This source may be char-
acterized by its luminous intensity or luminous flux, related to the actual energy of
the source. It is measured in units of candela. But the amount of this energy that
actually strikes the surface of an object to be seen—the road sign, for example—is
a very different measure, described as the illuminance and measured in units of Jux
or foot candles. Hence, the term illumination characterizes the lighting quality of
a given working environment. How much illuminance an object receives depends
on the distance of the object from the light source. As the figure shows, the illu-
minance declines with the square of the distance from the source.

Although we may sometimes be concerned about the illumination of light
sources in direct viewing (the glaring headlights from the oncoming vehicles, for
example), more often our human factors concerns are with the amount of light re-

TABLE 4.1 Physical Auantities of Light and Their Units

Quantity Units
Luminous flux 1 candela or 12.57 lumins
Iuminance Foot candle or 10.76 LUX
Luminance Candela/M’ or foot lambert
Reflectance A ratio

Brightness
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flected off of objects to be detected, discriminated, and recognized by the observer
when these objects are not themselves the source of light. This may characterize,
for example, the road sign in Figure 4.2. We refer to this measure as the luminance
of a particular stimulus typically measured in foot lamberts (FL). Luniifiance is
different from illuminance because of differences in the amount of light that the
surface either reflects or absorbs. Black surfaces absorb most of the illuminance
striking the surface, leaving little luminance. White surfaces reflect most. In fact,
we can define the reflectance of a surface as the ratio:

luminance (FL)

Reflectance (%) = 4.1)

illuminance (FC)

(A useful hint is to think of the illuminance light, leaving some of itself [the
“iI”] on the surface, and sending back to the eye, only the luminance.) Naturally,
the luminance will also decline with the square of the distance of the observer from
the illuminated stimulus.

The brightness of a stimulus then is the actual experience of visual inten-
sity, an intensity that often governs its visibility. From this discussion, one can
see how the visibility or brightness of a given stimulus may be the same if it is
a dark (poorly reflective) sign that is well illuminated or a white (highly reflec-
tive) sign that is poorly illuminated. Visibility is also affected by the contrast be-
tween the stimulus and its surround, but that is another story that we shall
describe in a few pages.

Table 4.1 summarizes these various measures of light and shows the units by
which they are typically measured. A photometer is the electronics device that can
measure luminous intensity.

THE RECEPTOR SYSTEM:
THE EYEBALL AND THE OPTIC NERVE

Light, electromagnetic energy, must be transformed to electrochemical neural
energy, a process that is accomplished by the eye. Figure 4.3 presents a schematic
view of the wonderful receptor system for vision, the eyeball. As we describe cer-
tain key features of its anatomy and how this anatomy affects characteristics of the
light energy that passes through it, we will identify some of the distortions and dis-
tractions that disrupt our ability to see in many working environments and there-
fore should be the focus of concern for the human factors engineer.

The Lens

As we see in the figure, the light rays first pass through the cornea, which is a pro-
tective surface that will absorb some of the light energy (and does so progressively
more as we age). Light rays then pass through the pupil, which dilates (in darkness)
or constricts (in brightness) to try to admit adaptively more light when illumina-
tion is low, and less when illumination is high. The lens of the eye is then respon-
sible for adjusting its shape, or accommodating, to bring the image to a precise focus
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FIGURE 4.3
Key aspects of the anatomy of the eyeball.

on the back surface of the eyeball, a surface called the retina. This accommodation

isaccomplished by a set of ciliary muscles surrounding the lens, muscles that com-
municate with the higher perceptual centers of the brain. When we view images up
close, the light rays emanating from the images converge as they approach the eye,
and the muscles must accommodate by changing the lens to a rounder shape.
When the image is far away and the light rays approach in essentially parallel fash-
ion, the muscles accommodate by creating a flatter lens. Somewhere in between,
there isapoint where the lens comes to a natural "resting" point, at which the mus-
cles are doing little work at all. This is referred to as the resting state of accommo-
dation. The visual fatigue experienced during prolonged viewing of close images is
based on the fatigue of the ciliary muscles.

As should be evident, the amount of accommodation can be described in
terms of the distance of a focused object from the eye. Formally, the amount of
accommodation required is measured in diopters, which equal 1/viewing dis-
tance (meters). Thus, 1diopter isthe accommodation required to view an ob-
ject at 1 meter.

Asour driver discovered when he struggled to read the fine print of the map,
our eyeball does not alwaysaccommodate easily. It takes time to change its shape,
and sometimes there are factors that limit the amount of shape change that is pos-
sible. Myopia, otherwise known as nearsightedness, results when the lens cannot
flatten and hence distant objects cannot be brought into focus. Preshyopia, other-
wise known as farsightedness, results when the lens cannot accommodate to very
near stimuli. Aswe grow older, the lens becomes less flexible in general, but far-
sightedness in particular becomes more evident. Hence, we see that the older
reader, when not using corrective lenses, must hold the map farther away from the
eyesto try to gain focus, and it will take longer for that focus to be achieved.
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While accommodation may be hindered by limits on flexibility of the lens,
and compensated by corrective lenses, it is also greatly influenced by the amount
of visibility of the image to be flxated, a visibility that is determined QQthby its
brightness and by its contrast. We discuss these issues below.

The Visual Receptor System

An image, whether focused or not, eventually reaches the retina at the back of the
eyeball. The image may be characterized by its intensity (luminance), its wave-
lengths, and its size. The image sizeis typically expressed by its visual angle, which
is depicted by the two-headed arrows in front of the eyesin Figure 4.3. The visual
angle of an object of height H, viewed at distance D, is approximately equal to
Arctan (HID) (the angle whose Tangent = HID). For visual angles less than
around 10degrees, the angle may be expressed in minutes of arc and approximated
by the formula:

_ 3438H

D

Importantly, the image can also be characterized by where it falls on the back of
the retina because this location determines the types of visual receptor cells
that are responsible for transforming electromagnetic light energy into the elec-
trical impulses of neural energy to be relayed up the optic nerve to the brain.
There are two different types of receptor cells, the rods and the cones, each with
six distinctly different properties. Collectively,these different properties have nu-
merous implications for our visual sensory processing, and we consider each in
some detail.

VA

4.2)

1. Location. The middle region of the retina, aregion called the fovea, con-
sisting of an area of around 2 degrees of visual angle, is inhabited exclusively by
the cones (Fig. 4.3). Outside of the fovea, the periphery is inhabited by rods as
well as cones, but the concentration of cones declines rapidly moving farther
away from the fovea (i.e., with greater eccentricity).

2. Acuity. The amount of flne detail that can be resolved is far greater when
the image falls on the closely spaced cones than on the more sparsely spaced rods.
We refer to this ability to resolve detail asthe acuity, often expressed as the inverse
of the smallest visual angle (in minutes of arc) that can just be detected. Thus, an
acuity of 1.0means that the operator can just resolve avisual angle of 1minute of
arc (1/60 of 1degree). Table 4.2 provides various ways of measuring visual acuity.
Note that since acuity is higher with cones than rods, it is not surprising that our
best ability to resolve detail is in the fovea, where the cone density is greatest.
Hence, we "look at" objects that require high acuity, meaning that we orient the
eyeball to bring the image into focus on the fovea. While visual acuity drops
rapidly toward the periphery, the sensitivity to motion declines at a far less rapid
rate. In fact, we often use the relatively high sensitivity to motion in the periphery
as a cue for something important on which we later flxate.

3. Sensitivity. Although the cones have an advantage over the rods in acuity, the
rods have an advantage in terms of sensitivity,characterizing the minimum amount
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TABLE 4.2 Some Measures of Acuity

Minimum separable acuity General measurement of smallest detail dete.ctable
Vernier acuity Are two parallel lines aligned?

Landolt ring Is the gap in aring detectable?

Snellen acuity Measurement of detail resolved at 20 feet, relative to

the distance at which a normal observer can resolve
the same detail (e.g., 20/30)

of light that can just be detected or the threshold. Sensitivity and threshold are rec-
iprocally related. Since there are no rods in the fovea, it is not surprising that our
fovea is very poor at picking up dim illumination (i.e., it has a high threshold). To
illustrate this, note that if you try to look directly at a faint star, it will appear to van-
ish. Scotopic vision refers to vision at night when only the rods are operating. Photopic
vision refers to vision when the illumination is sufficient to activate both rods and
cones (but when most of our visual experience is due to actions of the cone).

4. Color sensitivity. The rods cannot discriminate different wavelengths of
light (unless they also differ in intensity). The rods are "color blind;' and so the ex-
tent to which hues can be resolved declines both in peripheral vision (where fewer
cones are present) and at night (when only the rods are operating). Hence, we can
understand how our driver, trying to locate his car at night, was unable to dis-
criminate the poorly illuminated red car from its surrounding neighbors.

5. Adaptation. When stimulated by light, the rods rapidly lose their sensitiv-
ity, and it will take a long time for them to regain it (up to a half-hour) once they
are returned to the darkness that is characteristic of the rod's "optimal viewing en-
vironment:'  Environments in which operators may be periodically exposed to
bright light but often need to use their scotopic vision will then be particularly dis-
ruptive. In contrast to the rods, the low sensitivity of the cones is little affected by
light stimulation. However, the cones may become hypersensitive, when they have
received little stimulation. This is the source of glare from bright lights at night.
We discuss glare further in Chapter 13.

6. Differential wavelength sensitivity. Whereas the cones are generally sensitive
to all wavelengths, the rods are particularly insensitive to long (i.e., red) wave-
lengths. Hence, red objects and surfaces look very black at night. More important,
illuminating  objects in red light, in an otherwise dark environment, will not de-
stroy the rod's dark adaptation. For example, on the bridge of a ship, the naviga-
tor may use the red lamp to stimulate the cones to read the fine detail of the
chart, but this will not destroy dark adaptation and disrupt the ability of person-
nel to scan the horizon for faint lights or dark forms.

Collectively, these pronounced differences between rods and cones are re-
sponsible for a wide range of visual phenomena, many of which are probably
familiar to the reader. In the pages below, we consider some of the more com-
plex implications of these phenomena to human factors issues related to three
important  aspects of our sensory processing: contrast sensitivity, night vision,
and color vision.
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SENSORY PROCESSING LIMITATIONS
Contrast Sensitivity =

Our unfortunate driver could discern neither the wiper control label nor the map
detail nor the pothole for avariety of reasons-all related to the vitally important
human factors concept of contrast sensitivity. Contrast sensitivity may be defined
as the reciprocal of the minimum contrast between a lighter and darker spatial
area that can just be detected; that is, with a level of contrast below this minimum,
the two areas appear homogeneous. Hence, the ability to detect contrast is essen-
tial to the ability to detect and recognize shapes, whether the discriminating shape
of a letter or the blob of a pothole. The contrast of a given visual pattern is typi-
cally expressed as the ratio of the difference between the luminance of light and
dark areas to the sum of the luminance values:

C=(- DIL +D) (4.3)

The higher contrast sensitivity (CS) that an observer possesses, the smaller is
the minimum amount of contrast that can just be detected (C, Hence,

cs = 1/C,

From this definition, we can see that the minimum separable acuity (the light
separating two dark lines) represents one measure of contrast sensitivity because
a gap that is smaller than this minimum will be perceived as a uniform line of ho-
mogeneous brightness.

Contrast sensitivity may often be measured by agrating, such as that shown
along the x axis of Figure 4.4. If the grating appears to be a smooth bar like the
grating on the far right of the figure (if it is held at a distance), the viewer is un-
able to discern the alternating patterns of dark and light, and the contrast is below
the viewer's CS threshold.

High Contrast

Contrast
Sensitivity

Low /

Contrast

Sensitivity

1 4 8

Cycles/Degree

20

FIGURE 4.4

Illustrates spatial frequency gratings, used to measure contrast sensitivity. Remember that
the particular values on the X axis will vary as a function of visual angle and therefore the
distances at which the figure is held from the eyes. The bar above each grating will occupy 1
degree of visual angle when the book is viewed at a distance of 52cm. The two curves
represent patterns of different contrast levels.
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Expressed in this way, we can consider the first of several influences on CS,
and that is the spatial frequency of the grating. As shown in Figure 4.4, spatial fre-
quency may be expressed as the number of cycles of dark and lightnes~.!hat oc-
cupy 1degree of visual angle (cycles/degrees or C/D). If the reader holds this book
approximately 1foot away,then the spatial frequency of the left grating is 0.6 C/D,
of the next grating is 1.25C/D, and of the third grating is2.0 C/D. We can also see
that the spatial frequency is inversely related to the width of the light or dark bar.
It turns out that the human eye is most sensitive to spatial frequencies of around
3 cycles/degrees, as shown by the contrast sensitivity function drawn across the
axis of Figure 4.4. Very fine lines (high spatial frequencies) blur together, whereas
thicker lines (lower spatial frequencies), while easily visible at the high contrast
shown here, tend to be less visible as the amount of contrast between light and
dark decreases.

Aswe describe in more detail below, the high spatial frequencies on the right
characterize our sensitivity to small visual angles and fine detail (and hence, reflect
the standard measurement of visual acuity), such as that involved in reading fine
print, or making fine adjustments on avernier scale. Much lower spatial frequen-
cies characterize the recognition of shapes of objects that may be seen under
blurred or degraded conditions, like the road sign sought by our lost driver at the
opening of the chapter or the unseen pothole that terminated his trip. Low con-
trasts at low spatial frequencies often characterize the viewing of images that are
degraded by poor "sensor resolution," like those from infrared radar (Vttal,
Baruch, & Allen, 1994).

A second important influence on contrast sensitivity isthe contrast itself. As
seen in Figure 4.4, lower contrast will be less easily discerned. Hence, we can un-
derstand the difficulty our driver has in trying to read the black printed "wiper"
label against the gray dashboard. Had the label been printed against a white back-
ground, it would have been far easier to read. Many users of common household
products like VCRs are frustrated by the "black on black™ format of much of the
raised printing instructions (Fig.4.5). It should be noted that color contrast does
not necessarily produce luminance good -contrast ratios. Thus, for example, slides
that produce black text against a blue background may be very hard for aviewing
audience to read.

A third influence on contrast sensitivity is the level of illumination of the
stimulus. Not surprisingly, lower illumination reduces the sensitivity to contrast
and appears to do so more severely for the sensing of high spatial frequencies
(which depend on the cones) than for low frequencies. This explains the obvious
difficulty we have reading fine print under low illumination. However, low illu-
mination can also disrupt vision at low spatial frequencies: note the loss of visi-
bility that our driver suffered for the low spatial frequency pothole.

Two final influences on contrast sensitivity are the resolution of the eye itself
and the dynamic characteristics of the viewing conditions. Increasing age reduces
the amount of light passing through the cornea and greatly reduces contrast sen-
sitivity. This factor, coupled with the loss of visual accommodation ability at close
viewing, produces a severe deficit for older readers in poor illumination. Contrast
sensitivity declines also when the stimulus is moving relative to the viewer as our
driver found when trying to read the highway sign.
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FIGURE 4.5

Difficult visibility of low-contrast raised-plastic printing. With small letters and black
plastic, such information is often nearly illegiblein poor illumination. (Source: Courtesy
of Anthony D. Andre, Interface Analysis Associates, San Jose, CA.)

Collectively all of these factors, summarized in Table 4.3, are critical for pre-
dicting whether or not detail will be perceived and shapes will be recognized in a
variety of degraded viewing conditions, and hence critical for indirectly inform-
ing the designer of certain standards of design that should be adhered to in order
to guarantee viewability of certain critical symbols. Many of these standards may
be found in handbooks like Boff and Lincoln (1989) or textbooks such as Sanders
and McCormick (1993) or Salvendy (1997).

Human factors researchers are also trying to develop models to show how all the
influences in Table 4.3 interact in away that would, for example, allow one to specify
the minimum text size for presenting instructions to be viewed by someone with
20/40 vision in certain illumination, or determine the probability of recognizing tar-
gets at night at a particular distance (Owens, Antonoff, & Francis, 1994). However, the
accuracy of such models has not yet reached a point where they are readilyapplica-
ble when several variables are involved. What can be done instead isto be explicit on
the implications of these factors for trying to achieve the best design whenever print

TABLE 4.3 Some Variables That Affect Contrast and Visibility

Variable Effect Example
J.. Contrast J.Visibility Black print on gray
J.. lllumination J..Contrast Reading map in poor light
sensitivity
Polarity Black on white better Designing viewgraphs

Spatial frequency

Visual accommodation
Motion

than white on black
Optimum CS at 3C/D

CS
J.CS

Ideal size of text font given
viewing distance

Map reading during night driving
Reading a road sign while moving
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or symbols must be read under lessthan optimal circumstances. We describe below
some of these guidelines as they pertain to the readability of the printed word.

Reading Print. Most obviously, print should not be too fine in order to guaran-
tee its readability. When space is not at a premium and viewing conditions may be
less than optimal, one should seek to come as close to the 3 cycles/degrees value
as possible (i.e., stroke width of 1/6 degree) to guarantee maximum readability.
Fine print and very narrow stroke widths are dangerous choices. Similarly, one
should maximize contrast by employing black letters on white background rather
than, for example, using the "sexier" but less readably hued backgrounds (e.g.,
black on blue). Black on red is particularly dangerous with low illumination, since
red is not seen by the cones. Because of certain asymmetries in the visual pro-
cessing system, it turns out that dark text on lighter background (“negative con-
trast") also offers higher contrast sensitivity than light on dark (“positive
contrast"). The disruptive tendency for white letters to spread out or "bleed" over
a black background is called "irradiation:'

The actual character font matters too. Fonts that adhere to "typical” letter
shapes like the text of this book are better read because of their greater familiar-
ity, than those that create block letters or other nonstandardiwl shapes. Another
effect on readability isthe case of the print. For single isolated words, UPPERcase
appears to be asgood as if not better than lowercase print, as for example, the label
of an "on" switch. This advantage results in part because of the wider visual angle
and lower spatial frequency presented. However, for multiword text, UPPERCASE
PRINT ISMORE DIFFICULT TO READ than lowercase or mixed-case text. This
is because lowercase text typically offers a greater variety of word shapes. This va-
riety conveys sensory information at lower spatial frequencies that can be used to
discern some aspects of word meaning in parallel with the high spatial frequency
analysis of the individual letters (Broadbent & Broadbent, 1980;Allen, Wallace, &
Weber, 1995). BLOCKED WORDS IN ALL CAPITALSwill eliminate the contri-
butions of this lower spatial frequency channel. Other guidelines for text size and
font type may be found in Sanders and McCormick (1993) or Salvendy (1997).

Color Sensation

Asyou will recall, color vision is a facility employed in the well-illuminated envi-
ronment. Our driver had trouble judging the color of his red sedan because of the
poor illumination in the parking lot. A second characteristic that limits the effec-
tiveness of color isthe fact that approximately 7 percent of the male population is
color deficient; that is, they are unable to discriminate certain hues from each
other. Most prevalent here is so-called red-green “color blindness" (protanopia), in
which the wavelengths of these two hues create identical sensations if they are of
the same luminance intensity.

Because of these two important sensory limitations on color processing, a
most important human factors guideline is to design for monochrome first
(Shneiderman, 1987) and use color only as a redundant back up to signal impor-
tant information. Thus for example the traffic signal uses the location of the illu-
minated lamp (top, middle, bottom) redundantly with its color to signal the
important traffic command information.
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There are two additional characteristics of the sensory processing of color that
have some effect on its use. Simultaneous contrast refers the tendency of some hues
to appear different when viewed adjacent to other hues (e.g., a green wilt look
deeper when viewed next to ared than when viewed next to a neutral gray). This
may affect the usability of multicolor-coded  displays, like maps, as the number of
colors grows large, an issue we treat further in our discussion of absolute judgment
in Chapter 8. The negative afterimage is a similar phenomenon to simultaneous
contrast but describes the greater intensity of certain colors when viewed after pro-
longed viewing of other colors.

Night Vision

It should be apparent from our discussion above how the loss of contrast sensi-
tivityat all spatial frequencies can inhibit the perception of print as well as the de-
tection and recognition of objects by their shape or color in poorly illuminated
viewing conditions. Coupled with the loss of contrast sensitivity due to age, it is
apparent that night driving for the older population is a hazardous undertaking,
particularly in unfamiliar territory (Waller, 1991; Shinar & Schieber, 1991).

Added to these hazards of night vision are those associated with glare, which
may be defined as irrelevant light of high intensity. Beyond its annoyance and dis-
traction properties, glare has the effect of destroying the rod's sensitivity to low
spatial frequencies. Hence, the glare-subjected driver will be less able to spot the
dimly illuminated road hazard (the pothole or the darkly dressed pedestrian).
Furthermore, given the nature of dark adaptation, we know that this destruction
will be long lived, reducing sensitivity for up to a half an hour.

A second interesting phenomenon that is characteristic of night vision on the
highway is the tendency for drivers to "overspeed" -to drive faster than the speed
at which they can safely stop or swerve to avoid unexpected obstacles (Leibowitz,
1988). The reason for this dangerous phenomenon relates back to the differential
sensitivity and location of rods and cones. Asyou will recall, the rods, which are used
at night, provide fairly good peripheral perception of motion. Hence, the night dri-
ver may feel fairly comfortable about his or her visual capabilities, given the strong
and accurate sense of motion perceived from the "streaming" of peripherally viewed
roadside elements (guardrails, vegetation, side lines, etc.). However, it is a very dif-
ferent visual system, often using the foveal cones, that must be brought into play to
detect and recognize the unexpected object that must be avoided in the roadway
(Leibowitz & Dichgans, 1980). The driver has no sense of how visible this hazard will
be until it actually appears, and by then it may be too late. In short, calibration of safe
driving speed on the basis of continuous motion of the side elements will danger-
ously overestimate the distance at which objects in foveal vision can be seen. We con-
sider more aspects of night driving safety in Chapter 17.

BOTTOM-UP VERSUS TOP-DOWN PROCESSING

Up to now, we have discussed primarily the factors of the human visual system
that effect the quality of the sensory information that arrives at the brain in order
to be perceived. As represented in Figure 4.6, we may represent these influences
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The relation between bottom-up and top-down processing.

as those that effect processing from the bottom (lower levels of stimulus pro-
cessing) upward (toward the higher centers of the brain involved with percep-
tion and understanding). As examples, we may describe loss of acuity as a
degradation in bottom-up processing or describe high-contrast sensitivity asan
enhancement of that processing.

In contrast, an equally important influence on processing may be said to op-
erate from the top downward. This is perception based on our knowledge (and de-
sire) of what should be there. Thus, if | read the instructions, "Afterthe procedure
is completed, turn the system off;' | need not worry as much if the last word hap-
pens to be printed in very small letters or isvisible with low contrast because | can
pretty much guess what it will say.As we see below and in the following chapters,
much of our processing of perceptual information depends on the delicate inter-
play between top-down processing, signaling what should be there, and bottom-up
processing, signaling what is there. Deficiencies in one can often be compensated
by the operation of the other. Our initial introduction into the interplay between
these two modes of processing will be in a discussion of depth perception, and the
two modes will be amplified further in our treatment of detection.

DEPTH PERCEPTION

Humans navigate and manipulate in a three-dimensional (3-D) world, and we
usually do so quite accurately and automatically. Yetthere are times when our abil-
ity to perceive where we and other things are in 3-D space breaks down. In our
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story at the beginning of the chapter, for example, the driver underestimated the
speed with which he was moving toward the next intersection; that is, he under-
estimated his change in distance from the intersection over time. Airplane.pjlots
flying without using their instruments are also very susceptible to dangerous illu-
sions of where they are in 3-D space and how fast they are moving through that
space (O'Hare & Roscoe, 1990; Hawkins, 1993; Leibowitz, 1988).

In order to judge our distance from objects (and the distance between objects)
in 3-D space, we rely on a host of depth cues to inform us of how far away things
are. The first three cues we will discuss-accommodation,  binocular convergence,
and binocular disparity-are all inherent in the physiological structuring and
wiring of the visual sensory system. Hence, they may be said to operate on bottom-
up processing.

Accommodation, as we have seen, refers to the changing shape of the lens to
accommodate the focus on objects viewed at different distances. As shown in
Figure 4.3, the ciliary muscles that accomplish this change send signals to the
higher perceptual centers of the brain that inform those centers of how much ac-
commodation was accomplished and hence the extent to which objects are close
or far (within a range of about 3 m). (Aswe will discuss in Chapter 5, these sig-
nals from the muscles to the brain are referred to asproprioceptive input.)

Convergence is a corresponding cue based on the amount of inward rotation
("cross-eyedness™) that the muscles in the eyeball must accomplish to bring an
image to rest on corresponding parts of the retina on the two eyes. The closer the
distance at which the image isviewed, the greater isthe amount of proprioceptive
"convergence signal” sent to the higher brain centers by the neurons that control
these muscles.

Binocular Disparity, sometimes referred to as stereopsis, is a depth cue that re-
sults because the closer an object isto the observer, the greater the amount of dis-
parity there is between the view of the object received by each eyeball. Hence, the
brain can use this disparity measure, computed soon after the visual signals from
the two eyes combine in the brain, to estimate how far away the object is.

All three of these bottom-up cues are only effective for judging distance,
slant, and speed for objects that are within a few meters from the viewer (Cutting
et al, 1995). (However, stereopsis can be created in stereoscopic displays to simu-
late depth information at much greater distances.) Judgment of depth and distance
for more distant objects and surfaces depends on a host of what are sometimes
called "pictorial” cues because they are the kinds of cues that artists will put into
pictures to convey a sense of depth. Because pictorial cues are based on past ex-
perience, they are subject to top-down influences.

As shown in Figure 4.7, some of the important pictorial cues to depth are:

Linear perspective: The converging of parallel lines (i.e., the road) toward the
more distant points.

Relative size: A cue based on the knowledge that if two objects are the same true
size (the two trucks in the figure, e.g.), the object that occupies a smaller
visual angle (the more distant vehicle in the figure) is farther away.
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Interposition: Nearer objects will tend to obscure the contours of objects that
are farther away (see the two buildings).

Light and shading: Three-dimensional  objects will tend to both cast shadows,
and reveal reflections and shadows on themselves from illuminating light.
These shadows provide evidence as to their location and their 3-D form
(Ramachandran,  1988).

Textural gradients: Any textured surface, viewed from an oblique angle, will
show a gradient or change in texture density (spatial frequency) across the
visual field (see the Illinois cornfield in the figure). The finer texture sig-
nals the more distant region, and the amount of texture change per unit
visual angle, signals the angle of slant, relative to the line of sight.

Relative motion, or motion parallax describes the fact that objects that are more
distant will show relatively smaller movement across the visual field as the
observer moves. Thus, we often move our head back and forth to judge the
relative distance of objects. Relative motion also accounts for the acceler-
ating growth in the retinal image size of things as we approach them in
space, a cue sometimes called looming (Regan et al., 1986).

Collectively, these cues provide us with a very rich sense of our position and
motion in 3-D space as long as the world through which we move is well illumi-
nated and contains rich visual texture. However, when cues are degraded, impov-
erished, or eliminated by darkness or other unusual viewing circumstances, depth
perception can be distorted. This sometimes leads to dangerous circumstances. For
example, the pilot flying at night or over an untextured snow cover has very poor
visual cues to inform him or her of where he or she is relative to the ground

L]

FIGURE 4.7

Some pictorial depth cues. (Source: Wickens, C.D., 1992. Engineering psychology and human
performance. New York: HarperCollins. Reprinted by permission of Addison Wesley
Educational Publishers, Inc.)
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(O'Hare & Roscoe, 1990), and so assistance must be offered by (and accepted
from) more precise flight instruments (see Chapter 8). Correspondingly, the im-
plementation of both edge markers and high-angle lighting on highways gty
enriches the cues available for speed (changing position in depth) and for the judg-
ments of distance of hazards and as a result allows for safer driving (see Chapter
17). In Chapter 8 we will discuss how this information is useful for the design of
three-dimensional displays.

Just as we may predict poorer performance in tasks that demand depth judg-
ments when the quality of depth cues is impoverished, so too we can also predict
certain distortions of perception, resulting when features of the world violate our
expectations and top-down processing takes over to give us an inappropriate per-
ception. For example, Eberts and MacMillan (1985) established that the higher-
than-average rate at which small cars are hit from behind results because of the cue
of relative size. A small car is perceived as more distant from the observer ap-
proaching it from the rear than it really is. Hence, the small car will be approached
faster (and braking will begin later) than is appropriate.

Of course, clever application of human factors can sometimes turn these dis-
tortions to advantage, as in the case of the redesign of a dangerous traffic circle in
Scotland (Denton, 1980). Drivers were tending to overspeed when coming into the
traffic circle with a high accident rate as a consequence. In suggesting a solution,
Denton decided to "trick™" the driver's perceptual system by drawing lines of di-
minishing separation across the roadway, as seen in Figure 4.8. Approaching the
circle at a constant (and excessive) speed, the driver will experience the "flow" of
texture past the vehicle as signaling increasing in speed (i.e., accelerating). Because
of the near automatic way in which many aspects of perception are carried out, the
driver should instinctively brake in response to the perceived acceleration, bring-
ing the speed closer to the desired safevalue. This is exactly the effect that was ob-
served in relation to driving behavior after the marked pavement was introduced,

Traffic
Circle *

o

FIGURE 4.8

Technique used by Denton (1980) to slow down vehicles approaching the traffic circle
(driving from right to left in the figure).
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resulting in a substantial reduction in fatal accidents at the traffic circle, a result
that has been sustained for several years (Godley, 1997).

—_—

VISUAL SEARCH AND DETECTION

A critical aspect of human performance in many systems concerns the closely
linked processes of visual search and detection. Our driver at the beginning of the
chapter was searching for several things: the appropriate control for the wipers, the
needed road sign, and of course any number of possible hazards or obstacles that
could appear on the road (the pothole was one that was missed). The goal of these
searches was to detect the object or thing in question. These tasks are analogous to
the kind of processes we go through when we search the phone book for the pizza
delivery listing, search the index of this book for a needed topic, search a cluttered
graph for a data point, or when the quality control inspector searches the prod-
uct (say a circuit board) for a flaw. In all cases, the search mayor may not suc-
cessfully end in a detection.

Despite the close linking between search and detection, it is important to
separate our treatment of these topics, both because different factors affect each
and because human factors personnel are sometimes interested in detection when
there is no search (e.g., the detection of a fire alarm). We consider below the
process of search itself, but to understand visual search, we must first consider the
nature of eye movements. Then we consider the process of detection.

Eye Movements

Eye movements are necessary to search the visual field (Monty & Senders, 1976;
Hallett, 1986). Eye movements can generally be divided into two major classes.
Pursuit movements are those of constant velocity that are designed to follow mov-
ing targets, for example, following the rapid flight of an aircraft across the sky.
More related to visual search are saccadic eye movements, which are abrupt dis-
crete movements from one location to the next. Each saccadic movement can be
characterized by a set of critical features: an initiation latency, a destination, a
movement time (or speed), a dwell duration, and a useful field of view. In continu-
ous search, the initiation latency and the dwell duration cannot be distinguished.
The actual movement time is generally quite fast (typically less than 50 msec)
and isnot much greater for longer than shorter movements. Instead, the greatest
time isspent during dwellsand initiations. These limits are such that, even in rapid
search, there are no more than about 3 to 4 dwells per second (Moray, 1986), and
this frequency is usually lower because of variables that prolong the dwell. The des-
tination of a scan is usually driven by top-down processes (i.e., expectancy), al-
though on occasion a saccade may be drawn by salient bottom-up processes (e.g.,
a flashing light, see below). The dwell duration is governed jointly by two factors:
(1) the information content of the item fixated (e.g., when reading, long words re-
quire longer dwells than short ones), and (2) the ease of information extraction,
which is often influenced by stimulus quality (e.g., in target search, longer dwells
on adegraded target). Finally,once the eyeshave landed a saccade on a particular
location, the useful field of view defines how large an area, surrounding the cen-
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ter of fixation, is available for information extraction (Sanders, 1970; Ball et al.,
1988). The UFQV defines the diameter of the region within which a tarJ?t might
be detected, if it is present.

The useful field of view should be carefully distinguished from the area of
foveal vision, defined earlier in the chapter. Foveal vision defines a specific area of
approximately 2 degrees of visual angle surrounding the center of fixation, which
provides high visual acuity and low sensitivity. The diameter of the useful field of
view, in contrast, istask dependent. It may be quite small if the operator is search-
ing for very subtle targets but may be much larger than the fovea if the targets are
conspicuous and can be easily detected in peripheral vision.

Recent developments in technology have produced more efficient means of
measuring eye movements with oculometers. These function by measuring the ori-
entation of the eyeball relative to an image plane and can therefore be used to infer
the precise destination of a saccade.

Visual Search

The Serial Search Model. In describing the operator searching any visual field for
something, we distinguish between targets and non targets (nontargets are some-
times called distractors). The latter may be thought of as "visual noise" that has to
be inspected in order to determine that it is not in fact the desired target. Many
searches are seria~ in that each item is inspected in turn to determine whether it
isor is not atarget. If each inspection takes a relatively constant time and the ex-
pected location of the target is unknown beforehand, then it is possible to predict
the average time it will take to find the target as:

T = (NXD)/2, (4.4)

where | isthe average inspection time for each item, and N is the total number of
items in the search field (Neisser, Novick, & Lazar, 1964). Because, on the average,
the target will be encountered after half of the targets have been inspected (some-
times earlier, sometimes later), the product (NXI) is divided by two. This serial
search model has been applied to the prediction of performance in numerous en-
vironments in which people are searching through lists, such as phone books or
computer menus (Lee & MacGregor, 1985).

If the visual search space is organized coherently, people tend to search from
top to bottom and left to right. However, if the space does not benefit from such
organization (e.g., searching amap for atarget or searching the ground below the
aircraft for a downed airplane [Stagar & Angus, 1978]), then people's searches tend
to be considerably more random in structure and do not "exhaustively” examine
all locations (Wickens, 1992; Stagar & Angus, 1978). If targets are not readily vis-
ible, this nonexhaustive characteristic leads to a search-time function that looks
like that shown in Figure 4.9 (Drury, 1975). Note that the figure suggests that there
are diminishing returns associated with giving people too long to search a given
area if time is at a premium.

Search models can be extremely important in human factors (Brogan, 1993)
for predicting search time in time-critical environments; for example, how long
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Probability
Target
Detected
by Time t

Time (t)

FIGURE 4.9

Predicted search success probability as a function of the time spent searching. (Source:
Adapted from Drury, C., 1975. Inspection of sheet metal: Models and data. Reprinted with
permission from Human Factors, 17. Copyright 1975 by the Human Factors and
Ergonomics Society.)

will a driver keep eyes off the highway to search for a road sign? Unfortunately,
however, there are two important circumstances that can render the strict serial
model inappropriate, one related to bottom-up processing and the other to top-
down processing. Both factors force models of visual search to become more
complex and less precise.

Conspicuity.  The bottom-up influence isthe conspicuity of the target. Certain tar-
gets are so conspicuous that they may "pop out" no matter where they are in the
visual field, and so nontarget items need not be inspected (Yantis, 1993; Treisman,
1986). Psychologists describe the search for such targets as parallel because, in
essence, all items are examined at once, and in contrast to the equation 4.3, search
time does not increase with the total number of items. Such is normally the case
with "attention grabbers" as, for example, a flashing warning signal, a moving tar-
get, or a uniquely colored, highlighted item on a checklist.

Conspicuity is a desirable property if the task requires the target to be processed,
but an undesirable one if the conspicuous item isirrelevant to the task at hand. Thus,
if 1 am designing a checklist that higWights emergency items in red, this may help
the operator in responding to emergencies but will be a distraction if the operator
is using the list to guide normal operating instructions; that is, it will be more diffi-
cult to focus attention on the normal instructions. As a result of these dual conse-
quences of conspicuity, the choice of highlighting (and the effectiveness of its
implementation) must be guided by a careful analysis of the likelihood that the user
will need the highlighted item as a target (Fisher & Tan, 1989). Table 4.4 lists some
key variables that can influence the conspicuity of targets and, therefore, the likeli-
hood that the field in which they are embedded will be searched in parallel.

Expectancies.  The second influence on visual search that leads to departures from
the serial model has to do with the top-down implications of searcher expectancies
of where the target might be likely to lie. Our driver did not expect to see the road
sign on the left of the highway and, as a result, only found it after it was too late. As
another example, when searching a phone book we do not usually blanket the en-
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TABLE 4.4 Target Properties Inducing Parallel Search

1. Discriminability from background elements.
a. In color (particularly if nontarget items are uniformly colored)
b. In size (particularly if the target is larger)
¢. In brightness (particularly if the target is brighter)
d. In motion (particularly if background is stationary)

2. Simplicity: Can the target be defined only by one dimension (i.e., "red") and not
several (i.e., "red and small")

3. Automaticity: atarget that is highly familiar (e.g., one's own name)
Note that unique shapes (e.g., letters, numbers) do not generally support parallel search (Treisman, 1986).

tire page with frxations, but our knowledge of the alphabet allows us to start the
search near or around the spelling of the target name that we want. Similarly, when
searching an index, we often have a hypothesis about what the topic is likely to be
called, which guides our starting point. In avery different domain, it has been found
that radiologists, searching an x-ray plate for a tumor, will start their search in the
region believed most likely to contain the tumor (Parasuraman, 1986).

It is important to realize that these expectancies only come with experience.
Hence, we might predict that the skilled operator will have more top-down
processes driving visual search than the unskilled one, and as a result will be more
efficient, a conclusion born out by research (Parasuraman, 1986). These top-down
influences also provide guidance for designers who develop search frelds such as
indexes and menu pages, to understand the subjective orderings and groupings of
the items that users have. This topic will be addressed again in Chapter 15.

Conclusion.  In conclusion, research on visual search has four general implica-
tions, all of which are important in system design.

1. Knowledge of conspicuity effects can lead the designer to try to enhance
the visibility of target items (consider, for example, reflective jogging suits [Owens
et al., 1994] or highlighting critical menu items).

2. Knowledge of the serial aspects of many visual search processes should
forewarn the designer about the costs of cluttered displays (or search environ-
ments). When too much information is present many maps present an extraordi-
nary amount of clutter. For electronic displays, this fact should lead to
consideration  of decluttering options in which certain categories of information
can be electronically either turned off or deintensifred (Mykityshyn, Kuchar, &
Hansman, 1994; Schultz, Nickols, & Curran, 1985; Stokes, Wickens, & Kite, 1990).
However, careful use of color and intensity as discriminating cues between dif-
ferent classes of information can make decluttering unnecessary.

3. Knowledge of the role of top-down processing in visual search should
lead the designer to make the structure of the search freld as apparent to the user
as possible and consistent with the user's knowledge (i.e., past experience). For ver-
bal information, this may involve an alphabetical organization or one based on the
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semantic similarity of items (Somberg, 1987). In positioning road signs, this will
involve the use of consistent placement.

4. Knowledge of all of these influences can lead to the development of mod-
els of visual search that will predict how long it will take to find particular targets,
such as the flaw in a piece of sheet metal (Drury, 1975), an item on a computer
menu (Lee & MacGregor, 1985; Fisher & Tan, 1989), or a traffic sign by a highway
(Theeuwes, 1994). For visual search, however, the major challenge of such mod-
els resides in the fact that search appears to be guided much more by top-down
processes than by bottom-up ones (Theeuwes, 1994), and developing precise
mathematical terms to characterize the level of expertise necessary to support top-
down processing is a major challenge.

Detection

Once apossible target is located in visual search, it then becomes necessary to con-
firm that it really is the item of interest (i.e., detect it). This process may be trivial
if the target is well known and reasonably visible (e.g., the name on a list), but it
is far from trivial if the target is degraded, like a faint flawin a piece of sheet metal,
a small crack in an x-rayed bone, or the faint glimmer of the lighthouse on the
horizon at sea. In these cases, we must describe the operator's ability to detect sig-
nals. Indeed signal detection is often critical even when there is no visual search
at all. For example, the quality-control inspector may have only one place to look
to examine the product for a defect. Similarly,the ability to detect a flashing warn-
ing light is far less influenced by where it is in the visual field than by other fac-
tors that we describe below.

Signal Detection Theory. In any of a variety of tasks, the process of signal detec-
tion can be modeled by signal detection theory (SDT) (Swets, Tanner, & Birdsall,
1961;Green & Swets, 1988; Swets, 1996). SDT assumes that "the world" (asit isrel-
evant to the operator's task) can be modeled as either one in which the "signal” to
be detected is present or is absent (Fig.4.10). Whether the signal is present or ab-
sent, the world is assumed to contain "noise." Thus, the luggage inspected by the
airport security guard may contain a weapon (signal) in addition to a number of
things that might look like weapons (i.e., the "noise" of hair blowers, calculators,
carabiners, etc.), or it may contain the "noise" alone.

The goal of the operator in detecting signals isactually to discriminate signals
from noise. Thus, we may describe the relevant behavior of the observer as that
represented by the two rows of Figure 4.10-saying "yes (I see a signal)" or "no
(there is only noise):' This combination of two states of the world and two re-
sponses yields four joint events shown asthe four cellsof the figure that are labeled
hits, false alarms, misses, and correct rejections. As shown in the figure, two of these
cells (hits and correct rejections) clearly represent "good" outcomes and should
ideally characterize much of the performance, while two are "bad" (misses and
false alarms) and, ideally should never occur.

If several encounters with the state of the world (signal detection trials) are
aggregated, some involving signals and some involving noise alone, we may then
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FIGURE 4.10

Representation  of the outcomes in signal detection theory. The figure shows how changes in
the four joint events within the matrix, influence the primary performance measures of
response bias and sensitivity, shown at the bottom.

express the numbers within each cell as the probability of a hit [#hits/#sig-
nals = p(hit)]j the probability of a miss [1 - p(hit)]; the probability of a false
alarm [#FA/#no-signal encounters]; and the probability of a correct rejection
[1 - p(FA)]. In other words, if the values of p(hit) and p(FA) are measured, the
other two cells contain entirely redundant information.

Thus, the data from a signal detection environment (e.g.,the performance of
an airport security inspector) may easily be represented in the form of the matrix
shown in Figure 4.10 if a large number of trials are observed so that the proba-
bilities can be reliably estimated. However, SDT considers these same numbers in
terms of two fundamentally different influences on human detection performance:
sensitivity and response bias. Following the terminology introduced earlier in this
chapter, we can think of these two as reflecting bottom-up and top-down
processes, respectively.

Sensitivity and Response Bias. As Figure 4.10 shows, the measure of sensitivity,
often expressed by the measure d' ("d prime™) expresses how good an operator is
at the signal detection task, reflecting essentially the number of "good" outcomes
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relative to the total number of outcomes. Sensitivity is higher, if there are more cor-
rect responses and fewer errors. It will be influenced both by the keenness of the
senses and by the strength of the signal relative to the noise (i.e., the signal=to-noise
ratio). For example, sensitivity will usually improve with experience on the job up
to a point; it will be degraded by poor viewing conditions (including poor eye-
sight). An alert inspector will have a higher sensitivity than a drowsy one. The for-
mal calculation of sensitivity will not be discussed in this book. However, Table 4.5
presents some values of d' that might be observed from signal detection analysis.

The measure of response bias, or response criterion, reflects the bias of the op-
erator to respond "yes, signal* versus "no, noise." Although formal signal detection
theory characterizes response bias by the term Beta, which has a technical mea-
surement (Green & Swets, 1988; Wickens, 1992), one can more simply express re-
sponse bias as the probability that the operator will respond "yes" [p(yes)/(Total
Responses)]. Response bias is typically affected by two variables, both character-
istic of top-down processing. First, increases in the operator's expectancy that a sig-
nal will be seen will lead to corresponding increases in the probability of saying
"yes." For example, if a quality-control inspector has knowledge that a "batch" of
products may have been made on a defective machine and therefore may contain
a lot of defects, this knowledge should lead to a shift in response criterion to say
"signal" (defective product) more often. The consequences of this shift are both
more hits and more false alarms.

Second, changes in the values or costs and benefits of the four different kinds
of events shown in Figure 4.10 can also shift the criterion. The air traffic controller
cannot afford to miss detecting a signal (a conflict between two aircraft) because
of the potentially disastrous consequences of a midair collision (Bisseret, 1981). As
a result the controller will set the response criterion at such a level that misses are
very rare, but the consequences are that the less costly “false alarms" are more fre-
quent. (In representing the air traffic controller as a signal detector, these false
alarms are circumstances when the controller detects a potentially conflicting
path and redirects one of the aircraft to change its flight course even if this was not
necessary. )

TABLE 4.5 Some Valuesof d'

P (false alarm)

P (hit) 0.01 0.02 0.05 0.10 0.20 0.30
0.51 2.34 2.08 1.66 1.30 0.86 0.55
0.60 2.58 2.30 1.90 1.54 1.10 0.78
0.70 2.84 2.58 2.16 1.80 1.36 1.05
0.80 3.16 2.89 2.48 212 1.68 1.36
0.90 3.60 3.33 2.92 2.56 2.12 1.80
0.95 3.96 3.69 3.28 2.92 2.48 2.16
0.99 4.64 4.37 3.96 3.60 3.16 2.84

Source: Selected values from Signal Detection and Recognition by Human Observers (Appendix 1,
Table 1) by J. A. Swets, 1969, New York: Wiley. Copyright 1969 by John Wiley & Sons, Inc. Reproduced
by permission.
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Interventions and Vigilance. The reason why the distinction between sensitivity
and response criterion made by SDT is so important is because it allows the
human factors practitioner to understand the consequences of differelll kinds of
interventions  that may be intended to improve detection performance in a vari-
ety of circumstances. For example, any instructions that "exhort" operators to "be
more vigilant" and not miss signals will probably increase the hit rate but will also
show a corresponding increase in false-alarm rate. This is because the instruction
is a motivational one reflecting costs and values, which typically affects the setting
of the response criterion. (Financially rewarding hits will have the same effect.)
Correspondingly, it has been found that directing the radiologist's attention to a
particular area of an x-ray plate where an abnormality is likely to be found will
tend to shift the response criterion for detecting abnormalities at that location but
will not increase the sensitivity (Swennsen, Hessel, & Herman, 1977). Hence, the
value of such interventions must consider the relative costs of hits and false alarms.

However, there are certain things that can be done that do have a more de-
sirable direct influence on increasing sensitivity. As we have noted, training the
operator for what a signal looks like can improve sensitivity. So also can provid-
ing the inspector with a'visual template” of the potential signal that can be com-
pared with each case that is examined (Kelly, 1955). Several other forms of
interventions  to influence signal detection and their effects on sensitivity or re-
sponse hias are shown in Table 4.6. These are described in more detail in Wickens
(1992). We will describe in Chapter 5 how signal detection theory is also impor-
tant in the design of alarms.

Human factors personnel have been particularly interested in signal detection
theory in vigilance tasks when the operator must sustain visual attention toward
the source of the target for periods of 15to 20 minutes or more. This interest is
shown because inspectors appear to show a decrement in vigilance performance (a
loss of hits) that builds up over the time on watch. This performance loss is re-
ferred to as the vigilance decrement (Parasuraman, Warm, & Dember, 1987). This

TABLE 4.6 Influences on Signal Detection Performance

Payoffs (typically influence response bias)

Introducing "false signals" to raise signal rate artificially [response bias: P (yes) increase]

Providing incentives and exhortations (response bias)

Providing knowledge of results (usually increases sensitivity, but may calibrate response
bias if it provides observer with more accurate perception of probability of signal)

Slowing down the rate of signal presentation (slowing the assembly line) (increase
sensitivity)

Differentially amplifying the signal (more than the noise) (increases sensitivity)

Making the signal dynamic (increases sensitivity)

Giving frequent rest breaks (increases sensitivity)

Providing a visual (or audible) template of the signal (increases sensitivity)

Providing experience seeing the signal (increases sensitivity)

Providing redundant representations of the signal (increases sensitivity)
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decrement can be observed whether the signals are visual (e.g., a night security
guard) or auditory (e.g., a sonar watch). For inspectors on an assembly line, the
long-term decrement in performance may be substantial, sometimes le.ading to
miss rates as high as 30-40 percent. The guidance offered in Table 4.6 suggests
some of the ways in which these deficiencies might be addressed. To emphasize the
point made above, however, it is important for the human factors practitioner to
realize that any intervention that influences response criterion to increase hits will
have a consequent increase in false alarms. Hence, it should be accepted that the
costs of these false alarms are less severe than the costs of misses.

Special Topic: Midair Target Detection

In 1987, two planes collided in midair near San Diego, killing both occupants of
the light Cessna and all passengers aboard the commercial aircraft. Both planes
were flying in reasonably good weather, and at least one aircraft should have been
able to see the other in the forward view. So why did they collide? It turns out that
midair target search and detection is atask that imposes on several of the vulner-
abilities of human visual processing that we have discussed above. Let us consider
some of the reasons:

First the midair targets (another aircraft in space) are usually quite inconspic-
uous, occupying a small visual angle even as they may represent very real threat.
(Two aircraft flying directly toward each other at cruising speed will can be over a
mile apart as little as 5 seconds before they collide. Viewed from a mile away, an air-
craft will occupy a very small visual angle.) Second, the most dangerous targets
those on a collision course are those that will show no relative movement across the
visual field. Hence, the added conspicuity of movement, which is particularly help-
ful in peripheral vision where acuity is low, will be missing when the targets repre-
sent the greatest danger. Third, the target may be camouflaged, as viewed either
against the "noisy" background of clouds or the mottled earth below. Hence, a
search for that target will be serial, with many distractors. Fourth, if visual attention
has been recently directed into the cockpit, the pilot's state of visual accommodation
will not be appropriate for resolving the high spatial frequency of the tiny distant tar-
get, thereby losing sensitivity. Finally, although all of the above have degrading ef-
fects on bottom-up  signal quality, there are circumstances in which top-down
processes of expectancy may inhibit detection; for example, when flying in an un-
crowded airspace, where little other traffic is anticipated, the pilot will be likely to set
a very "conservative" response criterion and will be unlikely to detect the signal.

Fortunately, help is available from three sources to protect the pilot from this
extreme vulnerability. First, pilot training places tremendous importance on teach-
ing a regular out-the-window  scan pattern (although we have seen that such vi-
sual search fails to blanket exhaustively the region to be searched). Second, air
traffic control often assumes responsibility for maintaining safe separation be-
tween other aircraft (see Chapter 16). Third, an automated monitoring device
known as the Traffic Alert and Collision Avoidance System (TCAS) has been devel-
oped to replace, or at least augment, the pilot's eyes by assessing the air space for
nearby traffic and representing this clearly on adisplay with salient warnings pre-
sented when a "neighbor" appears to be on a conflict path (Chappell, 1989, 1990).
This example of automation, developed to address the vulnerabilities of human
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performance, is relevant to an issue we shall consider in much greater detail in
Chapter 16, pointing out its potential weaknesses as well as its strengths. However,
for now, TCAS appears to be a nice example of a well-researched hU#1 factors
solution, designed to address key limits of human sensory performance.

DISCRIMINATION

Very often, issues in human visual sensory performance are based on the ability to dis-
criminate between one of two signals rather than to detect the existence of a signal.
Our driver was able to seethe road sign (detect it) but, in the brief view with dim il-
lumination, failed to discriminate whether the road number was "60" or "66" (or in
another case perhaps, whether the exit arrow pointed left or right). He was also
clearly confused over whether the car color was red or brown. Confusion, the failure
to discriminate, results whenever stimuli are similar. Even fairly different stimuli,
when viewed under degraded conditions, can produce confusion. Asone example, it
isbelieved that one cause of the crash of a commercial jet liner in Europe was the fact
that the automated setting that controlled its flight path angle with the ground (3.3
degrees) looked so very similar to the automated setting that controlled its vertical
speed (3,300 ft/sec) (Billings, 1966; see Fig. 4.11a). Asa result, pilots could easily have
confused the two, thinking that they had "dialed in" the 3.3-degree angle when in fact
they had set the 3,300 ft/min vertical speed (which isa much more rapid decent rate
than that given by the 3.3-degree angle). Gopher and Donchin (1986) have pointed

out the dangers in medicine that results from the extreme visual similarity of very dif-
ferent prescription doses or different fluids delivered to apatient. The danger of con-
fusing similar drug names is illustrated by the existence of drug pairs like capastat and
cepastat, mesantoin and metinon, and Norflox and Norflex, each having different
health implications for prescriptions, yet being quite similar in terms of visual ap-
pearance. Such possible confusions are likely to be amplified when the prescription

is filtered through the physician's (often illegible) handwriting.

Thus, it is important for the designer of either controls that must be reached
and manipulated or of displays that must be interpreted to consider the alterna-
tive controls (or displays) that could be activated. Can they be adequately dis-
criminated? Are they far enough apart in space or distinguished by other features
like color, shape, or other labels so that confusion will not occur? It is important
to remember, however, that if only verbal labels are used to discriminate the dis-
plays or controls from each other, then attention must be given to the visibility and
readability issues discussed above. We discuss the issue of discrimination and
confusion further, as we address the issue of displays in Chapter 8.

ABSOLUTE JUDGMENT

As we have seen, discrimination refers to judgment of differences between two
sources of information that are actually (or potentially) present, and generally peo-
ple are very good at this task, aslong as the differences are not small and the view-
ing conditions are favorable. In contrast, absolute judgment refers to the very
limited human capability to judge the absolute value of a variable signaled by a
coded stimulus. If I am asked to estimate the height of the bar graph in Figure 4.12
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Ilustrates the confusion in the automated setting feedback believed to have contributed to
the cause of a commercial airline crash. The pilots believed the top condition to exist, when
in fact, the bottom existed. The display illustrating the two conditions was very similar, and
hence the two were quite confusable.

to the nearest digit, | am performing an absolute judgment task with ten levels.
Correspondingly, if | am asked to judge the color of a traffic signal (ignoring its
spatial position), this is an absolute judgment task with only three levels of stim-
ulus value. People are not generally very good at these absolute value judgments
of attaching "labels to levels." (Wickens, 1992) It appears that they can only be
guaranteed to do so accurately if fewer than around five different levelsof any sen-
sory continuum are used (Miller, 1956) and that people are even worse when
making absolute value judgments in some sensory continua like pitch, sound
loudness, or the saltiness of taste; that is, even with five levels they may be likely
to make a mistake, such as confusing level three with level four.

The lessons of these absolute judgment limitations for the designer are that
the number of levels that should be judged on the basis of some absolute coding
scheme, like position on aline or color of a light, should be chosen conservatively.
It is recommended, for example, that no more than seven colors be used if precise
accuracy in judgment is required (and an adjacent color scale for comparison is
not available); even this guideline should be made more stringent under poten-
tially adverse viewing conditions (e.g.,amap that isread in poor illumination). In
designing the density of markings on a scale, one should not assume that the
scale will be read more accurately than at half the distance between markers. For
example, on the scale shown in Figure 4.12, one should not assume that the scale
will be read more accurately than every five units.
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Absolute value task: Read the height of the bar graph to the nearest digit. The observer is asked
to judge the absolute value of the bar graph top, along the unmarked scale between 10 and 20.

CONCLUSION

In conclusion, we have seen in this chapter how limits of the visual system influ-
ence the nature of the visual information that arrives at the brain for more elab-
orate perceptual interpretation. Indeed we have also begun to consider some
aspects of this interpretation, aswe consider top-down influences like expectancy,
learning, and values. In the next chapter, we consider similar issues regarding the
processing of auditory and other sensory information. Together, these chapters
then describe the sensory processing of the "raw" ingredients for the more elabo-
rative perceptual and cognitive aspects of understanding the world. Once we have
addressed these issues in Chapter 6, we are then able to consider how all of this
knowledge-of bottom -up sensory processing, perception, and understanding-
can guide the design of displays that will support tasks confronting the human
user. This will be the focus of Chapter 8.
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Auditory,
Tactile, and
Vestibular
System

The worker at the small manufacturing company
was becoming increasingly frustrated by the noise level at her workplace. It was un-
pleasant and stressful, and she came home each day with a ringing in her ears and a
headache. What concerned her in particular was an incident the day before when she
could not hear the emergency alarm go off on her own equipment, afailure of hear-
ing that nearly led to an injury. Asked by her husband why she did not wear earplugs
to muffle the noise, she responded: "They're uncomfortable. I'd be even less likely to
hear the alarm, and besides, it would be harder to converse with the worker on the
next machine, and that's one of the few pleasures | have on the job." She was relieved
to hear that an inspector from Occupational Safety and Health Administration
(OSHA) would be visiting the plant in the next few days to evaluate her complaints.

The worker's concerns illustrate the effects of three different types of sounds:
the undesirable noise of the workplace, the critical tone of the alarm, and the im-
portant communications through speech. Our ability to process these three sources
of acoustic information, whether we want to (alarms and speech) or not (noise),
and the influence of this processing on performance, health, and comfort will be
the focus of the first part of this chapter. Wewill then conclude by discussing three
other sensory channels in less detail-tactile, proprioceptive-kinesthetic, and
vestibular-that  have played a smaller but significant role in the design of human-
machine systems.

Our discussion of sound and hearing will consider first the nature of the
stimulus input and the peripheral hearing mechanism. We then address the audi-
tory experience, the role of sound in alarms, the role of the voice in speech com-
munications, and finally the role of noise. In Chapter 18, we will discuss many
more aspects of voice communications between people asthe content of that com-
munication influences group performance.

113
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SOUND: THE AUDITORY STIMULUS

As shown in Figure S.la, the stimulus for hearing is sound, a vibration (actually
compression and rarefaction) of the air molecules. The acoustic stimulus can
therefore be represented as a sine wave, with amplitude and frequency. This is anal-
ogous to the representation of spatial frequency discussed in Chapter 3; however,
the frequency in sound is played out over time rather than space. Figure s.lb
shows three frequencies, each of different values and amplitudes. These are typi-
callyplotted on aspectrum asshown in Figure S.Ic. The position of each bar along
the spectrum represents the actual frequency, expressed in cycles/second or Hertz
(Hz). The height of the bar reflects the amplitude of the wave and is typically plot-
ted as the square of the amplitude or the power.

Any given sound stimulus can be presented as a single frequency, a small set
of frequencies, as shown in Figure S.Ic, or a continuous band of frequencies, as
shown in Figure S.lId. Aswe will discuss in more detail below, the frequency of the
stimulus more or less corresponds to itspitch, and the amplitude corresponds to
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Different schematic representations of speech signal: (a) time domain; (b) three
frequency components of (a}; (c) the power spectrum of (b); (d) a continuous power
spectrum of speech.



Sound: The Auditory Stimulus 115

its loudness. When describing the effects on hearing, the amplitude istypically ex-
pressed as a ratio of sound pressure, P, measured in decibels (db). That is:

Sound intensity (db) = 20log (PIP2).

As aratio, the decibel scale can be used in either of two ways: first, as a mea-
sure of absolute intensity, the measure P2 is fixed at a value near the threshold
of hearing (i.e., the faintest sound that can be heard under optimal condi-
tions). This isa pure tone of 1,000 Hz at 20 micro Newtons/square meter. Table
5.1 provides some examples of the absolute intensity of different everyday
sounds along the decibel scale. Second, because it is a ratio measure, the deci-
bel scale can also be employed to characterize the ratio of two sounds; for ex-
ample, the OSHA inspector at the plant may wish to determine how much
.louder the alarm is than the ambient background noise. Thus, we might say it
is 15db more intense, or we might characterize a set of earplugs as reducing the
noise level by 20 db.

Sound intensity may be measured by the sound intensity meter. This meter
has a series of different scales that can be selected, which will enable sound to be
measured more specifically within particular frequency ranges. In particular, the
A scale differentially weights sounds to reflect the characteristics of human hear-
ing, providing greatest weighting at those frequencies where we are most sensitive.
The C scale weights all frequencies nearly equally.

In addition to amplitude (intensity) and frequency (pitch), two other critical
dimensions of the sound stimulus are its temporal characteristics, sometimes re-
ferred to as the envelope in which a sound occurs, and its location. The temporal
characteristics are what may distinguish the wailing of the siren from the steady

TABLE 5.1 The Decibel Scale

140 ———— Ear damage possible; jet at take-off
= 130 ———— Painful sound
) 120 —f— Propeller plane at take-off
—E, 110 ——1—— Loud thunder
3 100 ———— Subway train
q;) 90 —F—— Truckorbus
Eﬂ 33 _ | Average auto; loud radio
2 60 —4—— Normal conversation
55: 50 ——J—— Quiet restaurant
40 S — Quiet office, household sounds
30 —A——
20 —F+—— Whisper
10 ——— Normal breathing
0 —+—— Threshold of hearing
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blast of the car horn, and the location (relative to the hearer) is, of course, what
might distinguish the siren of the fire truck pulling up from behind from that
about to cross the intersection in front (Caelli & Porter, 1980).

THE EAR: THE SENSORY TRANSDUCER

The ear has three primary components that are responsible for differences in our
hearing experience. As shown in Figure 5.2, the pinnea serves to both collect
sound and, because of its asymmetrical shape, provide some information re-
garding where the sound is coming from (i.e., from behind or in front).
Mechanisms of the outer and middle ear (the ear drum or tympanic membrane,
and the hammer, anvil, and stirrup bones) conduct and amplify the sound waves
into the inner ear and are potential sources of breakdown or deafness (e.g., from
arupture of the eardrum or buildup of wax). The muscles of the inner ear are re-
sponsive to very loud noises and will reflexively contract to attenuate the ampli-
tude of vibration before it is conveyed to the inner ear. This "aural reflex" thus
offers some protection to the inner ear. The inner ear, consisting of the cochlea,
within which lies the basilar membrane, isthat portion where the physical move-
ment of sound energy is transduced to electrical nerve energy that isthen passed
up the auditory nerve to the brain. This transduction is accomplished by dis-
placement of tiny hair cellsalong the basilar membrane as the membrane moves
differently to sounds of different frequency. Intense sound experience can lead to
selective hearing loss at particular frequencies as a result of damage to the hair
cells at particular locations along the basilar membrane. Finally, the neural sig-
nals are compared between the two ears to determine the delay and amplitude
differences between them. These differences provide another cue for sound lo-
calization, because these features will only be identical if a sound is presented di-
rectly along the midplane of the listener.

THE AUDITORY EXPERIENCE

Toamplify our previous discussion of the sound stimulus, the four dimensions of
the raw stimulus all map onto psychological experience of sound: as noted, loud-
ness maps to intensity, pitch maps to frequency, and perceived location maps to
location. The quality of the sound is determined both by the set of frequencies in
the stimulus and by the envelope. In particular, the timbre of a sound stimulus-
what makes the trumpet sound different from the flute-is determined by the set
of higher harmonic frequencies that lie above the fundamental ~ frequency (which
determines the pitch of the note). Various temporal characteristics, including the
envelope and the rhythm of successive sounds, also determine the sound quality.
Aswe shall see later, differences in the envelope are critically important in distin-
guishing speech sounds.
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Anatomy of the ear. (Source: Bernstein, D., Clark-Stewart, A., Roy, E., and Wickens, C.D.,
1997. Psychology, 4th ed. Copyright © 1997 by Houghton-Mifflin.  Reprinted with
permission.)

Loudness and Pitch

Loudness is a psychological experience that correlates with, but isnot identical to,
the physical measurement of sound intensity. Two important reasons why loudness
and intensity do not directly correspond are reflected in the psychophysical scale
of loudness and the modifying effect of pitch. We discuss each of these in turn.

Psychophysical Scaling. We note first that equal increases in sound intensity (on
the db scale) do not create equal increases in loudness; that is, an 80 db sound does
not sound twice as loud as a 40 db sound, and the increase from 40 to 50 db will
not be judged as the same loudness increase as that from 70 to 80 db. Instead the
psychophysical scale that related physical intensity to the psychological experience
ofloudness, expressed in units called sones, is that shown in Figure 5.3.

One sone is established arbitrarily as the loudness of a 40 db tone of 1,000 Hz.
A tone twice as loud will be two sones. As an approximation, we can say that loud-
ness doubles with each 10 db increase in sound intensity. It is important to distin-
guish two critical levels along the loudness scale. As noted, the threshold is the
minimum intensity at which asound can be detected. At some higher level, around
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Relation between sound intensity and loudness.

85-90 db isa point at which potential danger to the ear occurs. Both of these lev-
els,however, aswell as the loudness of the intensity levelsin between, are influenced
by the frequency (pitch) of the sound, and so we must now consider that influence.

Frequency Influence.  Figure 5.4 plots a series of "equal loudness curves" shown
by the various wavy lines. The equal loudness contours follow more or less paral-
lel tracks. As shown in the figure, the frequency of a sound stimulus, plotted on the
x axis influences all of the critical levels of the sound experience: threshold, loud-
ness, and danger levels.Asshown in the figure, the range of human hearing is lim-
ited between around 20 Hz and 20,000 Hz. Within this range, we appear to be
most sensitive (lowest threshold) to sounds of around 4,000 Hz (although we shall
see that this threshold is age-dependent); that is, for example, a 100 Hz tone of
around 70 db would have the same perceived loudness as a 500 Hz tone of around
57 db. (In the figure, all equal loudness curves are described in units of phons. One
phon = 1db of loudness of a 1,000 Hz tone, the standard for calibration. Thus,
all tones lying along the 40 phon line have the same loudness-l ~ sone-as a 1,000
Hz tone of 40 db.)

Masking. As our worker at the beginning of the chapter discovered, sounds can
be masked by other sounds. The nature of masking is actually quite complex
(Handel, 1989; Yost, 1992), but a few of the most important principles for design
are the following:

1. The minimum intensity difference necessary to ensure that a sound can
be heard is around 15 db (above the mask), although this value may be
larger if the pitch of the sound to be heard is unknown.

2. Sounds tend to be masked most by sounds in a critical frequency band
surrounding the sound that is masked.



Alarms 119

1 ¥ LI B I | 1 LD 1 LR L L) I |IIII|

Threshold of pain

Threshold
120 . 120 phon of feeling

100

Intensity (db)

] L1 1 1t ] L1111 ] | T
20 100 200 1,000 2,000 10,000
Frequency

FIGURE 5.4

Equal loudness contours showing the intensity of different variables as a function of
frequency. All points lying on a single curve are perceived as equally loud. (Source: Van Cott,
H.P., and Kinkade, R.G., cds., 1972. Human Engineering Guide to System Design. Fig. 4-6.
Washington, DC: U.S. Government Printing Office.)

3. Low-pitch sounds mask high-pitch sounds more than the converse. Thus,
awoman's voice is more likely to be masked by other male voices than a
man's voice would be masked by other female voices even if both voices
are speaking at the same intensity level.

We will discuss the effects of masking in considerably more detail at later
points in this chapter.

ALARMS

The design of effective alarms, the critical signal that was nearly missed by the
worker in our opening story, depends very much on a good understanding of
human auditory processing. Alarms tend to be a uniquely auditory design for one
good reason: the auditory system is omnidirectional; that is, unlike visual signals,
we can sense auditory signals no matter how we are oriented. Furthermore, it is
much more difficult to "close our ears" than it isto close our eyes. For these and



120 Chapter 5: Auditory, Tactile, and Vestibular System

other reasons, auditory alarms induce a greater level of compliance than visual
alarms (Wolgather, Kalsher, & Racicot, 1993). Task analysis thus dictates that if
there is an alarm signal that must be sensed like a fire alarm, it should be-given an
auditory form (although redundancy in the visual or tactile channel may be
worthwhile in certain circumstances).

While the choice of modality is straightforward, the issue of how auditory
alarms should be designed is far from trivial. Consider the following quotation
from a British pilot, taken from an incident report, which illustrates many of the
problems with auditory alarms.

I was flying in ajetstream at night when my peaceful revelry was shattered by
the stall audio warning, the stick shaker and several warning lights. The ef-
fect was exactly what was not intended; | was frightened numb for several sec-
onds and drawn off instruments trying to work out how to cancel the
audio/visual assault, rather than taking what should be instinctive actions.
The combined assault is so loud and bright that it is impossible to talk to the
other crew member and action is invariably taken to cancel the cacophony
before getting on with the actual problem. (Patterson, 1990)

Criteria for Alarms.  Patterson (1990) has discussed several properties of a good
alarm system that can avoid the two opposing problems of detection, experienced
by our factory worker at the beginning of the chapter and "overkill" experienced
by the pilot.

1. Most critically, the alarm must be heard above the background ambient
noise. This means that the noise spectrum must be carefully measured at the
hearing location of all users who must respond to the alarm. Then the alarm
should be tailored to be at least 15 db above the threshold of hearing above the
noise level. This will typically require about a 30 db difference above the noise level
in order to guarantee detection (see Fig. 5.5). As shown in the figure, it is also wise
to include components of the alarm at several different frequencies well distrib-
uted across the spectrum, in case the particular malfunction that triggered the
alarm creates its own noise (e.g., the whine of a malfunctioning engine), which ex-
ceeds the ambient level.

2. The alarm should not be above the danger level for hearing, whenever this
condition can be avoided. (Obviously if the ambient noise level is close to the dan-
ger level, one has no choice but to make the alarm louder by criterion I, which is
most important.)  This danger level is around 85-90 db. Careful selection of fre-
quencies of the alarm can often be used to meet both of the above criteria. For ex-
ample, if ambient noise is very intense (90 db), but only in the high frequency
range, it would be counterproductive  to try to impose a 120 db alarm in that same
frequency range when several less-intense components in a lower frequency range
could adequately be heard.

3. ldeally, the alarm should not be overly startling. This can be addressed by
tuning the rise time of the alarm pulse, as we see below.

4. In contrast to the experience of the British pilot, the alarm should not dis-
rupt the processing of other signals (e.g., other simultaneous alarms) or any back-
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The range of appropriate levels for warning sound components on the flight deck of the Boeing
737 (vertical line shading). The minimum of the appropriate-level range is approximately 15 db
above auditory threshold (broken line), which is calculated from the spectrum of the flight deck
noise (solid line). The vertical dashed lines show the components of the intermittent warning
horn, some of which are well above the maximum of the appropriate-level range. (Source:
Patterson, R.D., 1990. Auditory Warning Sounds in the Work Environment. PhiL Trans. R. Soc.
London B., 327, p. 487, Fig. L.).

ground speech communications that may be essential to deal with the alarm. This
criterion in particular necessitates the performance of a careful task analysis of the
conditions under which the alarm might sound and of the necessary communi-
cations tasks to be undertaken as a consequence.

5. Lastbut not least, the alarm should be informative, signaling to the listener
the nature of the emergency and, ideally,some indication of the appropriate action
to take. The criticality of this informativeness criterion can be seen in one alarm
system that was found in an intensive care unit of a hospital (an environment often
in bad need of alarm remediation [Patterson, 1990]). The unit contained six pa-
tients, each monitored by a device with 10different possible alarms: 60 potential
signals which the staff may have to rapidly identify. Some aircraft have been known
to contain at least 16different auditory alerts, each of which, when heard, are sup-
posed to trigger in the pilot's mind automatically and unambiguously the precise
identification of the alarming condition. Such alarms are often found to be want-
ing in this regard. Hence, in addition to being informative, the alarm must not be
confusable with others that may be heard in the same context. Asyou will recall
from our discussion of vision in Chapter 4, this means that the alarm should not
impose on the human's restrictive limits of absolute judgment. Just five or six dif-
ferent alarms may be the maximum allowable to meet this criterion.

Designing Alarms.  So, how should an alarm system be designed to avoid, or at
least minimize, the potential costs described above?
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First, as we have noted, environmental and task analysis must be undertaken
to understand the quality and intensity of the other sounds (noise or communi-
cations) that might characterize the environment in which the alarm is presented
to guarantee detectability and minimize disruption of other essential t<1'Sks.

Second, to guarantee informativeness and to minimize confusability, one
should try to stay within the limits of absolute judgments. However within these
limits, one can strive to make the parameters of the different alarm sounds as dif-
ferent from each other as possible by capitalizing on the various dimensions along
which sounds differ. As shown in Figure 5.6, we may think of sounds lying at
"points" along (at least) three dimensions: their pitch (fundamental pitch or fre-
quency band), their envelope (e.g., rising, "woop woop;' constant "beep beep"),
and their rhythm (for example: synchronous "da da da" versus asynchronous “da
da da da"). A fourth dimension that could be considered (but not easily repre-
sented graphically in the figure) isthe timbre of the sound that may contrast, for
example, a horn versus a flute. Two alarms will be maximally discriminable (and
minimally confusable) if they are constructed at points on opposite ends of all
three (or four) dimensions (see points A and B). Correspondingly, three alarms
can be placed far apart in the multidimensional space, although the design prob-
lem becomes more complex with more possible alarms. However, the philosophy
of maintaining wide separation (discriminability) along each of several dimen-
sions can still be preserved.

A third step involves designing the specifics of the individual sound itself.
Patterson (1990) recommends the procedure outlined in Figure 5.7, a procedure
that itself has several embedded rationales. At the top of the figure, each individ-
ual "pulse” in the alarm is configured with a rise envelope that isnot too abrupt (i.e.,
at least 20 msec) so that it will avoid the "startle” created by more abrupt rises. The
set of pulses in the alarm sequence, shown in the middle of the figure, are config-

Timbre

A

Asynchronous
Rhythm
Falling
B Envelope
Synchronous Rising
Low High
Pitch

RS
FIGURE 5.6

Making alarm sounds different by choosing levels far apart on the three dimensions shown
here. A fourth dimension which is not represented but could be employed is the timbre.
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ured with two goals in mind: (1) the unique set of pauses between each pulse can
be used to create a unique rhythm which, we saw above, can be used to help avoid
confusions; and (2) the increase then decrease in intensity givesthe perception of
an approaching then receding sound, which creates a psychological sense-f ur-
gency. Edworthy, Loxley,and Dennis (1991) have provided more elaborate guide-
lines on how to create the psychological perception of urgency from alarms.
Finally,the bottom row of Figure 5.7 shows the philosophy by which repeated
presentations of the alarm sequence can be implemented. The first two presenta-
tions may be at high intensity to guarantee their initial detection (first sequence)
and identification (first or second sequence). Under the assumption that the op-
erator has probably been alerted, the third and fourth may be diminished in in-
tensity to avoid "overkill" and possible masking of other sounds by the alarm (e.g.,
voice communications that may be initiated by the alarming condition). However,
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FIGURE 5.7

The modules of a prototype warning sound: the sound pulse at the top is an acoustic wave
with rounded onsets and offsets and a distinctive spectrum; the burst shown in the middle
row is a set of pulses with a distinctive rhythm and pitch contour; the complete warning
sound sequence, shown at the bottom, is a set of bursts with varying intensity and urgency.
(Source: Patterson, R.D., 1990. Auditory Warning Sounds in the Work Environment. Phil
Trans. R. Soc. London B., 327, p. 490, Fig. 3.)
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an intelligent alarm system may infer, after a few sequences, that no action has
been taken and hence repeat the sequence a couple of times at an even higher in-
tensity.

Voice Alarms.  Alarms composed of synthetic voice provide one answer to the
problems of discriminability and confusion. Unlike "symbolic" sounds, the
hearer does not need to depend on an arbitrary learned connection to associate
sound with meaning (Simpson et al., 1987). The loud sounds "Engine fire!"™ or
"Stall!" in the cockpit mean exactly what they seem to mean. Indeed voice alarms
are employed in several circumstances (the two aircraft warnings above are an
example). But voice alarms themselves have limitations that must be considered.
First, they will be likely to be more confusable with (and less discriminable
from) a background of other voice communications, whether this is the ambi-
ent background at the time the alarm sounds or the task-related communica-
tions of dealing with the emergency. Second, unless care is taken, they may be
more susceptible to frequency specific masking noise. Third, care must be taken
if their meaning is to be interpreted by listeners who are less familiar with the
language of the voice.

The preceding concerns with voice alarm suggest the advisability of using a re-
dundant system that combines the alerting, distinctive features of the (nonspeech)
alarm sound, with the more informative features of synthetic voice (Simpson &
Williams, 1980). Echoing a theme that we introduced at the end of the last chap-
ter, redundancy gain isafundamental principle of human performance that can be
usefully employed in alarm system design (Selcon et al., 1995).

False Alarms.  Alarms are, of course one form of automation, in that they typically
monitor some process for the human operator and alert the operator whenever
"they" (the logic within the alarm system) infer that the process is getting out of
hand and requires some form of human intervention. Alarms then are little dif-
ferent from the human signal detector described in the previous chapter. When
sensing low-intensity signals from the environment (a small increase in temper-
ature, awisp of smoke), the system will sometimes make mistakes, "inferring" that
nothing has happened when it has (the miss) or that something has happened
when it has not (the false alarm). Most alarm designers and users would chose to
minimize the miss rate for obvious safety reasons. But as we learned, when the
low-intensity signals on which the alarm decision is made are themselves noisy, the
consequence of setting a "miss-free" criterion will be a higher than desirable false
alarm rate: to paraphrase from the old fable, the system"cries wolf" too often. Such
was indeed the experience with the initial introduction of the ground proximity
warning system in aircraft, designed to alert pilots that they might be flying dan-
gerously close to the ground.

From a human performance perspective, the obvious concern is that users
may come to distrust the alarm system and perhaps ignore it even when it provides
valid information (Hancock et al., 1996;Parasuraman, Hancock, and Olofinboba,
1997). More serious yet, users may attempt to disable the annoying alarms (Sorkin,
1989). Many of these concerns are related to the issue of trust in automation
which we will discuss later in Chapter 16 (Muir, 1988; Lee & Moray, 1992).
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Four logical steps may be taken to avoid the circumstances of "alarm false-
alarms:" First, it is possible that the alarm criterion itself has been set to such an
extremely sensitive value that readjustment to allow fewer falsealarms will sj:j)hot
appreciably increase the miss rate. Second, more sophisticated decision algorithms
within the system may be developed to improve the sensitivity of the alarm system,
a step that was taken to remediate the problems with the ground proximity warn-
ing system. Third, users can be trained about the inevitable tradeoff between
misses and false alarms, and therefore can be taught to accept the false alarm rates
as an inevitability of automated protection in a probabilistic world rather than as
a system failure. (This acceptance will be more likely if care is taken to make the
alarms noticeable by means other than shear loudness; Edworthy, Loxley, &
Dennis, 1991.) Finally, a logical approach suggested by Sorkin, Kantowitz, and
Kantowitz (1988) is to consider the use of graded or likelihood alarm systems, in
which more than asingle level of alert is provided. Hence, two (or more) levelscan
signal to the human the system's own confidence that the alarming conditions are
present. That evidence in the fuzzy middle ground (e.g.,the odor from the slightly
burnt piece of toast), which previously might have signaled the full fire alarm, now
triggers a signal of noticeable but reduced intensity. Sorkin et al. have found that
such a system, when coupled with the human user, produces greater overall sen-
sitivity than does the typical two-state (on or off) alarm.

THE SOUND TRANSMISSION PROBLEM

Our example at the beginning of the chapter illustrated the worker's concern
with her ability to communicate with her neighbor at the workplace. A more
tragic illustration of communications breakdowns is provided by the 1979 colli-
sion between two jumbo jets on the runway at Tenerife airport in the Canary
Islands, in which over 500 lives were lost (Hawkins, 1993). One of the jets, a KLM
747, was poised at the end of the runway, engines primed, and the pilot was in a
hurry to take off while it was still possible before the already poor visibility got
worse and the airport closed operations. Meanwhile, the other jet, a Pan American
airplane that had just landed, was still on the same runway, trying to find its way
off. The air traffic controller instructed the pilot of the KLM: "Okay, stand by for
takeoff and | will call." Unfortunately, because of a less than perfect radio chan-
nel, and because of the KLM pilot's extreme desire to proceed with the takeoff, he
apparently heard just the words "Okay ... take off." The takeoff proceeded until
the aircraft collided with the Pan Am 747, which had still not steered itself clear
from the runway.

In Chapter 4, we discussed the influences of both bottom-up (sensory qual-
ity) and top-down (expectations and desires) processing on perception. The
Canary lIsland accident tragically illustrates the breakdown of both processes. The
communications signal from ATCwas degraded (loss of bottom-up quality), and
the KLM pilot used his own expectations and desires to "hear what he wanted to
hear" (inappropriate top-down processing) and to interpret the message as au-
thorization to "take off."In this section we will consider in more detail the role of
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both of these processes in what is arguably the most important kind of auditory
communications, the processing of human speech. (We have already discussed the
communications of warning information. Athird form of auditory communica-
tion, the use of synthetic natural sound-earcons-to symbolize certain events,
will be addressed in the next chapter; Ballas & Mullins, 1991; Gaver, 1986). We will
first describe the nature of the speech stimulus and then discuss how it may be dis-
torted in its transmission by changes in signal quality and by noise. Finally,we con-
sider possible ways of remediating breakdowns in the speech transmission process.

The Speech Signal

The Speech Spectrograph.  The sound wavesof a typical speech signal look some-
thing like the pattern shown in Figure 5.8a. As we have seen, such signals are
more coherently presented by a spectral representation, as shown in Figure 5.8b.
However, for speech, unlike noise or tones, many of the key properties are captured
in the time-dependent changes in the spectrum; that is, in the envelope of the
sound. To represent this information graphically, speech is typically described by
the speech spectrograph, as shown in Figure 5.8c. One can think of each vertical
slice of the spectrograph asthe momentary spectrum, existing at the time labeled
on the x axis. Where there is darkness (or thickness), there is power (and greater
darkness represents more power). However, the spectral content of the signal
changes as the time axis moves from left to right. Thus, the particular speech sig-
nal shown at the bottom of Figure 5.8c represents avery faint initial pitch that in-
creases in its value and amplitude over the first few msec to reach a steady state at
a higher frequency. Collectively,the two bars shown in the figure characterize the
sound of the human voice saying the letter d (dee). Figure 5.8d shows the spectrum
of more continuous speech.

Masking Effects of Noise. ~As we have learned, the potential of any auditory
signal to be masked by other sounds depends on both the intensity (power) of
that signal, and on its frequency. These two variables are influenced by the
speaker's gender and by the nature of the speech sound. First, since the female
voice typically has a higher base frequency than the male, it isnot surprising that
the female voice is more vulnerable to masking of noise. Second, as Figure 5.8¢c
illustrates, the power or intensity of speech signals (represented by the thickness
of the lines) is much greater in the vowel range eee, than in the initial consonant
part d. This difference in salience is further magnified because the vowel sounds
often stretch out over alonger period of time than the consonants. Finally, cer-
tain consonant sounds like sand ch have their distinguishing features at very
high frequencies, and high frequencies, we saw,were more vulnerable to mask-
ing by low frequencies than the converse. Hence, it is not surprising that conso-
nants are much more susceptible to masking and other disruptions than are
vowels. This characteristic is particularly disconcerting because consonants typ-
ically transmit more information in speech than do vowels (i.e., there are more
of them). One need only think of the likely possibility of confusing "fly to" with
"fly through™ in an aviation setting to realize the danger of such consonant con-
fusion (Hawkins, 1993; Miller & Nicely, 1955).
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(a) Voice time signal; (b) Voice spectrum (Source: Yost, W.A., 1994 Fundamentals of Hearing,

3rd ed. San Diego: Academic Press.); (c) Schematic speech spectrograph (the sound dee); (d)
A real speech spectrograph of the words “human factors.” (Source: Courtesy of Speech and
Hearing Department, University of Illinois.)
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Measuring Speech Communications

Human factors engineers know that noise degrades communications,-but they
must often assess (or predict) precisely how much communications will be lost in
certain degraded conditions. For this, we must consider the measurement of
speech communications.

There are two different approaches to measuring speech communications,
based on bottom-up and top-down processing, respectively. The bottom-up ap-
proach derives some objective measure of speech quality. It is most appropriate in
measuring the potential degrading effects of noise. Thus the articulation index,
computes the signal-to-noise ratio (db of speech sound minus db of background
noise) across a range of the spectrum in which useful speech information is im-
parted (see Fig. 5.9). This measure can be weighted by the different frequency
bands, providing greater weight to the ratios within bands that contribute rela-
tively more heavily to the speech signal.

While the objective merits of the bottom-up approach are clear, its limits in
predicting the understandability of speech should become apparent when one
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Schematic representation of the calculation of an articulation index. The speech spectrum
has been divided into four “bands” weighted in importance by the relative power that each
contributes to the speech signal. (Source: Wickens, C.D. Engineering Psychology and Human
Performance, 2nd ed. New York: HarperCollins, 1992. Reprinted by permission of Addison-
Wesley Educational Publishers, Inc.)
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considers the contributions of top-down processing to speech perception. For
example, two letter strings, abcdefghij, and wcignspexl, might both be-heard at in-
tensities with the same Articulation Index. But it is clear that more letters of the
first string would be correctly understood (Miller, Heise, & Lichten, 1951). Why?
Because the listener's knowledge of the predictable sequence of letters in the al-
phabet allows perception to "fill in the gaps" and essentially guess the contents of
a letter whose sensory clarity may be missing. This, of course, is the role of top-
down processing.

A measure that takes top-down processing into account is the speech intelli-
gibility level (SIL). This index measures the percentage of items correctly heard.
Naturally, at any given bottom-up Articulation Index (Al) level, this percentage
will vary as a function of the listener's expectation of and knowledge about the
message communicated, a point illustrated in Figure 5.10.

Speech Distortions.  While the Al can objectively characterize the damaging ef-
fect of noise on bottom-up processing of speech, it cannot do the same thing with
regard to distortions. These distortions may result from avariety of causes, for ex-
ample, clipping of the beginning and ends of words, reduced bandwidth of high-
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Relationship between the Articulation Index (Al) and the intelligibility of various types of
speech test materials. Note that at any given Al, a greater percentage of items can be
understood if the vocabulary is smaller or if the word strings form coherent sentences.
(Source: Adapted from Kryter, K., 1972. Speech Communications. In Human Engineering
Guide to System Design, H.P. Van Cott, and R.G. Kinkade, eds., Washington, DC: U.S.
Government Printing Office.)
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demand communications channels, echoes and reverberations, and even the low
quality of some digitized synthetic speech signals (Pisoni, 1982).

While the bottom-up influences of these effects cannot be as accurately quan-
tified as the effectsof noise, there are nevertheless important human factors guide-
lines that can be employed to minimize their negative impact on voice recognition.
One issue that has received particular attention from acoustic engineers is how to
minimize the distortions resulting when the high information speech signal must
be somehow "flltered" to be conveyed over a channel of lower bandwidth (e.g.,
through digitized speech).

For example, a raw speech waveform such as that shown in Figure 5.8b may
contain over 59,000 bits of information per second (Kryter, 1972). Transmitting
the raw waveform over a single communications channel might then overly re-
strict that channel, which perhaps must also be made available to share with sev-
eral other signals at the same time. There are, however, a variety of ways of
reducing the information content of a speech signal, as shown schematically in
Figure 5.11. One may filter out the high frequencies, digitize the signal to discrete
levels, clip out bits of the signal, or reduce the range of amplitudes by clipping out
the middle range. Human factors studies have been able to inform the engineer
which way works best by preserving the maximum amount of speech intelligibil-
ity (Kryter, 1972). For example, amplitude reduction (e and f) seems to preserve
more speech quality and intelligibility than does frequency filtering, and fre-
quency flltering is much better if only very low and high frequencies are eliminated
(Kryter,1972).

Of course, with the increasing availability of digital communications and
voice synthesizers, the issue of transmitting voice quality with minimum band-
width is lessened in its importance. Instead, one may simply transmit the symbolic
contents of the message (e.g., the letters of the words) and then allow a speech syn-
thesizer at the other end to reproduce the necessary sounds. (This will, of course,
eliminate the uniquely human "nonverbal” aspects of communications-a  result
that may not be desirable when talking on the telephone.) Then the issue of im-
portance becomes the level of fidelity of the voice synthesizer necessary to (1) pro-
duce recognizable speech, (2) produce recognizable speech that can be heard in
noise, and (3) support "easy listening." The third issue is particularly important,
as Pisoni (1982) has found that listening to synthetic speech takes more mental re-
sources than does listening to natural speech and hence can produce greater in-
terference with other ongoing tasks that must be accomplished concurrently with
the listening task (see Chapter 6).

One final characteristic of speech communications will be visited again in
Chapter 6. The voice, unlike the printed word, istransient. Once the word is spo-
ken it is gone and cannot be referred back to, unlike print. The human infor-
mation-processing system is designed to prolong the duration of the spoken
word for a few seconds through what is called echoic memory. However, beyond
this time, spoken information must be actively rehearsed, a demand that com-
petes for resources with other tasks. Hence, when displayed messages are more
than a few words, they should be delivered visually or at least backed up with a
redundant visual signal.



FIGURE 5.11
Illustrates  different ways of reducing the bandwidth of the raw speech signal shown

schematically in (a); (b) high frequency filtering; (c) digitizing; (d) time compression;
(e) amplitude compression; (f) peak clipping.

Hearing Loss

In addition to noise and distortions, a final factor responsible for loss in voice
transmission is the potential loss of hearing of the listener. As shown in Figure
5.12, simple age is responsible for a large portion of hearing loss, particularly in
the high-frequency regions, a factor that should be considered in the design of
alarm systems, particularly in nursing homes. On top of the age-related declines
may be added certain occupation-specific losses, related to the hazards of a noisy
workplace (Taylor et al., 1965). Aswe discuss below, these are the sorts of hazards
that organizations like OSHA make efforts to eliminate.

NOISE REVISITED
We have already discussed noise as a factor disrupting the transmission of infor-
mation. In this section we consider two other important human factors concerns
with noise: its potential as a health hazard in the workplace and its potential asan
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Idealized median (50th percentile) hearing loss at different frequencies for males and
females as a function of age. (Source: Kryter, K., 1983. Addendum: Presbycusis, Sociocusis and
Nococusis. Journal of Acoustic Society of America, 74, pp. 1907-1909. Reprinted with
permission. Copyright Acoustic Society of America.)

irritant in the environment. In Chapter 13, we also consider noise as a stressor that
has degrading effects on performance other than the communications masking ef-
fect we have discussed here. We conclude by offering various possible remediations

to the degrading effects of noise in all three areas: communications, health, and
environment.

The worker in our story at the beginning of the chapter was concerned about
the impact of noise at her workplace on her ability to hear. When we examine these
effects of noise, we can actually consider three components of the potential hear-
ing loss. The first, masking, has already been discussed; this is a loss of sensitivity
to a signal while the noise ispresent.

The second form of noise-induced hearing loss is the temporary threshold
shift. If our worker steps away from the machine to a quieter place to answer the
telephone, she may still have some difficulty hearing because of the "“carry-over"
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effect of the previous noise exposure. This temporary threshold shift (TTS) is large
immediately after the noise isterminated but declines over the following minutes
as hearing is "recovered" (Fig. 5.13). The TTS is typically expressed as-the loss in
hearing (shift in threshold in db), that is present two minutes after the source of
noise has terminated. The TTS will be increased by a longer prior noise exposure,
and a greater prior level of that exposure. The TTS can actually be quite large. For
example the TTS after being exposed to 100 db noise for 100 minutes is 60 db.

The third form of noise-induced hearing loss, and that with the most serious
implications for worker health, isthe permanent threshold shift (PTS). This mea-
sure describes the "occupational deafness” that may set in after workers have been
exposed to months or years of high-intensity noise at the workplace. Like the
TTS, the PTS will be greater with both louder and longer prior exposure to noise.
Also, like the age-related hearing loss discussed above, the PTS tends to be more
pronounced at higher frequencies.

During the last 20 years in the United States, the Occupational Safety and
Health Administration has taken steps to try to ensure worker safety from the haz-
ardous effectsof prolonged noise in the workplace by establishing workplace stan-
dards that can be used to trigger remediating action (OSHA 1983). These
standards are based on atime weighted average of noise experienced in the work-
place. If the TWA is above 85 db, the so called action level, then employers are re-
quired to implement ahearing protection plan in which ear protection devices are
made available, some instruction is givento workers regarding potential damages
to hearing and steps that can be taken to avoid that damage, and regular hearing
testing is to be implemented. If the TWA is above 90 db, a level referred to as the
permissible exposure level, then the employer is required to takes steps toward noise
reduction through procedures that we discuss below.

Threshold Shift
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FIGURE 5.13

Temporary threshold shift (TTS) following the termination of noise. Note that sensitivity is
recovered (the threshold shift is reduced over time). Its level at two minutes is arbitrarily
defined as the TTS.
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Of course many workers do not experience steady continuous noise of these
levels but may be exposed to bursts of intense noise, followed by periods of
greater quiet. The OSHA standards provide means of converting the varied time
histories of noise exposures into the single equivalent standard of the TWA
(Sanders & McCormick, 1993). It is also important to keep in mind that the
"noise level™ at a facility cannot be expressed by a single value but may vary from
worker to worker, depending on their location. For this reason, TWAs must be
computed on the basis of noise dose meters, or dosemeters, that can be worn by
individual workers. These will collect the data necessary to compute the TWA
over the course of the day.

NOISE REMEDIATION

The steps that should be taken to remediate the effects of noise might be very dif-
ferent, depending on the particular nature of the noise related problem and the
level of the noise that exists before remediation. On the one hand, if noise prob-
lems relate to communications difficulties in situations when the noise level is
below 85 db (e.g.,a noisy phone line), then signal enhancement procedures may be
appropriate. On the other hand, if noise is above the action levels (a characteris-
tic of many industrial workplaces), then noise reduction procedures must be
adopted because enhancing the signal intensity (e.g., louder alarms) will do little
to alleviate the possible health and safety problems. Finally, if noise is a source of
irritation and stress in the environment (e.g., residential noise from an airport or
nearby freeway), then many of the sorts of solutions that might be appropriate in
the workplace, like wearing earplugs, are obviously not applicable.

Signal Enhancement

Besides obvious solutions of "turning up the volume” (which may not work, if this
amplifies the noise level as well and so does not change the signal/noise ratio) or
talking louder, there may be other more effective solutions for enhancing the am-
plitude of speech or warning sound signals, relative to the background noise.
First, careful consideration of the spectral content of the masking noise may allow
one to use signal spectra that have less overlap with the noise content. For exam-
ple, the spectral content of synthetic voice messages or alarms can be carefully cho-
sen to lie in regions where noise levels are lower. Also, synthetic speech devices or
earphones can often be used to bring the source of signal closer to the operator's
ear than if the source isat a more centralized location where it must compete more
with ambient noise.

There are also signal-enhancement techniques that emphasize more the re-
dundancy associated with top-down processing. Asone example, it has been shown
that voice communications is far more effective in a face-to-face mode than it is
when the listener cannot see the speaker (Sumby & Pollack, 1954). This is because
of the contributions made by many of the redundant cues provided by the lips
(Massaro & Cohen, 1995), cues of which we are normally unaware unless they are
gone or distorted. (Toillustrate the important and automatic way we typically in-
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Intelligibility of words when perceived with and without visual cues from observing the
speaker. (Source: Sumby,W., and Pollack, 1.,1954. Visual Contribution to Speech
Intelligibility in Noise. Journal of Acoustical Society of America, 26, pp. 212-215. Reprinted
by permission.)

tegrate sound and lip reading, recall, if you can, the difficulty you may have had
in understanding  the speech of poorly dubbed foreign films when speech and lip
movement do not coincide in a natural way.)

As we discussed above, in the context of communications measurement, an-
other form of redundancy is achieved through the choice of vocabulary. Restricted
vocabulary, common words, and standardization of communications  procedures,
such as that adopted in air traffic control (and further emphasized following the
Tenerife disaster) will greatly restrict the number of possible utterances that could
be heard at any given moment, and hence will better allow perception to "make an
educated guess;' as to the meaning of a sound if the noise level is high (Fig. 5.10).

Another form of redundancy is involved in the use of the phonetic alphabet
("alpha bravo charlie ... charlie .. ™). In this case, more than a single sound is
used to convey the content of each letter, so that if one sound is destroyed (e.g.,
the consonant b), other sounds can unambiguously “fill in the gap" (ravo).

Noise Reduction in the Workplace

We may choose to reduce noise in the workplace by focusing on the source, the
path or environment, or the listener. The first is the most preferred method; the
last is the least.

The Source: Equipment and Tool Selection.  Many times, effective reduction can be
attained by the appropriate and careful choice of tools or sound producing equip-
ment. Ventilation or fans, or hand tools, for example, vary in the sound they pro-
duce, and appropriate choices in purchasing these can be made. One should
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consider also the fact that the irritation of noise is considerably greater in the high
frequency region (the shrill pierced whine) than in the mid- or low-frequency re-
gion (the low rumble). Hence, to some extent the choice of tool can reduce the ir-
ritating quality of its noise.

The Environment.  The environment or path from the sound source to the
human can also be altered in several ways. Changing the environment near the
source, for example, is illustrated in Figure 5.15, which shows the attenuation
in noise achieved by surrounding a piece of equipment with a plexiglass shield.
Sound absorbing walls, ceilings, and floors can also be very effective in reduc-
ing the noise coming from reverberations. Finally, there are many circum-
stances when repositioning workers relative to the source of noise can be
effective. The effectiveness of such relocation will be considerably enhanced
when the noise emanates from only a single source. This in turn will be more
likely to be the case if the source is present in a more sound-absorbent envi-
ronment (less reverberating).

The Listener: Ear Protection.  If noise cannot be reduced to acceptable levelsat the
source or path, then solutions can be applied to the listener. Ear protection devices
of the type that must be made available when noise levels exceed the action level
are of two generic types: Earplugs, which fit inside the ear; and ear muffs, which
fit over the top of the ear. As commercially available products, each is provided
with a certified noise reduction ratio (NRR), expressed in dB, and each may also
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FIGURE 5.15

Use of a 1/4-in.- (6-mm-) thick safety glass barrier to reduce high-frequency noise from a
punch press. (Source: American Industrial Hygiene Association, 1975, Fig. 11.73. Reprinted
with permission by the American Industrial Hygiene Association.)
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have very different spectral characteristics (i.e., different dB reduction across the
spectrum). For both kinds of devices, it appears that the manufacturer's specified
NRR is typically greater (more optimistic) than isthe actual noise reduction ex-
perienced by users in the workplace (Casali, Lam, & Epps, 1987). This is because
the manufacturer's NRR value is typically computed under ideal laboratory con-
ditions, whereas users in the workplace may not alwayswear the device properly.

Of the two devices, earplugs can offer a greater overall protection, if properly
worn (Sanders & McCormick, 1993). However, this qualification is extremely im-
portant because earplugs are more likely to be worn improperly than are ear
muffs. Hence, without proper training (and adherence to that training), certain
muffs may be more effectivethan plugs. A second advantage of muffs is that they
can readily double as headphones through which critical signals can be delivered,
hence simultaneously achieving signal enhancement and noise reduction.

Comfort is another feature that cannot be neglected in considering protector
effectiveness in the workplace. It is likely that devices that are annoying and un-
comfortable may be disregarded in spite of their safety effectiveness (see Chapter
14). Interestingly, however, concerns such as that voiced by the worker at the be-
ginning of the chapter that hearing protection may not allow her to hear conver-
sations are not alwayswell grounded. After all, the ability to hear conversation is
based on the signal-to-noise ratio. Depending on the precise spectral characteris-
tics and amplitude of the noise and the signal and the noise-reduction function,
the consequences of wearing such devices may actually be to enhance rather than
reduce the sin ratio, even asboth signal and noise intensity are reduced. The ben-
efit of earplugs to increasing the signal to noise ratio is greatest with louder noises,
above about 80-85 dB. (Kryter, 1972).

Finally, it is important to note that the adaptive characteristics of the human
speaker may themselves produce some unexpected consequences on speech com-
prehension. We automatically adjust our voice level, in part, on the basis of the in-
tensity of sound that we hear, talking louder when we are in a noisy environment
(or when we are listening to loud stereo music through headphones). Hence, it is
not surprising that speakers in a noisy environment will talk about 2-4 db softer
(and also somewhat faster) when they are wearing ear protectors than when they
are not. This means that listening to such speech may be disrupted in environ-
ments in which all participants wear protective devices, unless speakers are trained
to avoid this automatic reduction in the loudness of their voice.

Environmental Noise

Aswe discussed above, noise in residential or city environments, while presenting
less of a health hazard than at the workplace, is still an important human factors
concern, and even the health hazard is not entirely absent. Meecham (1983), for
example, reported that the death rate from heart attacks of elderly residents near
the Los Angeles Airport was significantly higher than the rate recorded in a de-
mographically equivalent nearby area that did not receive the excessive noise of
aircraft landings and takeoffs.

Measurement of the irritating qualities of environmental noise levels follows
somewhat different procedures from the measurement of workplace dangers. In
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particular, in addition to the key component of intensity level, there are a num-
ber of other "irritant" factors that can drive the annoyance level upward. For ex-
ample, high frequencies are more irritating than low frequencies. Nighltime noise
ismore irritating than daytime noise. Noise in the summer is more irritating than
in the winter (when windows are likely to be closed). While these and other con-
siderations cannot be precisely factored into an equation to predict "irritability;'
it is nevertheless possible to estimate their contributions in predicting the effects
of environmental noise on resident complaints (Environmental Protection
Agency, 1974).

Is All Noise Bad?

Before we leave our discussion of noise, it is important to identify certain cir-
cumstances in which softer noise may actually be helpful. For example, low lev-
els of continuous noise (the hum of a fan) can mask the more disruptive and
startling effects of discontinuous or distracting noise (the loud ticking of the
clock at night or the conversation in the next room). Soft background music may
accomplish the same objective. Under certain circumstances, noise can perform
an alerting function that can maintain a higher level of vigilance (Parasuraman,
Warm, & Dember, 1987; Broadbent, 1972; see Chapter 4). Furthermore, it is cer-
tainlythe case that one person's noise may be another person's "signal™ (as is often
the case with conversation).

This last point brings us back to reemphasize one final issue that we have
touched on repeatedly: the importance of task analysis. The full impact of adjust-
ing sound frequency and intensity levelson human performance can never be ad-
equately predicted without a clear understanding of what sounds will be present
when, who will listen to them, who must listen to them, and what the costs will be
to task performance, listener health, and listener comfort if hearing is degraded.

THE OTHER SENSES

Vision and hearing have held the stage during this chapter and the previous one
for the important reason that the visual and auditory senses are of greatest im-
portance and have the greatest implications for the design of human-machine sys-
tems. The "other" senses, critically important in human experience, have played
considerably less of a role in system design. Hence, we will not discuss at all the
senses of smell and taste, important as both of these are to the pleasures of eat-
ing (although smell can provide an important safety function as an advanced
warning of fires and overheating engines). We will discuss briefly below, however,
three other categories of sensory experience each of which have some direct rel-
evance to design: the sense of touch and feel (the tactile/haptic sense), the sense
of limb position and motion (proprioception and kinesthesis), and the sense of
whole-body orientation and motion (the vestibular senses). All of these offer im-
portant channels of information that help coordinate human interaction with
many physical systems.
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Touch: Tactile and Haptic Senses

Lying just under the skin are sensory receptors that respond to pressure on the
skin, and these relay their information to the brain regarding the subtle changes
in force applied by the hands and fingers (or other parts of the body}'as they in-
teract with physical things in the environment. Along with the sensation of pres-
sure, these senses, tightly coupled with the proprioceptive sense of finger position,
also provide haptic information regarding the shape of manipulated objects and
things (Loomis & Lederman, 1986; Kaczmarer & Bach-T-Rita, 1995). We see the
importance of these sensory channels in the following examples:

1. Aproblem with the membrane keyboards sometimes found on calculators
is that they do not offer the same "feel" (tactile feedback) when the fingers are po-
sitioned on the button, as do mechanical keys (see Chapter 9).

2. Gloves, to be worn in cold weather (or in other hazardous operations),
must be designed with sensitivity to maintaining some tactile feedback if manip-
ulation is required (Karis, 1987).

3. Early concern about the confusion that pilots experienced between two
very different controls-the landing gear and the flaps-was addressed by re-
designing the control handles to feel quite distinct (Fig. 5.16) (and, incidentally,
to also feel and look somewhat like the system that they activate; see Chapter 9).

4. The tactile sense is well structured as an alternative channel to convey
both spatial and symbolic information for the blind through the braille alphabet.

5. Designers of virtual environments (Durlach & Mavor, 1995; Kaczmarer &
Bach-T-Rita, 1995), which we will discuss more in Chapter 15,attempt to provide
artificial sensations of touch and feelvia electrical stimulation to the fingers, as the
hand manipulates "virtual objects."

Proprioception and Kinesthesis

We briefly introduced the proprioceptive channel in the previous section in the
context of the brain's knowledge of finger position. In fact, a rich set of receptor
systems, located within all of the joints of the body, convey to the brain an accu-
rate representation of joint angles everywhere and, by extension, a representation

of limb position in space. The proprioceptive channel is tightly coupled with the
kinesthetic channel, which conveys a sense of the motion of the limbs as exercised
by the muscles. Collectively,the two senses of kinesthesis and proprioception pro-
vide a rich feedback that is critical for our everyday interactions with things in the
environment. One particular area of relevance for these senses is in the design of
manipulator controls, such as the joystick or mouse with a computer system, the
steering wheel on a car, the clutch on a machine tool, or the control on an aircraft
(see Chapter 9). Asa particular example, an isometric control is one that does not
move but responds only to pressure applied upon it. Hence, the isometric control
fails to offer any proprioceptive feedback regarding how far the control has been
moved. Early efforts to introduce isometric side stick controllers in aircraft were,
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Top row: Appearance of typical flaps and landing gear control on an aircraft. Note the haptic
discriminability  between them. The other rows depict the shape coding for other flight
controls. (Source: O'Hare, D., and Roscoe, S.N., 1990. Flight Deck Performance: The Human
Factor. Ames, IA: lowa State University Press.)

in fact, resisted by pilots because of this elimination of the "feel" of control de-
flection. The pilots concern isbacked up by research, showing that tracking can be
performed better with moving controls, and so the current version of side stick
controllers can now be displaced when a force is applied on them.

The Vestibular Senses

Located deep within the inner ear (and visible in Fig.5.2) are two sets of receptors,
located in the semicircular canals and in the vestibular sacs. These receptors con-
vey information to the brain regarding the angular and linear accelerations of the
body, respectively. Thus, when | turn my head with my eyes shut, | "know" that |
am turning, not only because kinesthetic feedback from my neck tells me so but
also because there is an angular acceleration, experienced by the semicircular
canals. Because the head can rotate in three axes, there are three semicircular
canals aligned to each axis. Correspondingly, the vestibular sacs (along with the
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tactile sense from the "seat of the pants™) inform the passenger or driver of linear
acceleration or braking in a car. These organs also provide the constant informa-
tion about the accelerative force of gravity downward, and hence they are contin-
uously used to maintain our sense of balance (knowing which way-is up, and
correcting for departures).

Not surprisingly, the vestibular senses are most important for human system
interaction when the systems either move directly (as vehicles) or simulate mo-
tion (as vehicle simulators or virtual environments). The vestibular senses play
two important (and potentially negative) roles here, related to illusions and to mo-
tion sickness.

Vestibular illusions of motion, discussed further in Chapter 17, occur be-
cause certain vehicles, particularly aircraft, place the passenger in situations of sus-
tained acceleration and nonvertical orientation for which the human body was not
naturally adapted. Hence, for example, when the pilot is flying "in the clouds"
without sight of the ground or horizon, the vestibular senses may sometimes be
"tricked" into thinking that up is in a different direction from where it really is.
This illusion presents some real dangers of spatial disorientation and the possible
loss of control of the aircraft that may result (O'Hare & Roscoe, 1990).

The vestibular senses also playa key role in motion sickness. Normally, our vi-
sual and vestibular senses convey compatible and redundant information to the
brain regarding how we are oriented and how we are moving. However, there are
certain circumstances in which these two channels become decoupled so that one
sense tells the brain one thing and the other tells it something else. These are con-
ditions that invite motion sickness (Reason & Brand, 1975; Crampton, 1990). One
example of this decoupling results when the vestibular cues signal motion and the
visual world does not. When riding in avehicle with no view of the outside world
(e.g., the toddler sitting low in the backseat of the car, the ship passenger below
decks with the portholes closed, or the aircraft passenger flying in the clouds), the
visual view forward, which istypically "framed" by a man-made rectangular struc-
ture, provides no visual evidence of movement (or evidence of where the "true"
horizon is). In contrast, the continuous rocking, rolling, or swaying of the vehicle
provides very direct stimulation of movement to the vestibular senses. When the
two senses are in conflict like this, motion sickness often results (a phenomenon
that was embarrassingly experienced by the first author at his first turn to general
quarters with the portholes closed below ship in the Navy).

Conflict between the two senses can also result from the opposite pattern. The
visual system can often experience a very compelling sense of motion in video
games, driving or flight simulators, and virtual environments, even when there is
no motion of the platform whatsoever. Here again there is conflict, and here again
there is real danger of a loss of function (or wasted experience) when the brain is
distracted by the unpleasant sensations of motion sickness. We return to this topic
again in the chapter on stress (Chapter 13).

Concerns about motion sickness induced by vestibular-visual uncoupling
have led researchers and practitioners to develop various remediations
(Jackson, 1994).



142 Chapter 5: Auditory, Tactile, and Vestibular System

CONCLUSION

Audition, when coupled with vision and the other senses, can offer the brain an
overwhelming array of information. Each sensory modality appears to have partic-
ular strengths and weaknesses, and collectively the ensemble nicely compensates for
the collective weaknesses of each sensory channel alone. Clever designers can capi-
talize on the strengths and avoid the weaknesses in rendering the sensory informa-
tion available to the higher brain centers for perception, interpretation, decision
making and further processing. In the following two chapters, we consider the char-
acteristics of these higher level information-processing  or cognitive operations before
addressing, in Chapter 8, how sensory processing and information processing may be
gracefully connected in human factors by the careful engineering design of displays.
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Cognition

Inagine you drive to a downtown city mall for the
day to do some Christmas shopping. Conveniently, the mall has its own ten-story
parking structure adjacent to it. You spiral up until you find a parking space on one
floor near the elevator. Locking your car,you proceed down the elevator and to one of
the side entrances to the mall. Five hours later, you carry eight bags back to the ele-
vator, congratulating yourself on the fine job you did of buying gifts for all your
friends and relatives. Getting out on the sixth floor, you find that your car is nowhere
in sight. After panicking for a brief moment, you carry the eight bags and wander to
two other levels before finally locating your car.

Sue had been a casual photographer off and onfor years; she usually took outdoor
pictures of her family when they went on vacation. When pressed one day, Sue told her
sister that she would be willing to take pictures at her sister's wedding reception. On the
morning of this auspicious occasion, Sue went to the store and bought film. She was-
n't quite sure what film speed to buy for indoor portraits and group shots, so she
bought a "medium™ 200 speed film, thinking it would be safe. She loaded the film into
her 35 mm camera, and hurried to the reception (forgetting to change the setting from
100 to 200 speed film). To take her pictures, Sue knew she had to set the aperture and
shutter speed correctly relative to each other because both combine to determine
whether the film is exposed to the right amount of light. Sue also remembered that set-
ting the aperture opening in a certain manner would result in the subject being in focus
and the background being fuzzy, afeature desirable for portraits. Unfortunately, she
couldn't remember whether the aperture should be large or small to get that effect. She
inspected the camera control for setting the aperture. The aperture was set with 'f
stops,” (not that she really understood what the "f' meant), and the numbers ranged
from 2 to 11, with smaller numbers indicating a larger aperture opening (she didn't un-
derstand the reason for this either). Looking at the f stops didn't help her remember
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what setting to use, and Sue didn't bring her owner's manual. She realized that while
she had once before done this same type of thing, her memory and understanding of
the camera were too vague for it to work this time. Finally, not knowing how to deter-
mine the settings, Sue gave up and decided to use her mother's instamatic camera-it
wouldn't take the same quality of picture, but at least it was easy to use and would do
a reliable job.

During each day,we must process large amounts of information from our en-
vironment to accomplish various goals and to make our way successfully through
the world. The previous illustrations are typical problems we experience because
of a poor match between man-made equipment (or the environment) and the
human information processing system. Sometimes these mismatches cause mis-
perceptions, and sometimes people just experience memory failures. While the
scenarios described above may seem rather trivial, there are dozens of other cases
where difficulties result in injury or death (Casey, 1993; Danaher, 1980;Wickens,
1992). Some of these cases will be discussed later in Chapter 14 on safety. In this
chapter, we will consider the basic mechanisms by which people perceive, think,
and remember, generally known as cognition. Aswe learn about the various lim-
itations of the human cognitive system, we will consider the implications of, and
some solutions for, design problems.

When researchers study the human information processing system, they often
cluster the steps into three or four stages.As an example, Kantowitz (1989) suggests
three stages: (1) perceptual stage in which we bring information in through the
senses (sensation) and compare it with knowledge from memory to give it mean-
ing (perception); (2) cognitive stage which is a central processing or thought stage
where we compare the new information with current goals and memories, trans-
form the information, make inferences, solveproblems, and consider responses; and
(3) action stage in which the brain selects a response and then coordinates/sends
motor signals for action. In the previous two chapters, we reviewed the various
senses and how information is initially encoded. In this chapter, we briefly discuss
some further perceptual processes and then consider the basic mechanisms that
occur in the cognitive or central processing part of the sequence. In the next chapter,
we describe more complex cognitive processes that form the basis of decision mak-
ing, in Chapter 8, we discuss the implications of this information for display design,
and in Chapter 9 we discuss the implications for control.

INFORMATION PROCESSING MODELS

The information processing approach assumes that we receive information from
the environment, cognitively act on that information in various ways, and then
emit some response back to the environment. The information processing ap-
proach is useful for organizing information about the human system and also for
guiding human factors designs. There are many theories and models that fall
under this category (Wickens & Carswell, 1997), but all portray human informa-
tion processing as a flow of information between various information stores and
transformational processes.

Most information processing models assume a linear progression of process-
ing in stages similar to those depicted in Figure 6.1, which depicts a relatively
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generic model of human information processing. Recall from Chapters 4 and 5
that sensory information is received by various receptor cells for sight, hearing,
smell, taste, and feeling. After the receptor cellshave been activated, a sensory trace
isstored in the sensory registers. While we have one or more distinct registers for
each sensory modality, the entire system is often called the sensory register, or sen-
sory memory (Best, 1995). Sensory memory holds a great deal of detailed infor-
mation but only for a very short period of time (visual sensory memory is about
2-3 seconds). Aswe discussed in Chapter 4, any information receiving attention
is processed further in the perception stage. Perception adds meaning to the in-
formation by comparing it with relatively permanent information brought from
long-term memory. As a result, many stimuli are then assigned to a single per-
ceptual category. Asan example, if | look out the window, | might see an amor-
phous area of white and gray surrounded by blue, and the process of perception
compares the lines, shadows, and colors to previous knowledge and recognizes the
object as a cloud in ablue sky.

Once meaning is added to sensory information, we either immediately react
to the perceptions with a response of some type, or we send the information on
to working memory for further processing. Working memory isaterm for both the
short -term store of whatever information is currently active in central processing,
and also for a kind of workbench of consciousness in which we compare, evalu-
ate, and transform cognitive representations. Information in working memory de-
caysquite rapidly unless it is rehearsed to keep it there. This activity is maintained
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until response selection and execution processes occur. Under certain circum-
stances, information is encoded into long-term memory for later use. These mem-
ory stores will be described in more detail at a later point. Finally, most cognitive
processes require some allocation of attentional resources to proceectefficiently.

The two exceptions are the sensory register (which is sometimes described as
"preattentive”) and the maintenance of material in long-term memory.

OBJECT AND PATTERN PERCEPTION

Perceptual recognition is a cognitive process that compares incoming stimulus in-
formation with stored knowledge to categorize the information. Thus, a set of sen-
sory elements are transformed into a mental representation or code. These codes then
become the concepts and images with which we work in central processing.

Perception is a many-to-one mapping; as it gives meaning to sensory input, it effi-
ciently reduces many simple information "bits" into fewer representations.  For
human factors design, there are at least two important characteristics of this process:
(1) perception by feature analysis and (2) simultaneous top-down and bottom-up

processing. In this section, we review these concepts with respect to the visual system.
However, auditory perception relies on these same phenomena (Anderson, 1995).

Feature Analysis

Complex stimuli can be broken down into component parts orfeatures. To give mean-
ing to stimuli, the features are analyzed individually and compared to features stored
in long-term memory (Neisser, 1964; Selfridge, 1959). Feature analysis involves rec-
ognizing the features that make up a pattern and then evaluating their combination
(Anderson, 1995). It is essentially a three-stage process: we break the stimulus pattern
into component features, match the features to stored patterns in long-term memory,
and decide which stored pattern isthe best match. The best match determines the ob-
ject perception. This appears to occur for both text and object perception.

Text Perception.  Feature analysis is relatively straightforward  for text percep-
tion. For example, the visual stimulus for the letter A can be broken down into the
features of /,\, and -. The top angle would count as a feature as well. When we see
the letter A, we compare the features with stored knowledge specifying the features
for a capital A. If the features match the memory features for A more closely than
for any other letter, we recognize the letter as a capital A.

Feature analysis is performed quickly and, for familiar objects such as letters,
without our direct awareness. As a demonstration  of this process, consider the ex-
periment performed by Pritchard in 1961. Using an elaborate system of mirrors
attached to a contact lens worn by subjects, Pritchard stabilized simple images
onto the subject's retina. Two of the images used are shown on the left side of
Figure 6.2. In the experiment, subjects became blind within a matter of seconds
because retinal receptors need time to refresh. However, subjects reported that the
stimuli did not disappear immediately but rather faded in a piecemeal fashion, as
shown in the series on the right side of Figure 6.2. It can be seen that as the image
faded, the remaining stimuli corresponded to features that were still being
processed automatically and recognized as meaningful letters or numbers.
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FIGURE 6.2

Disintegration of image stabilized on retina. (Source: R. M. Pritchard, 1961. Stabilized
images on the retina. Scientific American, 204/6], 72—78. Courtesy Eric Mose/Scientific
American 1961. Copyright 1961 Eric Mose.)

The perception of print usually proceeds in a hierarchical manner. Features
are combined into letters, letters into words, and words into sentences. There
are, however, occasions where this process is bypassed. For example, words
that we see extremely frequently begin to be processed holistically as a single
word rather than as a set of letters or features. Thus, if we see the word the
enough times, we begin to process it automatically as a global shape rather than
as a set of features (Haber & Schindler, 1981; see also Chapter 4). This trans-
formation from feature analysis into more global processing is called unitiza-
tion (Wickens, 1992). In some environments, unitization is a distinct perceptual
advantage because the features can be very degraded and the general shape of
the word still recognized.

There are several implications of the various processes involved in feature
analysis and unitization for the design of textual displays. Among others, these are:

1. Feature compatibility. Accuracy and speed of recognition will be greatest
when the features in the display are in a format compatible with the features and
units in memory. For example, the features for printed words stored in memory
preserve diagonal lines, angles differing from 90 degrees, and curves. Textthat is
displayed on grids or with only horizontal and vertical lines will be less well per-
ceived. This is especially critical when the display must be read in a short time
frame or under degraded conditions, such as a long distance or poor lighting.

2. Upper- and lowercase. For isolated words, printed capital letters are recog-
nized more easilythan lowercase letters (Vartabedian, 1972). However, in sentences,
amixture of uppercase and lowercase print ismost easily perceived (Tinker, 1955).

3. Useprint for text display. Print is more easilyrecognized and read than cur-
sive writing. This and #2 explain why the post office now wants mail addressed
with printed words; even the computerized word recognition systems read this
most easily.

4. Minimize abbreviations. In general, full words rather than abbreviations
should be used for displays (e.g., Norman, 1981). When abbreviations must be
used, it is best to employ a consistent rule, where the same transformation is al-
ways made to determine the abbreviation (Moses & Ehrenreich, 1981). Finally, the
best abbreviation rule is truncation, inwhich only the first few letters of the word
are used, such as "reinf" for reinforcement (Wickens, 1992).

5. Space between words or character strings. Gaps between words or even ar-
bitrary strings of letters or digits are important for accurate perception
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(Wickelgren, 1979). In addition, if random alphanumeric strings are being dis-
played, the most effective number of characters to "chunk" together between gaps
is three to four (Klemmer, 1969). An example would be two small grou"p'®f let-
ters or numbers on a vehicle license plate rather than six or seven items all clus-
tered together. There are other advantages to such chunking that will be described
when we discuss working memory later in this chapter.

Object Perception.  Feature analysis may be useful in explaining relatively simple
patterns such as letters, but what about more complex objects such as buildings,
cars, or people? There is evidence that the same type of feature analysis can ac-
count for object recognition (Anderson, 1995;Biederman, 1987;Biederman & Ju,
1988;Waltz, 1975). Biederman (1987) has suggested that everyday objects are rec-
ognized on the basis of combinations of subobjects. These subobjects are simple
geometric shapes called geons. Figure 6.3 shows six of Biederman's proposed thirty
geons. Geons are made up of defining features just like letters, and object recog-
nition proceeds much like word recognition. We recognize an object by three
steps: (1) break the object up into its component geons, (2) categorize each geon
on the basis of feature match, and (3) identify the object on the basis of the com-
ponent geons and their configuration.

An important feature of this type of object recognition is that only edges of
the geons are critical for object recognition. Other characteristics such as color,
pattern, or texture are not used. Of course, when discriminating between objects
having the same geon, such as between an orange and a basketball, these charac-
teristics would become important. The implication for design, especially for com-
puter displays, is straightforward. For object displays, line drawings are often
sufficient, but they should convey the edges of the object subcomponents or
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FIGURE 6.3

Sample of geometrical subobjects or “geons.”
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geons. Line drawings may be superior to photo renderings that have poorly artic-
ulated edges, or lower contrast between objects and background (Spencer, 1988;
Schmidt & Kysor, 1987). Color and detail will only be necessary if the subobject
shapes are similar for two or more objects, and the objects therefore cannot be dis-
criminated on the basis of component shape.

Top-Down and Bottom-Up Processing

Up until now, object recognition has been described as being bottom-up or data
driven, where the entire process is guided by sensory features. However, one sen-
sory pattern may be recognized as different objects under different environmen-
tal conditions. For example, a round object may be recognized as a basketball in
one situation and as a beachball in another. The context surrounding an object
provides information that isused in the recognition process. Figure 6.4 illustrates
a case where the same ambiguous sensory features are recognized as two different
objects; the middle item in the string 48627 is recognized as a digit (6), whereas
the same physical stimulus in the word table is recognized as a letter (b). How we
perceive something is determined by what is around it. The process of using con-
text to recognize information istermed top-down processing or conceptually dri-
ven processing because high-level concepts and information is used to process
"low-level"” perceptual features. In fact we have already considered top-down pro-
cessing in describing the influences of expectancy on visual search and signal de-
tection in Chapter 4 and the influence of sentence context of speech recognition
in Chapter 5.

The use of top-down processing occurs simultaneously and automatically
along with bottom-up processing. It occurs with text, visual stimuli such as draw-
ings, icons, or photographs, and with auditory stimuli. The context effects of top-
down processing are especially critical when stimuli are unclear or incomplete. To
get a feeling for this process, imagine the pharmacist or nurse reading a hand-
scrawled prescription from a doctor. Many of the letters may be completely
unidentifiable individually but may be easy to read in the context of the entire
word or sentence describing the disease for which the medication is prescribed.
This example illustrates the principle of redundancy. When we read a word, there
is a great deal of redundant information because, in context, we do not need to
read all of the letters in a word to recognize it. Anderson (1995) givesan example

48 b 277
__‘\__’_M_o\blef

FIGURE 6.4

Context effects where the same stimulus is perceived as the number 6 or the letter b.
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of this principle with the following sentence: I cxn rxplxce xvexy txirx lextex of x
sextexce xitx an x, anx yox stxll xan xanxge xo rxad xt-ix wixh sxme xifxicxItx.
Even when the stimulus is degraded, we can still recognize the letters and there-
fore the word. Because of top-down processing, sentence context or other sur-
rounding information (such as the general topic) can facilitate recognition of
words or other objects.

While the printed word endures in front of us, the voice image is fleeting.
Therefore top-down processing is even more critical for speech recognition than
reading; the verbal context around critical spoken words greatly facilitates their
recognition. For example, in an experiment by Simpson (1976), pilots listened to
synthesized speech warnings presented against background noise. The warnings
were either the critical words only, such as"fuel low;' or the warnings in a sentence
context, such as "Your fuel is low." Recognition for the warnings was much more
accurate in the sentence context condition.

Top-down and bottom-up processing often trade off against one another.
When the stimulus quality is high, bottom-up processing will predominate. As
stimulus quality degrades, increases in context and redundancy will be necessary
so that more top-down processing can keep recognition levels high. The relative
effects of top-down and bottom-up processing are important for design of text
displays, icons, or other stimuli. The following guidelines should be employed:

1. Optimize bottom-up processing for text and objects by optimizing critical
factors such as size, contrast, etc. (see Chapters 4 and 8).

2. Optimize top-down processing for text and objects by methods such as
using actual words rather than random text strings, using more rather than fewer
words. Second, restrict the total overall message vocabulary; if there are fewer pos-
sible words to be recognized, top-down processing becomes more efficient. Third,
provide as much context information as possible to aid in recognition and com-
prehension of information.

3. Evaluate tradeoffs. Given a limited space for displaying text or objects,
evaluate total environment for degraded viewing conditions and availability of
context effects to determine the appropriate trade-off between bottom-up and
top-down processing.

4. Usability Testing. When performing usability testing, we often evaluate the
recognition (and comprehension) of icons. Given that real-world recognition in-
volves top-down processing, designers should not do usability testing for icons in
a laboratory without the surrounding environmental and/or task context.

Pictures and Icons

It isbecoming more common to use icons for short displays rather than words, es-
pecially for computer applications such as buttons on a screen. Designers often
have to decide whether it isbetter to use text or icons. Unfortunately, there are not
clearcut answers on this issue, but we can consider certain information that will
provide guidelines. A more detailed discussion of display elements will be pro-
vided in Chapter 8.
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Previous research has shown that familiar objects in pictures can be under-
stood at least as rapidly aswords (e.g., Potter & Faulconer, 1975). In addition, fa-
miliar objects are recognized and stored in memory as both an analJog spatial
image as well as a semantic or symbolic (idea) encoding (Wickens, 1992). If we
combine this fact with the consideration that pictures are universal and not lan-
guage dependent, they seem to be the ideal element for displays. For this reason,
we see an increasing use of pictorial icons for applications such as highway signs,
building signs, and computer displays.

Pictures and icons should be used with caution for two reasons (Wickens,
1992). The first is an issue of legibility. Aswe saw,objects are discriminated on the
basis of general shape or shape of components. If icons are perceived under sub-
optimal viewing conditions, they may be difficult to discriminate. Asdescribed in
Chapter 8, symbols and pictorial messages should be designed to share a minimal
number of features.

The second issue is one of comprehensive or interpretation (although this can
also be a problem with words). Interpretation of a symbol or icon can be broken
into two steps: determining what object is being represented and determining
what that object means. Evenif a symbol is recognized, its meaning may not be in-
terpreted correctly. For example, an arrow on a computer screen could be per-
ceived as an arrow. However, it might be interpreted as pointing to a particular
area, commanding an action in a particular direction, showing a button allowing
movement to the next page, and so forth. Even within the context of the task, it
may be unclear what symbols and icons mean. In the chapter on safety, we will see
that the design of warning symbols and labels can be difficult. Often the difficul-
ties center around the ability of people to interpret correctly the meaning of short
or abstract warning signs and symbols.

The implications for the design of symbols and icons are clear. Icons should
be designed so that they are easily discriminated from one another, and so that
their meaning is apparent. Unfortunately, this is often more difficult that it sounds.
To help with this situation, symbols are becoming standardized so that over time,
all users know what certain symbols stand for. This is especially common in pub-
lic use circumstances such as roadways and public buildings. Severalorganizations,
such as American National Standards Institute (ANSI) and International
Organisation for Standardization (ISO) are standardizing international symbols.
In addition, most experts suggest that when possible, words should be used along
with symbols (Norman, 1981;Wickens, 1992). This redundancy helps reduce un-
certainty in viewers.

Finally, any time a new set of symbols or icons is being designed, the set
should be usability tested to make sure operators will interpret their meaning
correctly. When possible, this usability testing should be performed in the oper-
ating environment and within the context of task performance.

TRANSFER TO WORKING MEMORY

Information, once recognized, either leads directly to a response (asin an automatic
stimulus-response association) or goes to working memory for further processing.
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XAMPLE

in research conducted in 1988, Aurelio found that only part of the sym-
bols used for cameras conveyed the intended meaning and that “there
was a significant amount of confusion® among the symbols. Crist and
Aurelio (1990) determined to develop and test a set of symbols that would
be interpreted correctly by camera operators. They first developed a set
of messages or statements in verbal form and then translated these into
symbols. After considering the full range of manual to automatic cameras,
the researchers had developed a set of 81 verbal statements. These in-
cluded messages such as Rewind release, Film speed setting, Rewind
start, Soft focus select, Regular lens, Zoom in, Wait for flash, and so on.

The designers evaluated the importance and frequency of use for
the various messages and then narrowed the set down to fifteen con-
cepts or statements. Symbols were developed for almost all of the
statements. The authors noted that some symbols were easier to de-
sign than others. For example, symbols having to do with concrete ob-
jects, such as the battery or film, were relatively easy to design by
incorporating figures of the objects as part of the icon. Others were
more difficult because the message did not involve a concrete object.
For example, the message “wait for flash” resulted in no acceptable
symbol at all. Some symbols had already been standardized by ANSI
(ANSI, 1988]); for example, the symbol for wide-angle lens is shown on
the left side of Figure 6.5. Note that a person must first recognize that
the symbol represents three trees and then must realize that it de-
notes the type of lens one would use for trees (a wide-angle lens). It
can be seen that even though a symbol is standardized, it does not
mean that it will be readily interpreted by the novice user. Other sym-
bols were developed specifically for the study, such as the middle and
right symbols in Figure 6.5. For example, the flash-fill symbol is “light-
ning bolt plus sun” because the lightning bolt is the standardized sym-
bol for flash. However, this does not mean that the average camera
operator will know that a symbol combining a lightning boit and the sun
means fill-flash. To determine whether users can interpret symbols, de-

"

FIGURE 6.5

Symbol used to represent regular lens (as opposed to telephoto), zoom, and fill-
flash, respectively. (Source: Crist, B., and Aurelio, D. N., 1990. Development of
camera symbols for consumers. Proceedings of the Human Factors Society 34th
Annual Meeting [pp. 489-493). Santa Monica, CA: Humnan Factors Society.
Reprinted with permission. Copyright 1990 by the Human Factors and
Ergonomics Society. All rights reserved.)
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signers must use systematic methods to generate alternative symbols
and then test them using a representative set of users in the contéxt
of the task. As an example, Figure 6.6 shows five alternative symbol
designs for fill-flash (Crist & Aurelio, 1990].

FIGURE 6.6

Alternative symbols to represent fill-flash. (Source: Crist, B., and Aurelio,
D.N.,, 1990. Development of camera symbols for consumers. Proceedings of the
Human Factors Society 34th Annual Meeting [pp. 489—493]. Santa Monica, CA:
Human Factors Society. Reprinted with permission. Copyright 1990 by the
Human Factors and Ergonomics Society. All rights reserved.)

Working memory is the temporary "workbench™ of the mind, where information
istransformed and acted on. One of the things that has been firmly established in
cognitive psychology is that only a very limited amount of information can be
brought from the sensory register to working memory (Anderson, 1995; Best,
1995). This can be thought of as the first major bottleneck in the information pro-
cessing system, one that is often overlooked in system design.

The sensory register only holds visual information for about 1 second, and
auditory information for 3-5 seconds. During that time, attention may be fo-
cused on asubset of the information and brought into working memory for fur-
ther processing. This attentional process is called selective attention and refers to
the process of focusing on some pieces of information but not others. An anal-
ogy isthat of aspotlight, which can be moved around afield and narrowed in on
certain objects or information. In Chapter 4, we saw this spotlight operating in
serial visual search tasks. The information in the spotlight is highly detailed,
while other "surrounding” information is perceived and processed in only a
very rough or general way. As an example, in the auditory domain, if you are in
a room with five conversations going on around you, you are able to focus at-
tention on one message and bring it into working memory for processing. You
will only be dimly aware of the other messages including certain basic physical
characteristics such as gender. These other messages are not processed at a de-
tailed level (unless you switch attention back and forth). Thus, we say that peo-
ple can only attend to one auditory channel at atime. The spotlight of selective
attention can also be directed inwardly to purely mental activity, such as re-
hearsal and problem solving.

The implications of these cognitive limitations for the design of displays are
strong. If people can attend to only a part of the information they receive at any
given time, designers cannot assume that just because information is presented, it
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will be processed. The limitations can be broken down into two factors: how
much information ispresented to the operator and in what way the information
is presented. First, designers must be careful not to present a large quantity of in-
formation and expect people to be able to process it in a short time. It is estimated
that in the Three- Mile Island incident, at one point operators had to attend to sev-
eral hundred messages, signals, or displays at one time (Wickens, 1992). However,
as we will discuss in Chapter 8, sometimes designers can configure multiple dis-
plays to appear more as a single unified whole and thus processed as one by the
spotlight, much as two voices can be selected for attention at once if they are both
singing harmonious parts of the same song.

Second, designers should realize that for displays with numerous compo-
nents, only a small amount of information will be attended to at a time. This
means that the information most critical to task performance must be provided
in a way that will catch the person's attention. Visually, this is accomplished by
putting it directly in front of the operator, making it noticeable or salient.
Sometimes automation can temporarily highlight information that will be most
relevant at one particular time (see Chapter 16). These factors are considered
more fully in the chapter on display design.

WORKING MEMORY

Failures of memory occur for everyone, and relatively frequently. Sometimes the
failures are trivial, such as forgetting to let the cat back in the house (unless it
is-30° outside, then the problem isnot so trivial). Other times memory failures
are more critical. For example, in 1915, a railroad switchman at a station in
Scotland forgot that he had moved atrain to an active track. As a result, two on-
coming trains used the same track and the ensuing crash killed over 200 peo-
ple (Rolt, 1978).

In the next few sections, we will be focusing on the part of cognition that in-
volves human memory systems. There is substantial evidence that there are two
very different types of memory storage. The first, working memory (Sometimes
termed short-term memory), is relatively transient and limited to holding a small
amount of information that may be either rehearsed or "worked on" by other cog-
nitive transformations. It is the temporary store that keeps information active
while we are using it or until we use it. Some examples are: looking up a phone
number and then holding it in working memory until we have completed dialing
the number; a nurse rehearsing the instructions given by the physician until they
can be executed; or the use of working memory to "hold" the subsums while we
multiply two two-digit numbers together. We will see that working memory holds
two different types of information, verbal and spatial.

The other memory store, long-term memory, involves the storage of informa-
tion after it is no longer active in working memory and then the retrieval of the in-
formation at alater point in time. Conceptually, working memory isthe temporary
holding of information that is active, while long-term memory is the reactivation
of information. When we are performing central information processing in work-
ing memory, we bring information from the sensory register and also from long-
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term memory into working memory. The limitations of working memory hold
major implications for system design. Consider the problem confronted by the user
of a computer system who must look up error instructions in two separate pages
of amanual and hold each of these in working memory, while also examining the
computer screen. Working memory must be able to accommodate these demands
while still supporting active problem-solving operations.

A Model of Working Memory

Imagine you have just looked up a phone number in the book and are about to dial
the number. A friend begins talking to you and asks a question. You answer, but
then realize you have forgotten the phone number. It has been "bumped out" of
the limited-capacity working memory system.

Working memory can be understood in the context of a model proposed by
Baddeley (1986, 1990). Working memory consists of three components, as shown
in Figure 6.7. In this model, a central executive component acts as an attentional
control system that coordinates information from the two "storage" systems. The
visuospatial sketch pad holds information in an analog spatial form (e.g., visual
imagery) while it is being used. These images consist of encoded information
that has been brought from the visual-sensory register or from long-term mem-
ory. Thus the air traffic controller will use the visual-spatial sketchpad to retain in-
formation regarding where planes are located in the airspace. This representation
will be essential if the display is momentarily lost from view. The phonological
loop represents verbal information in an acoustical form (Baddeley, 1990). It is
kept active, or "rehearsed," by articulating words or sounds, either vocally or sub-
vocally. Thus, when we are trying to remember a phone number, we subvocally
sound out the numbers until we no longer need them.

Whether material is verbal (in the phonetic loop) or spatial (in the visuospa-
tial sketchpad), our ability to maintain information in working memory is limited
in two respects: how much information can be kept active and how long it can be
kept active; that is, capacity and time.

Central
Visuospatial executive Phonological
sketchpad / loop

el .

PRSI

FIGURE 6.7

Baddeley’s model of working memory with two storage subsystems serving a central executive
coordinating system. (Source: Baddeley, A. D., 1986. Working memory. New York: Oxford
University Press. Copyright © 1986. Reprinted by permission of Oxford University Press.)
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Capacity.  Researchers have defined the upper limit of the capacity of working
memory to be around 7 + 2 chunks of information (Miller, 1956). A chunk is the
unit of working memory space. A chunk in working memory is defined jointly by
the physical and cognitive properties that bind items together. Thus the euence:

8 4 7 9 consists of four chunks. The sequence: 28 36 45 89 also consists of four
physical chunks, even though there are twice as many digits. In each case, there is
greater physical spacing between the units than within. While the concept of
chunks is useful, it is still the case that working memory capacity will be smaller
as chunks become larger. Thus, while we may be able to retain seven single digits,
our capacity for the two-digit numbers will be somewhat less.

Sometimes cognitive binding can replace (or augment) the physical binding.
Thus, for example, the string USAFBICIA represents only three chunks of infor-
mation to the American reader familiar with government organizations, even
though there is no physical spacing between the elements. However, there are cog-
nitive rules stored in long-term memory, asa result of our experience, that bind the
letters in USA, FBI, and CIA together in such away that this string only occupies
three and not nine spaces in working memory. Asthis example illustrates, chunk-
ing is not an all-or-none thing. The extent to which units are grouped as cogni-
tive chunks depends on the degree of user familiarity with those groupings.

Chunking benefits the operations in working memory in several ways. First,
and most directly, it reduces the number of items in working memory and there-
fore increases the capacity of working memory storage. Second, ideally, cognitive
chunking makes use of meaningful associations in long-term memory, and this
will aid in retention of the information. Third, because of the reduced number of
items in working memory, material can be more easily rehearsed and is more
likely to be transferred to long-term memory (which then reduces load on work-
ing memory).

Time. The capacity limits of working memory are closely related to the second
limitation of working memory, the limit of how long information may remain.
The strength of information in working memory decays over time unless it is pe-
riodically reactivated, aprocess referred to as maintenance rehearsal. Maintenance
rehearsal for acoustic items is essentially a serial process of subvocally articulat-
ing each item. Thus, for a string of items, the interval for reactivating any partic-
ular item depends on the length of time to proceed through the whole string. For
a seven-digit phone number, we can serially reactivate all items in a relatively short
time, short enough to keep all items active (i.e., so that the first digit in the phone
number will still be active by the time we have cycled through the last item). The
more chunks contained in working memory, the longer it will take to cycle
through the items in maintenance rehearsal, and the more likely it will be that
items have decayed beyond the point where they can be reactivated. To help pre-
dict working memory decay for differing numbers of chunks, Card, Moran, and
Newell (1986) combined the data from several studies to determine the "half life"
of items in working memory (the delay after which recall is reduced by one-
half). The half-life was estimated to be approximately 7 seconds for a memory
store of three chunks and 70 seconds for one chunk. The visuospatial sketchpad
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shows an analogous decay of the accuracy with which position can be remem-
bered (Moray, 1986). -

There are two additional variables that influence the rate of working memory
loss: attention and similarity. For example, if instead of rehearsing the phone
number we are trying to retain, we divert our attention to a verbal message, there
will be a greater decay of the numbers before they can be reactivated, and it will
be more likely to be lost from working memory. The decay may cause items to be
lost completely, or it may cause critical acoustic features, such asthe phoneme that
discriminates b from d, to be lost. Hence, decay and time are more critical for sim-
ilar-sounding material.

Human Factors Implications of Working Memory Limits

1. Minimize working memory load. An overall rule of thumb isthat both the
time and the number of alphanumeric items that human operators have to retain
in working memory during task performance should be kept to a minimum
(Loftus, Dark, & Williams, 1979). Hence, any technique that can off-load more in-
formation in working memory sooner will be of value. As an example, an advan-
tage of the touch tone phone over the old rotary dial system was the greater speed
of number entry with the touch tone and therefore a shorter time that the phone
number needed to be stored in the phone user's vulnerable working memory.

2. Provide visual echoes. Wherever synthetic voice is used to convey verbal
messages, these messages can, and ideally should, be coupled with a redundant vi-
sual (print) readout of the information so that the human's use of the material is not
vulnerable to working memory failures. For example, since automated telephone as-
sistance can now "speak" phone numbers with a synthetic voice, a small visual panel
attached to the phone could display the same number as a "visual echo."

3. Exploit chunking. We have seen how chunking can increase the amount of
material held in working memory and increase its transfer to long-term memory.
Thus, any way in which we can take advantage of chunking will be beneficial.
There are several ways in which this can be done:

e Physical chunk size. For presenting arbitrary strings ofletters, numbers, or
both, the optimal chunk size isthree to four numbers or letters per chunk
(Bailey, 1989; Wickelgren, 1964).

e Meaningful sequences. The best procedure for creating cognitive chunks is
to find or create meaningful sequences within the total string of charac-
ters. A meaningful sequence should already have an integral representa-
tion in long-term memory. This means that the sequence is retained as a
single item rather than a set of the individual characters. Meaningful se-
quences include things such as 555, JUNE, or 4321.

e Superiority of letters over numbers. In general, letters induce better
chunking than numbers because of their greater potential for meaning-
fulness. Advertisers on TV have capitalized on this principle by moving
from numbers such as "1-800-663-5900;' which has eight chunks, to
letter-based chunking such as "I-800-GET HELP," which has three
chunks ("1-800"is a sufficiently familiar string that it isjust one chunk).
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Grouping letters into one word, and thus one chunk, can greatly increase
working memory capabilities.

e Keeping numbers separate from letters. If displays must contain a-mixture

of numbers and letters, it is better to keep them separated (Preczewski &
Fisher, 1990). For example, a license plate containing one numeric and one
alphabetic chunk, such as"458 GST; will be more easily kept in working
memory than a combination such as"4G58ST" or "4G58 ST."

4, Minimize confusability. The principle of confusability applies to working
memory just as it does to visual and auditory perception (Chapters 4, 5, and 8).
Thus, the items in working memory will be more difficult to recall in their correct
order if they sound similar. The sequence DPZETG ismore difficult to remember
in its correct order than is the sequence JTFWRU. Similar arguments can be made
with regard to the visuo-spatial sketchpad: It will be more difficult for the air traf-
fic controller to remember the relative locations of three similar-looking aircraft
than of three distinct ones.

Confusability in working memory can be reduced by building physical dis-
tinctions into material to be retained. We have already noted that making words
and letters sound more different will reduce the likelihood that they will be con-
fused during rehearsal. Hess, Detweiler, and Ellis (1994) have examined similar ef-
fects in "keeping track™ tasks, in which the operator must keep track of the state
of several items that change over time (e.g., the vehicle dispatcher who monitors
the state of readiness, use, and location of several vehicles). They find a great ad-
vantage to working memory for item states if each item is represented in a sepa-
rate spatial location on a display rather than when all are consigned to be viewed
within a single window. Here spatial location represents a salient cue to reduce
item confusibility.

5. Exploit different working-memory codes. We have seen that working mem-
ory processes and retains two qualitatively different types of information, visual-
spatial and verbal-phonetic. These two subsystems in Baddeley's model are
sometimes referred to as working memory codes. Each of these systems seems to
process information somewhat independently, and each has its own resources.
This means that if one code is being used in working memory, it will be inter-
rupted more by processing that same type of information than by processing in-
formation in the alternative code. There is a large body of evidence for this
assumption (see Wickens, 1992). For example, when people perform tasks that rely
on visual imagery (visuo-spatial code), they can add a concurrent task involving
verbal or phonetic material with much greater success than adding a secondary
task involving visual information (e.g., Brooks, 1968; Wickens & Liu, 1988). In
summary, visual-spatial information suffers from greater interference if addi-
tional information or tasks involvevisual rather than verbal-phonetic information.
And verbal information is interfered with more if the additional information is
verbal material, regardless of whether it is spoken or print. (This principle was ap-
parently not known when one of our daughters brought in a piece of paper with
a question written on it, assuming that this would interfere less with the process
of book writing than ifthe question was asked orally.)
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6. Ordering of text and instructions. Textcan be written that places greater or
lesser loads on working memory. For example, comprehension will be made more
difficult by any text that requires retention of words whose meaning are not im-
mediately apparent until a later portion of the sentence is read. A related issue con-
cerns the use of congruent versus incongruent instructions (Wickens, 1992). With
congruent instructions, the order of words (or commands) in the instructions cor-
responds with the actual order in which they are to be carried out ("Do A, then
do B,then do C"); whereas with incongruent instructions, this matching of order
is missing ("Prior to doing C, do B,and before B is done, do X'). More details on
text and instructional design will be given in Chapter 18.

LONG-TERM MEMORY

We constantly maintain information in working memory for its immediate use,
but we also need a mechanism for storing information and retrieving it at later
times. This mechanism istermed long-term memory, or long-term store. Learning
is the processing of storing information in long-term memory, and when specific
procedures are designed to facilitate learning, we refer to this as instruction or
training, an issue we will treat in depth in Chapter 18.

Long-term memory can be distinguished by whether it involves memory for
general knowledge, which we refer to as semantic memory, or specific events,
which we refer to as event memory. Psychologists distinguish between two types of
event memory, pertaining to the past, and to the future. Episodic memory is mem-
ory for an episode that has occurred in the past, like an accident or incident at the
workplace. Prospective memory represents the requirement to remember to do
something in the future, like bringing a particular book to the office or meeting
someone at a place and time.

The ability to remember key information from long-term memory is impor-
tant for many tasks in daily life. We saw at the beginning of this chapter that fail-
ure to recall even simple types of information can cause annoying problems,
such as forgetting where we parked, forgetting where we put the keys, forgetting
to call a person, and so forth. In many jobs, forgetting to perform even one part
of a job sequence can have catastrophic consequences. In this section, we will re-
view the basic mechanisms that underlie storage and retrieval of information
from long-term memory and how to design around the limitations of the long-
term memory system.

Basic Mechanisms

Most tasks require us to think about task-relevant information-interpret  dis-
plays, choose responses, and so forth. Thinking involves activation of the task-rel-
evant material in working memory. This activation may be triggered by
perception, such aswhen we see a warning signal that triggers understanding of
the appropriate action to take. Alternatively, it may be triggered directly from
long-term memory, such aswhen we recall an action that needs to be taken, or it
may recall the steps for logging onto a computer without reference to a manual.
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The availability of information to be reactivated from long-term memory is in-
fluenced by two major factors: the strength of the pattern itself and how strongly
it is associated with other items in memory.

Item Strength.  Let us consider an example of the first factor, item strength. If a
person uses his or her social security number every day, it is activated frequently.
The more often it is activated, the stronger the memory trace, and the easier it is
to activate it in the future. In addition, the more recently it has been activated, the
easier its retrieval will be because the trace has not decayed appreciably. So for the
first factor, we can say that the ability to retrieve or reactivate information de-
pends on its strength, which in turn depends on the frequency and the recency of
its activation.

On the one hand, if ajob sequence is carried out by someone every day,we can
assume that at some point the frequency and recency will cause the items to have a
strong representation, and they will be able to retrieve the sequence at will without
difficulty (this does not imply they will never make errors). On the other hand, ifa
person does the task infrequently (i.e.,an unusual emergency procedure) or isa'ca-
sual user,"remembering the information will be more difficult. This iswhy institu-
tions such as the armed services must constantly train its personnel-so  that
necessary knowledge and skillsstay accessible. It is also why task analysis should in-
elude evaluation of the frequency with which tasks are performed. Infrequently ac-
cessedknowledge needs a different type of design support than knowledge and skills
that are used relatively frequently. Some systems, such as computer software or
cameras, must be designed for both frequent and casual users.

Associations.  The second factor, association with other items, is related to how
the information is initially processed. If we process two pieces of information in
working memory at the same time, they become associated in memory. These as-
sociations can form the basis for later reactivation. For example, in learning a new
technical job, trainees may need to learn to associate names-often  abbrevia-
tions or acronyms-with  specific pieces of equipment. Seeing the equipment

may then cause the abbreviation to become active. This associative memory

process can be experienced if you try to recall what you ate for dinner yesterday.
It is likely that you imagine the place and the people you were with and gradually
reconstruct the multitude of experiences that eventually cause you to think of the
food. Associations between items have a strength of their own, just as individual
items do. As time passes, if associations are not repeated, they become weaker. At
some later point, the worker might see the equipment but be unable to remem-
ber its name.

Information in long-term memory will become more available as a function
of the richness or number of associations that can be made. Like strings tied to an
underwater object, the more strings there are, the greater likelihood that anyone
(or several) can be found and pulled to retrieve the object. Thus, thinking about
the material you learn in class in many different contexts, with different illustra-
tive examples, will improve your ability to later remember that material.

Forming meaningful associations between items and storing them in long-
term memory results in the formation of chunks, which isvaluable in reducing the
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load on working memory. Sometimes however, when rehearsing items through
simple repetition, our memories may be based solely on frequency and recency,
which is essentially "rote memory." When children memorize mathematical facts,
they must rely on rote memory because there are few associations to help with re-
trieval. This is a second reason that advertisers have moved from solely digit-
based phone numbers to items such as 1-800-GET-HELP. Such phone numbers
have fewer items and more associative meaning.

Forgetting. The decay of item strength and association strength occurs in the
form of an exponential curve, where people experience a very rapid decline in
memory within the first few days. This iswhy evaluating the effects of training im-
mediately after an instructional unit is finished does not accurately indicate the de-
gree of one's eventual memory.

Evenwhen material is rehearsed to avoid forgetting, if there are many associ-
ations that must be acquired within a short period of time, they can interfere with
each other or become confused, particularly if the associations pertain to similar
material. New trainees may well recall the equipment they have seen and the
names they have learned but they confuse which piece of equipment is called
which name, asthe newer associations interfere with the older ones.

Thus, memory retrieval often failsbecause of (1) weak strength due to low fre-
quency or recency, (2) weak or few associations with other information, and (3)
interfering associations. To increase the likelihood that information will be re-
membered at a later time, it should be processed in working memory frequently
and in conjunction with other information in a meaningful way.

Organization of Information in Long-Term Memory

It isapparent from the description of working memory that we do not put isolated
pieces of information in long-term memory the way we would put papers in afil-
ing cabinet. Instead, we store items in connection with related information. The
information in long-term memory is stored in associative networks, where each
piece of information (or image or sound) is associated with other related infor-
mation. Much of our knowledge that we use for daily activities is semantic knowl-
edge, that is, the basic meaning of things. Cognitive psychologists have performed
research showing that our knowledge seems to be organized into semantic net-
works, where sections of the network contain related pieces of information. Thus,
you probably have a section of your semantic network that relates all of your
knowledge about college professors, both general information and specific in-
stances based on previous experience. These semantic networks are then linked to
other associated information such as images, sounds, and so on.

Since long-term memory is largely based on semantic networks, retrieval of
information isbased largely on semantic associations. That is, to retrieve an item,
people must first activate something with which it has a semantic association. We
often reactivate a memory by simultaneously thinking of several semantically re-
lated concepts. This initiates parallel processing where activation spreads to asso-
ciated concepts, hopefully providing enough activation at the right place to trigger
recall of the desired information.
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Consider our initial example of parking in a parkade and then shopping for
the day. Knowing that you parked on the sixth level is a relatively isolated piece of
information. Even if the garage has color-coded levels, knowing thafyou parked
on the "red" floor is still an isolated piece of information that may be difficult to
reactivate later. To make the information easier to retrieve, it must be associated
with something meaningful and memorable. As an example, you might think
that red isthe color for anger and that you were angry at your dog for chewing up
a chair. Later when you try to remember to color of the floor you parked on, you
will think to yourself ... color of parking floor, story about dog, dog chewed
chair, angry at dog, red is color of anger. Unfortunately developing such a mem-
ory aid is a process that most people do not indulge in, so awell-designed parkade
would instead be better off designed with a machine to stamp your parking ticket
with the floor color.

Schemas.  The information we have in long-term memory tends to be organized
around central concepts or topics. The entire knowledge structure about a par-
ticular topic is often termed a schema. People have schemas about all aspects of
their world, including equipment and systems that they use. Examples of common
schemas are semantic networks associated with "college courses," "cups;' or "va-
cations." Schemas that describe a typical sequence of activities, like going on a date,
getting up in the morning, or dealing with a crisis at work, are called scripts
(Schank & Abelson, 1977).

Mental Models.  People also have schemas about equipment or systems. The fact
that systems are typically dynamic in nature makes them unique, and schemas of
them are often referred to as mental models (Gentner & Stevens, 1983; Norman,
1988; Rouse & Morris, 1986; Wilson & Rutherford, 1989). Mental models typically
include our understanding of system components, how the system works, and how
to use it. In particular, mental models generate a set of expedancies about how the
equipment or system will behave.

Mental models may vary on their degree of completeness and correctness. For
example, a correct mental model of aerodynamics posits that an aircraft stays
aloft because of the vacuum created over the wings. An incorrect model assumes
that it stays aloft by virtue of the speed through the airspace. Mental models may
also differ in terms of whether they are personal (possessed by a single individual),
or are similar across large groups of people. In the latter case the mental model de-
fines a population stereotype. Designs that are consistent with the population
stereotype are said to be compatible with the stereotype (such as turning a knob
clockwise should move a radio dial to the right). Later chapters on displays, con-
trols, and computer-supported decision making will illustrate the importance of
knowing the user's mental model.

Sometimes people have a related set of mental models that vary for different
pieces of equipment because of lack of standardization. For example, when a
computer printer runs out of paper, one model might continue printing if the user
presses "reset;’ while another might resume printing immediately after paper is
loaded. The need for a different mental model for every different brand or model
of a given type of equipment greatly increases the memory load for operators.
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Implications for Design

Designers frequently fail to realize or predict the difficulty people will experience
in using their system. One reason is that they are extremely familiar th  the sys-
tem and have a very detailed and complete mental model (Norman, 1988). They
know how the system works, when it will do various things, and how to control
the system to do what the user wishes. They fail to realize that the average user does
not have this mental model and will probably never interact with the system
enough to develop one. When people have to do even simple tasks on an infre-
quent basis, they will forget things. Manufacturers write owner's manuals as if they
will be read thoroughly, and all of the information will be remembered for the life
of the equipment. Neither isnecessarily the case. Evenif we have very clear and ex-
plicit instructions for operating our programmable VCR (which is unlikely), or
our 35 mm camera (which is also unlikely), what average owner wants to get the
instructions out every time he or she must perform a task?

What are some ways that we can design the environment and systems within
it so that people do not have problems, errors, accidents, and inconveniences due
to poor retrieval from long-term memory?

1. Encourage regular use of information to increase frequency and recency.

2. Standardize. One way that we can decrease the load on long-term mem-
ory is to standardize environments and equipment, including controls, displays,
symbols, and operating procedures. Knowing how to perform basic operations
with one microwave oven should be retrievable and applicable to all other mi-
crowave ovens. An example from the automotive industry where a control is
being standardized isthe shift pattern, and where a control has still not been stan-
dardized is the location and operation of electronic windows and lighting.
Standardization results in development of strong yet simple schemas that are ap-
plicable to a wide variety of circumstances. Computer software designers are be-
ginning to realize the benefits of standardization, with Microsoft Windows being
a good example.

3. Use memory aids. When a task will be performed infrequently, or when cor-
rect task performance iscritical, designers should provide computer-based or hard-
copy memory aids. These consist of information critical for task performance and
can be as simple as a list of procedures. In an officenear one of us, a fax machine is
endowed with a particularly poor interface. People who used it infrequently had
trouble remembering the correct sequence of procedures. Someone wrote a simple
yet effectivememory aid and posted it on the wall, part of which was:

FOR LONG-DISTANCE FAX
» Pressblue TEL/DIALbutton

* Press9
* PressPAUSE/REDIAIlbutton
» Enter l-area code-number

This sequence was difficult to remember because there was no inherent mean-
ing to the sequence, and it was therefore difficult to reconstruct. Norman (1988)
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characterizes memory aids as putting "knowledge in the world" so that the oper-
ator does not have to rely on "knowledge in the head." Chapter 15 demonstrates
that, for human-computer interaction, computer menus provide printed options
that represent knowledge in the world, whereas memorized comm<!v_dsequire
knowledge in the head.

4. Carefully design information to be remembered. Information that must be
remembered and later retrieved unaided should have characteristics such as the
following:

* Be meaningful to the individual and semantically associated with other in-
formation

» Concrete rather than abstract words when possible

 Distinctive concepts and information (to reduce interference)

» Well-orgmized sets of information (grouped or otherwise associated)

» An item should be able to be guessedbased on other information

» Adiverse set of modalities

 Littletechnical jargon

» Adequate context and background knowledge

5. Encourage active verbalization orproduction of information that is to be re-
called. For example, taking notes in class, or requiring active recitation or "read-
back" of heard instructions will increase the likelihood that the information will
not be forgotten.

6. Design information to be consistent with existing mental models and popu-
lation stereotypes. This guideline emphasizes the point made in Chapter 3 on de-
sign: Know Thy User.

7. Design to support development of mental models. One way to do this is to
apply the concept of visibility, as suggested by Norman (1988). This guideline sug-
gests that a device has visibility if one can immediately and easily determine the
state of the device and the alternatives for action. For example, switches that have
different positions when activated have visibility, whereas push/toggle switches do
not. The concept of visibility also relates to the ability of a system to show variables
intervening between an operator's action and the ultimate system response. An ex-
ample would be an oven display showing that an input has been read, the heat sys-
tem iswarming up, and the temperature has not reached the target temperature.
Mental model development can also be encouraged by the appropriate wording of
instructional manuals that describe why a particular action is required, aswell as
what the action is.

Declarative and Procedural Knowledge

In a previous section, we talked about information in long-term memory and
how it is stored in the form of semantic networks. However, as we noted at the
outset, the distinction between declarative and procedural knowledge is im-
portant. To elaborate, declarative knowledge, or knowledge about things that we
can verbalize (Anderson, 1995), is what we store in semantic networks, and it
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NG FOR LONG-TERM MEMORY:
STUDY

In the beginning of this chapter, we described a female who is a casual
photographer and uses her camera on an intermittent basis. Like many
other amateurs, she is dissatisfied with a totally automatic or “instamatic”
camera because it is very limited and only takes standard snapshots.
What other choice does she have? Manufacturers originally offered am-
ateur photographers a choice of 35 mm cameras on two ends of a con-
tinuum: completely automatic or a completely manual single lens reflex
{SLR). The SLR allowed the use of different lenses, different fiiters, flash
attachments, and a host of other options. However, it also required that
the operator perform many tasks including: select film speed, set the
aperture, set the shutter speed, focus, choose appropriate lighting com-
binations, choose the appropriate lens/filter combination, and other
tasks that are complex and difficult for many people. To address this com-
plexity, manufacturers are beginning to offer equipment that can be
thought of as manual cameras that have part of the settings automated
(and many also have one optional setting that makes everything auto-
matic). Given what we know about long-term memory, how successful are
these cameras likely to be?

In order to evaluate some features of camera design from the per-
spective of support for long-term memory, we must first evaluate certain
aspects of the basic system itself. Consider the variables involved in tak-
ing a picture, which for a manual 35 mm camera must be considered and
“set” by the operator. In all cases, the operator must consider the needs
of the current shot(s}, and make choices for all of the variables listed in
Table 6.1. For any given type of shot that the operator wants to achieve
(such as a portrait shot, off-center, in bright sunlight, with the back-
ground out of focus), there is a certain combination of choices for these
eight variables that will best produce the desired result. If we evaluate the
variables in light of what we know about long-term memory, we can im-
mediately see several problems. First, for some of the variables, the set-
tings are not meaningful. For a novice, the fact that aperture is set by “f
stop” increments makes no sense. To remember that a smaller number
means a bigger aperture is equally meaningless because we do not know
why. In setting shutter speed, the operator must recall the different
speeds that are required to capture different types of actions, such as
walking, running, cycling, driving, and so forth. In sum, the relevant know!-
edge about most of the tasks will be difficult to reactivate at a later time
because to a novice it is arbitrary and not meaningful.

Second, different types of shots require different combinations of the
eight variables. Even if an operator remembers the meaning of all eight
variables and their settings, they may not remember the particular com-
bination of settings that would be appropriate for the shot desired.
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TABLE 6.1 Tasks Required for Taking Pictures with Manual SLR Camera

1. Choose film (which means
choice of film speed)

2. Choose lens, and if zoom

3. Choose filter

4. Choose distance from subject

5. Choose aperture settings

6. Choose shutter speed

7. Focus camera lens

8. Use sunlight, flash,
or combination

Film is categorized as havinga ™~
“speed,” which means how sensitive
it is to light. Fast film is more sensi-
tive and therefore doesn’t need to
be exposed as long. Film speed is
described in numbers such as 50,
100, 200, 400 and 1,000 with larger
numbers meaning a faster film.

Lenses are described in metrics,
such as 50 mm, 70 mm, or zooms
such as 75-200 mm. There are also
specialized lenses such as a fisheye
lens.

Filters can block certain types of
light, make the picture fuzzy
around the edge, etc.

Aperture is the size of the opening
between the outside picture and the
film. Aperture settings are described
in “f stops” with numbers such as
f/2,1/2.8, f/4, £/5.6, {/8, and f/11.
Smaller numbers represent a larger
aperture opening. The larger the
aperture, the less time the shutter
needs to be open to expose the
film. Also, the larger the aperture,
the less will be in focus other than
the subject.

Shutter speed is the amount of time
the shutter is open exposing the
film to the light waves (picture)
coming into the camera. Shutter
speed is measured in fractions of a
second, such as 1/125 sec or 1/250
sec. It must be combined correctly
with aperture setting.
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Third, many of the variables interact with each other in ways that are
difficult to remember. For example, depth of field {how much is in focus)
is determined by a combination of distance from the subject, type of lens,
and aperture setting. A minimum depth of field (much of the picture out
of focus) would be obtained by taking a picture close up, using a telephoto
lens and a wide aperture. In summary, the mental model required to com-
bine and remember all eight variables correctly for a specific desired shot
is beyond the capabilities of the average human, at least without exten-
sive training and practice.

It is for these reasons that manufacturers are trying to automate
some of the functions associated with setting variables such as aperture.
For example, if people want to take a portrait shot, they can simply set a
dial to “portrait setting.” This tells the camera the basic goal of the op-
erator (shoot a portrait), and the camera then automatically focuses on
the center object, measures the amount of light at that point, and sets
the aperture and shutter speed so that the object where the camera is
focused will be crisp and objects significantly in front or in back will be out
of focus. Thus, this partial automation should be successful in helping op-
erators reach their goal. It is only partial automation because the user still
specifies the type of shot they think is best for their particular goals.

Other ways to help long-term memory limitations of users revolve
around standardization and the appropriate use of icons and letter
codes. As an example, consider the symbols shown in Figure 6.8 to rep-
resent settings on a dial to select different modes of operation for two
different cameras. In general, the symbols and icons used for camera
A will be easier for the casual user to remember because they map more
directly onto the underlying meaning (P for program mode, which is a
“standardized” photography term to represent fully automatic). After
reading the owner's manual once, the settings for camera A are more
likely to be interpreted correctly.

CAMERA A

MASP]Q)?AR;'K

CAMERA B

M Av Tv P PO LA Ccu SP

FIGURE 6.8

Symbols for eight settings on SLR camera dial. For both cameras, the settings
represent: manual mode, aperture priority (you set the aperture and the
camera autoselects the shutter speed), shutter priority (you set the shutter
speed and the camera autoselects the aperture), program mode (completely
automatic), portrait shot, landscape shot, close-up shot, and sport shot.
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In summary. cameras can be redesigned to support long-term iTiem-
ory in several ways. First, they can be partially automated to reduce the
load on both long-term and working memory. Second, symbols used for
controls and displays can be meaningfully associated with the underlying
variables, such as aperture setting or "portrait." Unfortunately, there are
likely to be remaining problems, largely because some suboptimal stan-
dards have already been set by the industry (such as using "f stops" for
aperture settings and the negative relationship between f stop numbers
and aperture size).

is the retrieval of declarative knowledge that has been the focus of our discus-
sions thus far. Declarative knowledge includes what we know about concepts,
facts, principles, rules, procedures, steps for doing various tasks, schemas, men-
tal models, and so on.

However, there isasecond type of knowledge or information that can be learned
and retrieved. This type of knowledge, procedural knowledge, is implicit and skill-
based (Anderson, 1995). It is knowledge that results in our ability to do tasks, but it
is difficult to verbalize directly. One example isour ability to speak alanguage. We can
do it but cannot articulate how we do it or the rules we use to combine words into
sentences. Another example would be a math instructor who can work a problem on
the board but cannot verbalize how or why he or she did it in that particular way.

There is a growing body of research indicating that we learn in both declara-
tive and procedural modes simultaneously (e.g., Sanderson, 1989). However, de-
clarative knowledge is gained quickly and used when we are relatively novice at a
task, while procedural knowledge is acquired much more slowly and is character-
istic of experts (see Gordon, 1992). Many perceptual and psychomotor tasks, such
as riding a bike or flying a plane, are particularly likely to give rise to procedural
knowledge. Although we acquire declarative knowledge more quickly, it also de-
cays more quickly. Procedural knowledge takes time to acquire but appears to have
a slower decay function (possibly because of the repetition factor).

There are implications of this distinction for a number of human factors de-
sign decisions, many of which will be addressed in later chapters. However, as an
example, if we are developing displays for nuclear power plant operators, novices
may need qualitatively different types of information than experts, who are more
likely to operate at a highly skilled (procedural) level of knowledge (Rasmussen,
1986). This points out the frequent problem of designing displays for a combina-
tion of operators ranging from novice to expert. The two will not have equivalent
information  needs (see Chapter 7 for a more detailed discussion).

There are also implications for training program design that will be discussed
more fully in Chapter 18. Designers must spend some effort in the task-analysis
stage to determine whether subtasks will be performed using declarative knowl-
edge. When they are, it is appropriate to provide information in that same form
during training. If tasks will be performed using procedural knowledge, training is
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more appropriately conducted using actual task performance. Asa simple exam-
ple, aman recounted his training for what to do if an earthquake hits in the mid-
dle of the night. He learned that one should keep shoes by the bed ang_put them
on to leave the room if an earthquake occurs (because of the hazards of broken
glass). He experienced an earthquake one night, and while his shoes were by the
bed, he walked out barefoot. He knew the information in declarative form but had
never practiced it. He had failed to develop the direct associations between waking
up during an earthquake and putting on shoes by the bed. This situation isrelatively
common, where trainees may exhibit declarative knowledge on a paper-and-pen-

cil test, but that does not mean they will exhibit the necessary behavior based on
procedural learning because it must be gained through practice (Gordon, 1994).

Event Memory: Episodic and Prospective

Episodic Memory. In contrast to both procedural and declarative knowledge,
often embodied in schemas, scripts, or skillsand acquired from multiple experi-
ences, the personal knowledge or memory of a specific event or episode is, almost
by definition, acquired from a single experience. This may be the first encounter
with an employer or co-worker, a particular incident or accident at the home or
workplace, or the eyewitness view of a crime or accident. Such memories are very
much based on visual imagery, but the memories themselves are not always faith-
ful "video replays" of the events, having a number of biases (Loftus et al., 1979).

The biases observed in episodic memory are not unlike the top-down biases
of perception. Just as perception is affected by expectancies of how the perceptual
world is usually constructed, so episodic memories may be biased by plausible sce-
narios (or scripts) of how the episode in question might have been expected to un-
fold. Thus, for example, the eyewitness to a plane crash might report seeing a ball
of flame or smoke shoot from the aircraft or hearing an explosion even if there was
none because these are plausible associations to make with a plane crash.

Such biases toward the "typical” may become more pronounced astime passes
(Bartlett, 1932) and may also be influenced by suggestion during the period of
time after the episode in question. In criminal proceedings, lawyers or investiga-
tors may make suggestions that can influence the way a witness believes he or she
actually experienced the crime scene (Buckhout, 1974). Unfortunately people do
not tend to be aware of these biases. Indeed the confidence with which they assert
the accuracy of their episodic recall appears to be only poorly related to the actual
accuracy of that recall (Wells, Lindsay, & Ferguson, 1979). So caution must be
taken by accident and incident investigators about automatically placing firm
trust in the testimony of witnesses, even if the witnesses assert their recollections
with certainty. For those who witness a serious episode about which they might
be later queried, it is good advice to attempt to write down everything about it as
soon as the episode has occurred and at that time to think clearly about and indi-
cate their degree of certainty or uncertainty about the events at the time.

Prospective Memory. Whereas failures of episodic memory refers to inaccurate
recollection of things that happened in the past, failures of prospective memory
represent the forgetting to do something in the future. (Harris & Wilkins, 1982).
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In 1991, an air traffic controller positioned a commuter aircraft at the end of a
runway and later forgot to move the aircraft to a different location. The unfor-
tunate aircraft was still positioned there as a large transport aircraft was cleared
to land on the same runway. Several lives were lost in the resultirrg collision
(NTSB, 1992).

Failures of prospective memory may sometimes be referred to as "absent-
mindedness.” Several system and task design procedures are incorporated in sys-
tems to support prospective memory. Strategies can be adopted to implement
reminders. These may be things like tying a string around one's finger, setting a
clock to go off at a future time, taping the note for an errand to the steering wheel
of your car, or putting the package you need to remember to mail in front of the
door so that you will be sure to notice it (if not trip on it!) on the way out. In sys-
tems with multiple operators, sharing the knowledge of what one or the other is
to do will decrease the likelihood that both will forget that it is to be done. Also,
loss of prospective memory will be reduced by verbally stating or physically tak-
ing some action (e.g.,writing down or typing in) regarding the required future ac-
tivity the moment it is scheduled. Checklists are aids for prospective memory.

ATTENTION AND MENTAL RESOURCES

Most of the processing operations shown in Figure 6.1 require a certain amount
of cognitive capacity or "resources.” If we devote our resources to one activity, oth-
ers are likely to suffer. Many jobs require large amounts of information process-
ing in relatively short amounts of time. It is a key role for the human factors
analyst to determine when cognitive capabilities will be overloaded and how to de-
sign tasks to minimize such overload. We begin with a reconsideration of the
concept of attention.

Attention and Time-Sharing

Recall that attention can act much like a spotlight in focusing on only part of all
the information held in sensory memory. This selective attention allows us to
process important information, and focused attention allows us to filter out un-
wanted information. However, although it is useful to be able to focus on only the
information relevant to the task at hand, there are many occasions where we want
to divide our attention and do several things at once.

For example, if we are driving a car, we want to be able to watch the road, steer
the car, givethe correct amount of gas,and talk to a passenger. This process of doing
all of the various tasks at once is termed time-sharing. Time-sharing is the ability
to perform more than one cognitive task by attending to both at once or by rapidly
switching attention back and forth between them. Some researchers have found
that this shifting of attention is an ability that deteriorates for older drivers, espe-
cially those with certain types of neurological disorders (Brouwer et al., 1991;
Parasuraman & Nestor, 1991; Ponds, Brouwer, & van Wolffelaar, 1988).

Because our cognitive resources for attention are relatively limited, time-shar-
ing between two tasks frequently results in a drop in performance for one or both
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tasks, relative to their single task baselines, a drop which we can refer to as a time-
sharing decrement. However, when time sharing two tasks, people are also able to
modulate the resources given to one or the other, sometimes emphasizing one task
at the expense of the other, and sometimes emphasizing the other at the expense of
the first (Norman & Bobrow, 1975).1n addressing the issues related to how well peo-
ple can divide their attention between tasks, the issue of time-sharing efficiency,
there are several underlying questions important to human factors, including:

» How can we designtasks,environments, or systemsto minimize the time-shar-
ing decrement and therefore maximize our time-sharing efficiency?

» How can we measure/predict the amount of attention or processing required
by a particular task?

» How can we measure/predict a person's ability to perform multiple tasks?

There are at least four major factors that playa role in determining the extent
to which two or more tasks can be time-shared: the degree to which one or more
of the tasks are trained to automaticity, the skill in resource allocation, the degree
of shared resources, and the degree to which task elements can become confused.

Automaticity: Controlled versus Automatic Processing

There are documented phenomena where two tasks that would be considered
relatively difficult to most of us can be time-shared perfectly. An example is a study
by Allport, Antonis, and Reynolds (1972) that showed that skilled pianists could
sight-read music and engage in averbal shadowing task (mimic averbal message)
with no disruption to either task. Shaffer (1975) similarly showed an ability of
skilled typists to simultaneously shadow a verbal message with no decrement to
either task. One explanation for this apparent paradox is that, because of the
highly skilled operators involved, one of the tasks is automated to such an extent
that it does not interfere with the other.

Walter Schneider and Richard Shiffrin proposed a model of attention and
cognitive processing in which people use either controlled or automatic process-
ing (Schneider & Shiffrin, 1977; Shiffrin & Schneider, 1977). Controlled processing
refers to "effortful cognitive processes that seem to require attention to initiate and
sustain them™ (Best, 1995). Controlled processing is used when we must process
relatively unfamiliar or complex information. With extensive practice, the consis-
tent associations between input and response, between input and long-term mem-
ory activation, or between response components become so automatic that they
no longer require attention to be executed.

Automatic processing refers to processes that can be initiated and run without
any cognitive demand on attentional resources. Processesdo not become automatic
without being performed hundreds or even thousands of times. In order for a task
to become automatic, it must exhibit consistent mapping between its elements.
In driving an automobile, stopping at a red stoplight becomes automatic after
we emit the same response to a red light hundreds of times. In recognizing our
own name spoken when our attention is directed elsewhere, we have consistently
oriented to the spoken phonemes of our name thousands of times; and in
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automatically going through either the keypresses to log into a computer or the mo-
tions to sign our name, we have consistently linked the separate motor elements.
At some level of practice, we no longer have to allocate much or any attention to
these processes. When tasks are combined, there will be less cross-intefference in
time-sharing to the extent that one or both tasks are automated (Hunt & Lansman,
1981; Schneider & Fisk, 1982; Schneider & Shiffrin, 1977). In summary, a key fea-
ture in accounting for the efficiency of time-sharing is the level of automaticity of
at least one task, a quantity inversely related to the degree of resource demand.

Time-Sharing Skill

Practice at a single task will help to produce automaticity, particularly if the task con-
tains consistencies. Such automaticity will make time-sharing more efficient when
another task must be performed concurrently. However, practice with two tasks con-
currently can also help to develop a time-sharing skill that is unrelated to auto-
maticity (Gopher, Weil, & Baraket, 1994; Gopher, 1993; Damos & Wickens, 1980).
It appears that a major component of this skill is learning the strategy of how to al-
locate resources differentially to the two tasks in the most optimal fashion, and how
to schedule sequential activities so that different tasks are performed at the best time.
For example, the pilot may learn when to sample the instruments and when to
scan the outside in away that contributes best to both the task of stabilizing the air-
craft (which depends on instrument scanning) and monitoring for traffic (which
depends on outside scanning). If you are trying to complete ahomework assign-
ment for one class while listening to the lecture for another, you may learn to effi-
ciently choose the moments when it is important to pay attention to what the
professor is saying, and then turn your attention to concentrating on the homework
assignment for the rest of the time. We also can learn that certain tasks are more au-
tomated than others, and hence, we learn not to "waste" too many resources on an
automated task (which does not need them) when those resources can be more
productively allocated to a demanding task requiring controlled processing.

Multiple Resources

Differences in time-sharing efficiency may occur, not because of differences in the
resource demands of one or the other of the tasks, but because the two tasks use
different physical or cognitive structures. On the one hand, clearly one cannot read
a book and watch television at the same time. Both require access to foveal vision
and are separated by a much larger visual angle than that of the fovea. On the other
hand, one can more easily listen to a spoken version of the book text while watch-
ing TV. Psychologists have suggested that this is because visual and auditory pro-
cessing require separate resources. In fact, there appear to be several (multiple)
kinds of resources in the human information-processing system that allow time
sharing to be more successful (Navon & Gopher, 1979).
Research has identified at least three different dichotomies in the information-

processing system that account for differences in time-sharing efficiency and
thereby seem to suggest that one level of each dichotomy uses different resources
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from the other (Wickens, 1984; 1992). When tasks are combined, theiF-.t.ime-shar-
ing will be improved to the extent that they use different resources. Figure 6.9
shows (a) the three dichotomous dimensions and (b) examples of tasks or task
components that illustrate each kind of resource.

1. Stages: Earlyversus Late Processing.  Research evidence indicates that the
processing resources used for perceptual processing and central processing or
cognitive activity are largely separate from resources used for response selection
and execution (e.g., Isreal, Wickens, Chesney, & Donchin, 1980). This implies that
adding the task of "responding” will not significantly interfere with perception of
input or processing in working memory. We can easily scan the roadside (early
processing) while we steer (late processing), but our steering performance will be
more disrupted if we are concurrently fiddling with another manual control task
(late processing, e.g., pushing buttons).

2. InputModalities: Visual versus Auditory. We are generally better at dividing our
attention between one visual and one auditory input (cross-modal time-sharing)
than between two visual or two auditory channels (intramodal time-sharing).

1. Processing Modalities
(Auditory versus visual)

2. Processing Codes
(Spatial versus verbal)
(Spatially guided responses versus vocal responses)

3. Processing Stages
(Perceptual/cognitive  processes versus response)

@

Perceptual / Cognitive | | |

Perceiving Central Processing Response
¢ Print * Logical problem solving * Voice
* Speech * Rehearsal: digits/words

Mental arithmetic

Analog quantities » Mental rotation * Manually
Flow field guided response
Spatial patterns ¢ Imagining
(b)
oo
FIGURE 6.9

(a) The three dimensions of multiple resources. (b) Example of tasks defined by codes and
stages.
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For example, Parkes and Coleman (1990) found that subjects were better able to
drive asimulated vehicle when route guidance was presented auditorily than when
it was presented visually. As another example, Violanti and Marshall (1996)Tound
that use of a cellular phone while driving results in five times as many accidents
as the rate for driving without use of a cellular phone, a rate that is roughly equal
to that reported for drunk driving.

There is some question as to whether the advantages of cross-modal time-
sharing really come from structural differences in resources or from other factors
such as demands due to visual scanning (e.g., Wickens & Liu, 1988). However, as
a general design guideline, we can say that dual-task interference is generally re-
duced by spreading input across visual and auditory modalities. There is also re-
cent interest in whether other sensory modalities (such astouch or pressure) can
further increase our time-sharing abilities for input processing.

3. Processing Codes: Spatial versus Verbal in Early Processing and Manual versus
Vocal in Responding. We have already reviewed the distinction between spatial and
verbal processing in perception and working memory. Research evidence suggests
that spatial and verbal processing, or codes, whether occurring in perception, cen-
tral processing, or responding, depend on distinct resources (Polson & Friedman,
1988). Note that this distinction can explain the results described earlier obtained
by Allport et al. (1972); that is, an expert pianist can also perform a verbal shad-
owing task because the piano playing is performed in the visual/manual code,
while the verbal shadowing task is performed in the verbal/vocal mode. It also ex-
plains why it is easier to "voice dial" a cellular phone while driving than it isto input
the phone number by key presses. We discuss voice control in Chapter 9.

In summary, to the extent that any two tasks draw on separate rather than
common resources, time-sharing will generally be more efficient, and increasing
the difficulty of one task will be less likely to impact performance of the concur-
rent task. As an example, consider the design of instructions (see Chapter 18).
Capitalizing on the importance of redundancy, we might choose to present in-
structions on apair of channels, selected from voice, print, or pictures. The prin-
ciple of multiple resource separation would suggest using voice and pictures, since
these can be processed in parallel, using different modalities and codes. Indeed re-
search suggests that this is the most effective combination (Nugent, 1987).

Confusion

Even when the same resources are used for two tasks, the amount of interference
between them will be increased or decreased by differences in the similarity of the
information that is processed. We saw,both in our discussion of sensation and of
working memory, that similarity induces confusion. Youwill have a harder time
rehearsing a phone number if someone istrying to tell you the score of a basket-
ball game at the same time (similar, numerical information) than if someone is
telling you what is for dinner (different, verbal information). When two tasks get
confused, this sometimes produces crosstalk in which outputs intended for one
task inadvertently get delivered to the other (Fracker & Wickens, 1989; Navon &



References 177

Miller, 1987). Thus in the previous example, you might dial the basketball score
(or at least a few digits of it) rather than the intended phone number.

—

General Implications for Design

Considering the previous information on divided attention, controlled versus au-
tomatic processing, and multiple resources for time-sharing, we can identify sev-
eral design guidelines for maximizing performance for concurrent tasks:

1. Input modes, response devices, and tasks should be combined such that
they are as dissimilar as possible in terms of processing stages, input
modalities, and processing codes.

2. The greater the automation of any particular task, the better the time-
sharing capability.

3. Information should be provided so that the person knows the importance
of each task and therefore how to allocate resources between the tasks.

The ability to share resources and perform concurrent tasks is critical for many
jobs. This ability is strongly related to the workload imposed by various tasks: if
we are performing a primary task that imposes a heavy mental workload, we are
unlikely to add a secondary task successfully. In Chapter 13, we discuss the con-
cept of mental workload within the overall framework of stress.
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Decision
Making

A n anesthesiology team in a large hospital con-
sisted offour physicians, three of whom were residents in training. The group was asked
to assist with four procedures in one building (an in vitro fertilization, a perforated vis-
cus, reconstruction of a leg artery, and an appendectomy) and an exploratory laparo-
tomy in another building. All procedures were urgent and could not be delayed for
regular operating-room scheduling. There were several delays in preoperative prepa-
ration, and several surgeons and nurses were pressuring the team toget the procedures
finished. The situation was complicated by the fact that the staff was only able to run
two operating rooms simultaneously, and the best use of resources was to overlap pro-
cedures so that one case was started as another was finishing. The anesthesiologist in
charge had to decide how to allocate the four members of the anesthesiology team to
thefive needed procedures. Also, there was always the possibility that a large emergency
case would come into the hospital's trauma center, in which case the anesthesiologist
in charge was expected to be immediately available. The decision was a relatively sim-
ple one: Should she allocate only the other three anesthesiologists to the five procedures,
or should she help out also, leaving no one available should a major emergency come
in unexpectedly? (Adapted from Cook & Woods, 1994.)

While this scenario happens to occur in the domain of medical decision mak-
ing, everyone spends a great deal of their "average" daily cognitive processing on
decision-making activity-considering  multiple pieces of information, deter-
mining what the information represents or really "means;" and selecting the best
course of action. The information we process may be simple or complex, clear or
distorted, and complete or filled with gaps. Because of this variability in infor-
mation complexity and completeness, we often just interpret it to the best of our
ability and make "educated guesses” about what to do.
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In many cases, the increasing complexity of the systems with which we inter-
act is causing decision making and problem solving to become more difficult and
prone to error. This makes decision making a central concern to the hum_~ fac-
tors specialist. It is important to understand how people make decisions, the lim-
itations they typically experience in decision making, how time pressures and
attentionallimitations  affect the process, and how we can design systems to sup-
port and enhance decision making.

In Chapter 6, we discussed basic cognitive mechanisms such as perception,
working memory, attention, and retrieval of information from long-term mem-
ory. Each of these functions plays a critical role in cognition, and each has certain
limitations that impact the overall information-processing system. In this chapter,
we will expand on those concepts because human decision making and problem
solving are high-level cognitive processes that make use of the simpler processes.

In this chapter, we first consider the question "What is decision making?" We
will see that even this simple question has no one answer. What used to be con-
sidered decision making is now viewed as overly simplistic and narrow.
Researchers are looking at decision making as part of the larger task of problem
solving in often complex, dynamic environments. Thus, we see the line between
decision making and problem solving growing blurred. For example, medical treat-
ment, process control, fault diagnosis, resource management, air traffic control,
and many other jobs involve elements of both decision making and problem solv-
ing. Because more researchers appear to be using the term decision making for
these cognitive tasks, we will use that term here. Toward the end of the chapter, we
will briefly discuss a few topics that seem to relate more specifically to true prob-
lem solving than to decision making.

Our goals of the chapter are to review the basic processes used in decision
making, present the types of difficulties and biases people exhibit in the various
stages of decision making, and describe how decision support systems might be
used to counteract those difficulties. Later, in Chapter 14, we will reconsider
some of the decision-making topics specifically as they relate to risk taking and
human error.

DEFINITION OF DECISION MAKING

What does it mean to say something is a decision-making task? Most re-
searchers assume it is a task where (a) a person must select one choice from a
number of choices, (b) there is some amount of information available with re-
spect to the choices, (c) the time frame is relatively long (longer than a second),
and (d) the choice is associated with uncertainty; that is, it is not clear which
is the best choice. By definition, decision making involves risk, and a good de-
cision maker will effectively assess risks associated with each choice (Medin &
Ross, 1992). Examples of decision making that are frequently studied in human
factors include medical diagnosis and the associated choice of treatment, pilot
flight judgments, jury decision making, human and/or equipment resource al-
location, process control, fault diagnosis in a mechanical or electrical system,
consumer behavior, and risk-taking or other safety-related behavior such asthe
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decision to wear protective gear. While these examples are all different with re-
spect to the domain of task performance, they appear to be similar in the types
of basic cognitive activities used to perform them (Cook & Woo0d~1994;
Wickens, 1992).

Now consider a different example of decision making. A driver is speeding
down the road at night and sees something in the crosswalk. He decides it is a
dog and slams on the brakes. Was this actually a decision or merely a perceptual
process depending on simultaneous bottom-up and top-down processing? We
will see that there seems to be a distinction between quick and automatic "per-
ception-action" decisions and more controlled, effortful, and analytical "decision
making." Some researchers call both of these processes decision making but use
different descriptive terms. Decisions that are quick and relatively automatic are
often termed intuitive decision making, whereas decisions that are more slow, de-
liberate, and controlled are referred to as analytical decision making (e.g.,
Taggart, 1986; Hammond 1993). This distinction is useful in understanding de-
cision making under different types of circumstances, and we will return to it
later in the chapter.

CLASSICAL DECISION THEORY

Most of the original research on decision making focused on the study of optimal,
rational decision making (Fischhoff, 1988). The assumption was that if researchers
could specify the values (costs or benefits) associated with different choices, math-
ematical models could be applied to those values, yielding the optimal choice.
Early decision theory was thus a set of formal models that prescribed what peo-
ple should do when faced with a set of decision choices, and it was also a yardstick
by which to judge people's deviations from the optimal decision (Coombs, Dawes,
& Tversky, 1970; Edwards, 1954, 1961; Pitz & Sachs, 1984; Slovic, Fischhoff, &
Lichtenstein, 1977). Rational models of decision making are also sometimes called
normative models, because they specify what people ideally should do; they do not
necessarily describe how people actually perform decision-making tasks.
Normative models were extremely popular and set the background for decision re-
search for many years. They are important to understand because they form the
basis for many computer-based decision aids (Edwards, 1987). Later researchers
became interested in describing actual human decision-making behavior and de-
veloped a number of descriptive models.

Normative Decision Models

Normative decision models revolved around the central concept of utility, the
overall value of a choice, or how much each outcome or product is"worth" to the
decision maker. One example of an early normative model is expected value the-
ory. This theory applies to any decision that involves a "gamble" type of decision,
where each choice has one or more outcomes with an associated worth and prob-
ability. For example, a person might be offered a choice between:

1. Winning $50 with a probability of .20, or
2. Winning $20 with a probability of .60.
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Expected value theory assumes that the overall value of a choice is the sum of the
worth of each outcome multiplied by its probability:

E(v) = 3, pliv(d)

where E(V) isthe expected value of the choice, p(i) isthe probability of the i'houtcome,
and V(i) is the value of the i'houtcome. The expected value of the first choice for the
example given above is $50 X .20 or $10, meaning that if the choice were selected
many times, one would expect an average gain of$10. The expected value of the sec-
ond choice is $20 X .60 or $12, which is a higher overall value. In a variety of deci-
sion tasks, researchers compared results of the normative model to actual human
decision making and found that people often vary from the "optimal” choice.

Expected value theory was relatively limited in scope and had other problems
as well. For example, it quickly becomes clear that many choices in life have differ-
ent values to different people. For example, one person might value fuel efficiency
in an automobile, while another does not. This facet of human decision making led
to the development of subjective expected utility theory (SEU). Subjective expected
utility theory still relies on the concepts of expected probability times worth or
"value" for each possible outcome. However, the worth component is subjective, de-
termined individually for each person; that is, instead of an objective (e.g., mone-
tary) worth, an outcome has some value or "utility" to each individual. Thus, each
choice aperson can make is associated with one or more outcomes, and each out-
come has an associated probability and some subjective utility.

As an example, consider our first scenario at the beginning of the chapter. The
anesthesiologist must allocate either three or all four team members (which would
include herself) to five procedures. For the sake of simplicity, we will describe the
decision as a choice between allocating the three residents to the five procedures
and herself remaining free for a trauma or allocating all four team members and
assuming a trauma case would not come in. Each possible action has two (or
more) possible outcomes: (1) She begins one of the procedures and no emergency
enters the trauma center, (2) she begins a procedure and an emergency comes in,
(3) she does not begin the procedure and no emergency comes in, and (4) she does
not begin the procedure and an emergency comes in (see Table 7.1). The physician
must estimate the likelihood of each outcome, which of course depends on the
likelihood of atrauma case coming in at that particular hour of the day. She must
also place avalue, or subjective utility, on each of the four alternatives listed above
by considering the values of assisting with the current surgery versus the value of
helping with atrauma case. The model assumes that to determine the optimal ac-
tion, we would first multiply the estimated probability times the subjective ex-
pected utility for each of the four possible outcomes. Then the numbers would be
summed for the outcomes associated with beginning the procedure (1 and 2)
and also for waiting (3 and 4). Whichever choice had the highest numerical value
would be the best choice for the physician. Table 7.1 illustrates this process with
hypothetical numerical values. Note that with these values, the model suggests
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TABLE 7.1 Hypothetical Values in a Subjective Expected Utility Model for Two Possible Outcomes

Alternative
Alternative! Utility _ Expected
Outcomes Probability (-10 to + 10) PXu Utility

Use three anesthesiologists
No emergency: Use only
three for the existing surgeries .80 -4 -3.2

Emergency: Have one person

available to assist trauma .20 +10 2.0
-1.2

Use four anesthesiologists
No emergency: Have all four
people available for surgeries .80 +6 4.8

Emergency: Have no one

available to assist trauma .20 -10 -2.0 __
2.8

that the best choice isto use all four anesthesiologists, which, according to Cook
and Woods (1994), isthe common practice.

The subjective expected utility model assumes that the person will (or at least
should) select the action with the highest overall subjective expected utility value.
By knowing the probability and utility of the consequences associated with deci-
sion choices, researchers could use the model to predict "rational” or internally
consistent choices. Thus the models can be used for a number of goals: studying
conditions under which humans make rational decisions, developing training for
more rational decision making, and developing aids (such as decision tables) to
help people make more rational decisions (Edwards, 1987).

Descriptive Decision Models

Numerous researchers have evaluated the extent to which humans follow norma-
tive decision models of consequential choice, especially subjective expected util-
ity theory. The conclusion, based on several years of experimentation, was that
human decision making frequently violates key assumptions of the normative
models. For example, Tversky and Kahneman (1981) found changes in decision
making depending on how the decision problem was presented. People make dif-
ferent decisions based on slight factors, such as whether the problem isworded in
terms of lives lost or lives saved (even when the problems are formally identical).
Such changes in decisions that are caused by differences in presentation form are
known asframing effects. Asan example, McNeil, Pauker, Cox, and Tversky (1982)
found that both physicians and patients varied their decisions based on whether
the problem was "framed" in terms of the probability of living versus the proba-
bility of dying. Other research found that engineers and managers made project
decisions differently depending on whether information was framed in terms of
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previous team successes or team failures (Duchon, Dunegan, & Barton, 1989).
Finally, there also appear to be circumstances where people make decisions with-
out explicitly evaluating the alternative outcomes at all (Lipshitz, 1993).

Because actual decision making commonly showed violations of normative
model assumptions, researchers began to search for more descriptive models,
models that would capture how humans actually make decisions. These re-
searchers believed that rational consideration of all factors associated with all
possible choices, aswell astheir outcomes, is frequently just too difficult. They sug-
gested models of decision making where people rely on simpler and less-complete
means of selecting among choices. Because they represent simplified shortcuts, de-
scriptive models are sometimes referred to as "heuristics:' One well-known ex-
ample of an early descriptive model is Simon's satisficing.

Simon (1957) argued that people do not usually follow a goal of making the
absolutely best or optimal decision. Instead, they opt for a choice that is "good
enough” for their purposes, something satisfactory. This shortcut method of de-
cision making is termed satisficing. In satisficing, the decision maker generates and
considers choices until one is found that is acceptable. Going beyond this choice
to identify something that is better simply has too little advantage to make it
worth the effort. Consider a typical example. George Smith has decided to have a
house built. After finding a design and blueprint, he must find a general contrac-
tor. George could identify every possible contractor in town and find out dozens
of characteristics relevant to each. He could then evaluate all of the characteristics
and finally choose the best candidate. However, he ismore likelyto look into a few
and choose the first one that seems satisfactory.

In satisficing, sampling procedures are critical because not all possible
choices are likely to be considered. Notice that the use of this type of decision
making for hiring employees is explicitly forbidden in many companies because
it is considered to be unfair to the applicants. Satisficing is a very reasonable ap-
proach given that people have limited cognitive capacities and limited time.
Often the decision simply does not merit the time and difficulties of using a
more thorough analysis.

In summary, if the amount of information is relatively small and time is un-
constrained, careful analysis of the choices and their "utilities" is desirable and
possible. To the extent that the amount of information exceeds cognitive-pro-
cessing limitations, that time is limited, or both, people will shift to simplifying
heuristics. Research has demonstrated that people are, in fact, able to adapt to
different decision circumstances by moving from analytical modes to appropri-
ate heuristics such as satisficing (Hammond, 1993; Payne, 1982; Payne, Bettman,
& Johnson, 1988).

Other factors such as time stress and attentional resource limitations also
necessitate the use of decision making simplifications (Janis, 1982). This is com-
monly found in complex and dynamic operational control environments, such
as hospitals, power or manufacturing plant control rooms, air traffic control
towers, and aircraft cockpits. In the next section, we will consider a number of
simplifying heuristics that occur at specific points in the decision-making
process.



Heuristics and Biases 189

HEURISTICS AND BIASES

Cognitive heuristics represent easy ways of thinking about things that are usually
very powerful and efficient but that do not always guarantee the best solution.
Unfortunately, because they represent simplifications, heuristics sometimes lead
to biases or misperceptions. For that reason, and because they represent deviations
from a rational or normative model, they are also sometimes referred to as biases.

In this section, we consider some of the major heuristics that have been iden-
tified in judgment and decision-making processes. Most of the heuristics are sim-
plifying methods that occur for a particular type of decision or at a particular
point in the decision process. To provide some structure for understanding these
heuristics, we will first describe decision making in terms of a basic information-
processing model.

An Information-Processing Framework

One way to think about decision making is within the framework of a relatively
simple information-processing model, such as that shown in Figure 7.1 (from
Wickens, 1992). This model features the cognitive components critical to con-

Uncertainty
Cues
C1---= .
Selective Diagnosis Choice
attention H
Co-——» [ 1 ————  Aq Outcome
Ha2 Action
03 —_—— - ————— T A 2
Working
memory
C4———-» {
——
Long-term , A! Risk
H H H memory AA AA Outcomes
H H H A Values
H A
Hypotheses (H) Actions (A)
Feedback
FIGURE 7.1

Information-processing  model of decision making. Cues are selectively sampled (on the
left); hypotheses are generated through retrieval from long-term memory; possible actions
are retrieved from long-term memory, and an action is selected on the basis of risks and the
values of their outcomes. (Source: Wickens, CD., 1992. Engineering Psychology and Human
Performance [2nd ed.]. New York: HarperCollins Publishers. Reprinted by permission of
Addison-Wesley Educational Publishers, Inc.)
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sciouy effortful, decision making: selective attention, activities performed within
worling memory, and information retrieval from long-term memory. According
to thISmodel, the following activities occur in working memory:

I. Cue Reception and Integration. A number of cues, or pieces of information,
are received from the environment and go into working memory. For example,

aphysii  ges-a :ltient who exhibits multiple symptoms jncludjng cough

wheezing, fatigue, and feelings of chest tightness, or a fighter pilot sees data
about an unknown aircraft on his or her radar scope. The cues must be inter-
preted and somehow integrated with respect to one another. The cues may also
be incomplete, fuzzy, or erroneous; that is, they may be associated with some
amount of uncertainty.

2. Hypothesis Generation. The cues instigate generation of one or more hy-
potheses, guesses as to what the cues mean. This is accomplished by retrieving in-
formation from long-term memory. For example, a physician hypothesizes that
the set of symptoms described above is caused by asthma. Many of the decision
tasks studied in human factors require such inferential diagnosis, which is the
process of inferring the underlying or "true" state of a system. Examples of infer-
ential diagnosis include medical diagnosis, fault diagnosis of a mechanical or elec-
trical system, inference of weather conditions based on measurement values or
displays, and so on.

3. Hypothesis Evaluation and Selection. The hypotheses brought into working
memory are evaluated with respect to how likely they are to be correct. This is ac-
complished by gathering additional cues from the environment to either confirm or
disconfirm each hypothesis. In addition, hypotheses may need to be revised, or a new
one may need to be generated. When a hypothesis is found to be adequately sup-
ported by the information, that hypothesis is chosen as the basis for a course of ac-
tion. This process can be seen in the following scenario. A resident surgeon is
assigned to see a female patient brought into the emergency room. She complains
of nausea and severeabdominal pain, which had lasted severalhours. Becausethese
symptoms could represent a large number of problems, the surgeon orders a stan-
dard battery of blood and urine tests. The woman's blood pressure iswithin normal
limits, and her blood tests come back showing an elevated white blood count. The
physician suspects that the woman is suffering from appendicitis. Consistent with
this hypothesis, she seems particularly reactiveto pressure on the right lower side of
her abdomen. He has several possible courses of action: he could wait, operate, or
do additional tests. He tellsthe patient he thinks it isbest to operate; if they wait, the
appendix could burst and that would create an extremely serious condition. In the
operating room, the surgeon finds her appendix to be normal, but he also finds that
she has gastric cancer.

In this example, the emergency room surgeon decided that the most likely di-
agnosis was acute appendicitis. He obtained additional confirming evidence (re-
active pain in lower-right abdomen) for his diagnosis, and at that point felt certain
enough to move on to selecting a course of action.

4. Generating and Selecting Actions. One or more alternative actions are gen-
erated by retrieving possibilities from memory. For example, after diagnosing
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acute appendicitis, the surgeon in our scenario generated several alternative ac-
tions, including: waiting, conducting additional tests, and performing surgery.
Depending on the decision time available, one or more of the alternatives are gen-
erated and considered.

To select an action, the decision maker might evaluate information such as
possible outcomes of each action (where there may be multiple possible out-
comes for each action), the likelihood of each outcome, and the negative and
positive factors associated with each outcome. For example, the surgeon who hy-
pothesized that his patient had acute appendicitis briefly considered waiting, con-
ducting more tests, and performing surgery. Each action is associated with
multiple possible outcomes, some of which are more likely than others. In addi-
tion, these outcomes may vary from mildly to extremely positive (i.e., one outcome
from surgery is that the appendix is removed without complication), or from
mildly to extremely negative (i.e., he could wait, the appendix bursts, she dies, and
he is sued for malpractice).

In many real-world decisions, a person may iterate through the steps we have
described a number of times. Finally, some decisions include only selecting a
course of action, where hypothesis generation and selection is unnecessary.

If we consider the activities depicted in Figure 7.1, it is apparent that there are
avariety of factors and cognitive limitations that will strongly influence decision-
making processes. These include the following factors, some of which are from
Cook and Woods (1994) and Reason (1990):

® The amount or quality of cue information brought into working memory. This
can be due to environmental constraints or cognitive factors, such as mental
workload and attentional demands.

e The amount of time available for each decision-making activity. For example, in
a medical emergency or in a physical system failure, the person or team may
have very little time to make a decision.

e Attentional resourcesthat may limit the person's ability to perform the activity
in an optimal fashion.

® The amount and quality of knowledge the person holds in long-term memory
that is relevant to a particular activity (possible hypotheses, courses of action,
likely outcomes, etc.).

e The person's ability to retrieve relevant information, hypotheses, or actions from
long-term memory. People often have knowledge that isrelevant to the decision
at hand but fail to retrieve it under the particular circumstance. This is some-
times referred to as a problem of inert knowledge (Perkins & Martin, 1986;
Woods & Roth, 1988a).

® Working Memory capacity limitations that result in a very limited ability to con-
sider all possible hypotheses simultaneously, associated cues, costs and bene-
fits of outcomes, and so forth.

These limitations will potentially affect each activity in the decision process, and
often cause the use of simplifying heuristics. Some may even cause subprocesses to
be omitted entirely. For example, under time stress or high-attentional  workloads,
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aperson might only generate one hypothesis and not attempt to evaluate it further
(e.g., Hendry & Burke, 1995).

This list of influencing factors and cognitive limitations givesus some amount
of insight into the conditions that will lead to suboptimal decision making. People
will have the most difficulty with decisions made with too little or erroneous in-
formation, extreme time stress, high cognitive workload, changing dynamic in-
formational cues, conflicting goals imposed on the decision maker, and a novel or
unusual circumstance that will lead to either a lack of correct knowledge or re-
trieval failure (Cook & Woods, 1994). Many high-risk environments have all or
most of these elements, and it is therefore important to design control and display
systems to support individual and team decision making maximally (discussed in
more detail at a later point).

The Use of Heuristics

Heuristics can be categorized in a number of ways. Looking at Figure 7.1, we see
that the decision process is divided into several activities that might apply to a
given circumstance depending on factors such as amount of time available, knowl-
edge level of the decision maker, and complexity of the task. These activities in-
clude obtaining and integrating cues, hypothesis generation, hypothesis evaluation
or updating by considering additional cues, generating alternative actions, and se-
lecting a choice of action by evaluating trade-offs. In the following sections, we
consider a variety of heuristics and biases that occur in these subprocesses.
Familiarity with the heuristics can help designers develop information displays
and cognitive support systems that counteract the biases inherent in human in-
formation processing (examples are described later in this chapter and also in
Chapter 8).

Heuristics in Obtaining and Using Cues

Decision making or problem solvingusually begins with obtaining some information
from the environment. The information might be presented all at once, it might ap-
pear overtime (as in consecutive medical tests), or it might changeover time. There
are a number of simplifying heuristics or biases that often occur in this stage:

1. Attention to a limited number of cues. Due to working memory limita-
tions, people can only use a relatively small number of cues to develop a picture
of the world or system. This is one reason why configural displays that visually in-
tegrate several variables or factors into one display are useful (see Chapter 8 for a
description).

2. Cueprimacy. In decisions where people receive cues over a period of time,
there are certain trends or biases in the use of that information. First, the first few
cues receive greater than average weight or importance. This is a primacy effect,
found in many information-processing tasks, where preliminary information
tends to carry more weight than subsequent information (e.g., Adelman et al.,
1996). Some researchers have suggested that the order of information has an ef-
fect not because of the weight given to it per se but because people use the infor-
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mation to construct plausible stories or "mental models” of the world or system.
These models will differ depending on which information was used first
(Pennington & Hastie, 1988). The key point is that, for whatever reason, infor-
mation processed early is often most influential, and this will ultimawly affect de-
cision making.

3. Inattention to later cues. Separate from underweighting, cues occurring
later in time or cues that change over time are often likely to be totally ignored,
which may be attributable to attentional factors. In medical diagnosis, this would
mean that presenting symptoms, or cues, would be more likely to be brought
into working memory and remain dominant.

4, Cue salience. Another bias has an insidious interaction with the primacy
and attentional factorsjust described; that is, the finding that perceptually salient cues
are more likely to receive attention, and are given more weight (Endsley, 1995;
Wickens, 1992). Asyou would expect, salient cues in displays are things such as in-
formation at the top of a display, the loudest alarm, the largest display,and so forth.
Unfortunately, the most salient display cue is not necessarily the most diagnostic.

5. Overweighting of unreliable cues. Finally, people often simplify the pro-
cessing and integration of cues by treating all cues as if they are equal (Wickens,
1992). Although some cues may actually be more valid or reliable than others,
people tend to cognitively process them as if they are all equally valid and reliable.
The result is that people tend to overweight unreliable information relative to re-
liable information (Johnson, Cavanagh, Spooner, & Samet, 1973; Schum, 1975).

Heuristics in Hypothesis Generation

After a limited set of cues is processed in working memory, the decision maker
generates hypotheses by retrieving one or more from long-term memory. There
are a number of heuristics and biases that affect this process:

1. A limited number of hypotheses are generated. First, due to working mem-
ory limitations, people can only consider a few hypotheses at a time (Lusted,
1976; Mehle, 1982; Rasmussen, 1981). Thus, people will bring in somewhere be-
tween one and four hypotheses for evaluation. People consider a small subset of
possible hypotheses at one time and often never consider all relevant hypotheses
at all (Elstein, Schulman, & Sprafka, 1978; Wickens, 1992). Recent research in
real-world decision making under time stress has indicated that in these circum-
stances, decision makers often only consider a single hypothesis (Flin, Slaven &
Stewart, 1996; Hendry & Burke, 1995; Klein, 1993).

This problem is exacerbated by the manner in which long-term memory is ac-
cessed.As we mentioned earlier, researchers have shown that much of our knowl-
edge remains inert; that is, we have the relevant knowledge but fail to retrieve it
because it is not associated with the necessary "triggering cues" (Cook & Woods,
1994; Glaser, 1984; Perkins & Martin, 1986; Woods & Roth, 1988b). As a result,
while people strive to retrieve hypotheses that are most likelyto be correct for the
specificset of cues being considered, this goal may not be achieved, especiallyif they
do not make an adequate effort to consider alternative hypotheses. Asan example,
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consider police detectives who are expected to consider (hypothesize) all possible
suspects for a case. While they explicitly claim to the public that "no o~has been
ruled out;" indicating that the number of hypotheses is large, the truth is that they
only search out evidence bearing on a small number of hypotheses at one time.

2. Availability heuristic. Memory research suggests that people will retrieve
hypotheses most easily that have been considered recently or that have been con-
sidered frequently (Anderson, 1990). Unusual illnesses are simply not the first
things that come to mind to a physician. This is related to another heuristic,
termed the availability heuristic (Kahneman, Slovic, & Tversky, 1982; Tversky &
Kahneman, 1974). This heuristic assumes that people make certain types of judg-
ment, for example, estimates of frequency, by cognitively assessing how easily the
state or event is brought to mind. The implication here is that although people try
to generate "rationally" the most likely hypotheses, the reality is that if something
comes to mind relatively easily, they will assume it is common and therefore a
good hypothesis. As an example, if a physician readily thinks of a hypothesis,
such as acute appendicitis, he or she will assume it is relatively common, leading
to the judgment that it is a likely cause of the current set of symptoms. In actual-
ity, availability may not be a reliable basis for estimating frequency.

3. Representativeness heuristic. Finally, another kind of heuristic that also bi-
ases hypothesis generation isthe representativeness heuristic (Kahneman, Slovic, &
Tversky, 1982; Tversky & Kahneman, 1974). The representativeness heuristic refers
to "a tendency to judge an event as likely if it "represents” the typical features of
(or is similar in its essential properties to) its category (Medin & Ross, 1992). As
a consequence of applying this heuristic, people will assume that if a given set of
actual cues highly resembles the cue set for a particular hypothesis, they will gen-
erate that hypothesis as a likely candidate. Usually this is a very effective strategy.
However, in unusual cases, it is misleading. Consider the scenario described ear-
lier within this chapter. An emergency room physician sees a set of symptoms that
is prototypical of acute appendicitis. The surgeon takes this as his primary hy-
pothesis, and does not do enough information gathering to rule out other med-
ical problems. In the majority of cases, the strategy will lead to correct decision
making. But sometimes it does not, and in these cases, the surgeon will fail to ac-
quire enough information to identify the correct diagnosis.

4. Overconfidence. Finally,people are often biased in their confidence with re-
spect to the hypotheses they have brought into working memory (Mehle, 1982),
believing that they are correct more often than they actually are.

Heuristics in Hypothesis Evaluation and Selection

Once the hypotheses have been brought into working memory, additional cues are
potentially sought in order to evaluate them. The process of considering additional
cue information isaffectedby cognitive limitations, just asthe other subprocessesare:

1. Cognitive fIXation. Once a hypothesis has been generated or chosen, peo-
ple tend to underutilize subsequent cues. We remain stuck on our initial hypoth-
esis, a process known as cognitive fixation (Botney et al., 1993; Cook & Woods,
1994; Dekeyser & Woods, 1990). Examples of cognitive fixation abound in the lit-
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erature (e.g., Xiao, Mackenzie, & LOTASGroup, 1995). Consider one example,
where process control room operators develop a hypothesis and begill.sequence
of actions. Research has shown that even though the system and its indicators may
change unexpectedly, the operators often fail to notice this and blindly continue
with the initially selected course of action, causing errors and further system mal-
functioning (Woods, O'Brien, & Hanes, 1987). There isevidence that for some do-
mains, such as medical diagnosis, cognitive fixation lessens with practice and
experience (Arocha & Patel, 1995).

Cognitive fixation can also be problematic because it can cause people to
stick with hypotheses that were generated through biased methods (and are there-
fore incorrect). Such biases can be very serious and often lead to human perfor-
mance errors; physicians stay fixated on incorrect diagnoses, or process control
operators stay fixated on an incorrect hypothesis about what has caused a distur-
bance. Notice that this is a different effectthan the cue primacy effectwhen the de-
cision maker is first generating hypotheses.

2. Confirmational bias. There are other equally problematic biases when peo-
ple consider additional cues to evaluate working hypotheses. First, they tend to
seek out only confirming information and not disconfirming information, even
when the disconfirming evidence can be more diagnostic (Einhorn & Hogarth,
1978; Mynatt, Doherty, & Tweney, 1977; Schustack & Sternberg, 1981). It is hard
to imagine a physician doing tests for various physical conditions that he thinks
the patient does not have (an exception to this general bias would be when police
detectives ask their suspects if they have an alibi). In a similar vein, people tend to
underweight, or fail to remember, disconfirming evidence (Arkes & Harkness,
1980; Wickens, 1992) and fail to use the absence of important cues as diagnostic
information (Balla, 1980; Rouse, 1981). This type of cognitive tunnel vision is ex-
aggerated under conditions of high stress and mental workload (Cook & Woods,
1994; Janis, 1982; Sheridan, 1981; Wright, 1974).

Heuristics and Biases in Action Selection

Choice of action is also subject to a variety of heuristics or biases. Some are based
on basic memory processes that we have already discussed.

1. Retrieve a small number of actions. Long-term memory provides possible
action plans. People are limited in the number they can retrieve and keep in work-
mg memory.

2. Availability heuristic for actions. In retrieving possible courses of action
from long-term memory, people will retrieve the most "available" actions. In gen-
eral, the availability of items from memory are a function of recency, frequency,
and how strongly they are associated with the "hypothesis" or situational assess-
ment that has been selected.

3. Availability of possible outcomes. Other types of availability effects will
occur, including the generation/retrieval of associated outcomes. As discussed
above, when more than one possible action is retrieved, the decision maker must
select one based on how well the action will yield desirable outcomes. Each action
has associated consequences, which are probabilistic. As an example, a surgeon
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might consider surgery versus chemotherapy for a cancer diagnosis. Each has
some probability of eliminating the cancer. Each also has other possible outcomes
that may range from likelyto unlikely and mild to severe. The physician‘stimate
of these likelihoods will not be objective based on statistics. They are more likely
to be based on the "availability™ of instances in memory; that is, if they have heard
of many instances of chemotherapy leading to acute nausea and weight loss, they
are likelyto think the probability is high, even if statistically the probability is low.
Thus, the "availability heuristic” will bias retrieval of some outcomes and not
others. This process is evident when people make decisions and fail to foresee out-
comes that are readily apparent with hindsight.

The decision maker is extremely unlikely to retrieve all of the possible out-
comes for an action. Thus, selection of action suffers from the same cognitive
limitations as other decision activities we have discussed (retrieval biases and
working-memory limitations). Because of these cognitive limitations, selec-
tion of action tends to follow a "satisficing” model; if an alternative action
passes certain criteria, it is selected. If the action does not work, another is con-
sidered. It is worth repeating that system designers should be familiar with
these various biases.

NATURALISTIC DECISION MAKING

One recent trend in human factors research has been toward the study of cogni-
tion and decision making as it occurs in real-world, dynamic and complex envi-
ronments (e.g., Zsambok & Klein, 1997). As Orasanu and Connolly (1993) note,
"... in everyday decisions, decisions are embedded in larger tasks that the decision
maker is trying to accomplish .... Decisions are embedded in task cycles that
consist of defining what the problem is, understanding what a reasonable solution
would look like, taking action to reach that goal, and evaluating the effects of that
action.” In other words, "decision events" are important, but are often only one
component in abigger picture, a picture that resembles, and is sometimes referred
to as, complex problem solving (Xiao, Milgram, & Doyle, 1997). Examples include:
figure out how to bring a forest fire under control effectivelybut safely,determine
how to anesthetize a patient with hypertension, identify and resolve a fault in a
power plant, fly a plane into a busy airport, or figure out what to do when your
parachute does not open.

Naturalistic decision making has been defined as “the way people use their ex-
perience to make decisions in field settings” (Zsambok, 1997). Researchers study-
ing it (e.g., Cannon-Bowers, Salas, & Pruitt; 1996; Cook, Woods, & McDonald,
1991; Gaba, Howard, & Small, 1995; Orasanu & Connolly, 1993) have emphasized
that decision-making tasks performed in a real-world environment tend to have
the following characteristics:

* lll-structured problems
* Uncertain, dynamic environments
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¢ Information-rich  environments where situational cues may change rapidly
« Cognitive processing that proceeds in iterative action/feedback loops

¢ Multiple shifting and/or competing individual and organizational-goals

e Time constraints or time stress

¢ High risk

e Multiple persons somehow involved in the dedsion

To see how some of these characteristics combine, consider the scenario at the be-
ginning of the chapter. An anesthesiologist was required to make a decision con-
cerning whether to be conservative and keep herself available for an incoming
major trauma, or to help with ongoing procedures because there were not enough
other anesthesiologists available. There was incomplete, complex, and dynamically
changing information; time stress; high risk; and a large set of outcomes, costs, and
benefits. Another problem in making this decision is that she had multiple and
conflicting goals imposed from the outside: making the surgeons happy, helping
the patients needing immediate surgery, keeping hospital costs low, avoiding law-
suits, maintaining good relationships with staff, and maintaining resources avail-
able for a possible major emergency.

The multitude of factors affecting everyday decisions underscores the cognitive
complexity of decision making in the real world. Dozens of factors all affect the de-
cision-making process, including safety-related factors such as risk perception and
tendency to take risk-taking behavior (e.g., see Chapter 14). Researchers are only
beginning to get a handle on how people cognitively deal with such complexity.

On occasion, researchers focusing on naturalistic  decision making have
claimed that the traditional decision research was so narrow that it does not
generalize to real-world complex decisions (Klein & Calderwood, 1991; Orasanu
& Connolly, 1993). However, others have tested the generality of many of the
heuristics and biases described above, and have obtained findings in the real
world that paralleled those found in original decision-making laboratory re-
search (e.g., Botney et al., 1993; DeKeyser & Woods, 1990; Elstein et al., 1978;
Fontenelle, 1983; Gaba et al., 1995). We therefore view the traditional work on de-
cision making and the more recent naturalistic approach to be complementary
rather than mutually exclusive.

Research on real-world decision making in complex environments has yielded
a number of descriptive models (Klein et al., 1993; Zsambok & Klein, 1997). We
will describe a few of these models, focusing especially on Rasmussen's SRK model
of task performance, which has received increasing attention in the field of human
factors (Goodstein, Andersen, & Olsen, 1988; Reason, 1988). It is consistent with
accepted and empirically supported models of cognitive information-processing,
such as the three-stage model of expertise proposed by Fitts (1964) and Anderson
(1983) and has also been used in popular accounts of human error (Reason, 1988,
1990; see also discussions of human error in Chapter 14). After we review some of
these new viewpoints, we integrate them into a single information-processing
model and evaluate how computer-based aiding systems could provide cognitive
support for the subprocesses in the model.
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Skill-, Rule-, and Knowledge-Based Task Performance

Rasmussen's SRK model (skill, rule, knowledge) describes three different levels
of cognitive control that might potentially be used by a person during task per-
formance (Rasmussen, 1983, 1986, 1993). People operate at one of the levels, de-
pending on the nature of the task and their degree of experience with the
particular situation (Hammond, 1993; Rasmussen, 1993). Figure 7.2 illustrates
the three levels of cognitive control: skill-based behavior, rule-based behavior,
and knowledge-based behavior. Information enters the system at the lower left,
as a function of attentional processes. The information then results in cognitive
processing at either the skill-based level, the rule-based level, or the knowledge-
based level, depending on the operator's degree of experience with the particu-
lar circumstance.

If people are extremely experienced with the task, they will process the infor-
mation at the skill-based level of performance, reacting to the raw perceptual ele-
ments at an automatic, subconscious level. They do not have to interpret and
integrate the cues or think of possible actions. Performance is governed by pure
stimulus-response associations developed at a neurological level. Because the be-
havior is automatic, attentional resources are minimally needed. Errors at the skill-
based level are usually caused by either (a) misdirected attention, where the person
intends to deviate from the normal course of action and then momentarily pays at-
tention to something else and performs the automatic habit, or (b) paying atten-
tion to the task, which then interrupts an automated sequence of behavior.

When people are familiar with the task but do not have extensive experience,
they will process the information and perform at the rule-based level. The cues are
recognized as meaning certain things, termed signs, and these signs then trigger
rules accumulated from past experience. The rules are 1f-Then associations be-
tween cue sets and the appropriate actions. Errors made in decision making at this
level tend to result from a misclassification of the situation with an application of
the wrong rule.

When the situation is novel, decision makers will not have any rules stored
from previous experience to calion. They will therefore have to operate at the
knowledge-based level, which is essentially analytical processing using conceptual
information. After the person assigns meaning to the cuesand integrates them into
an identification of what is happening, they begin to process this information with
respect to goals in working memory. Effortful analysis and memory retrieval sup-
port problem solving and planning activities. Mental models are often used to run
cognitive simulations in evaluating an action plan. In fact, some authors describe
knowledge-based behavior as problem solving rather than decision making, be-
cause of the need for problem definition, solution generation, and trying to de-
termine which course of action might be successful or best (Bainbridge, 1988).
Errors made at the knowledge-based levelare a result of factors associated with an-
alytical thinking, such as limited working memory, biases in generating hypothe-
ses or actions, cognitive fixation, and so forth (Reason, 1988). According to the
SRKmodel, a person might operate at the knowledge, rule, or skill-based level and
will switch between them depending on task familiarity.
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Rasmussen's skill-based, rule-based, and knowledge-based levelsof cognitive control.
(Source: Goodstein, L.P.,Andersen, H.B., and Olsen, S.E., 1988. Tasks, Errors, and Mental
Models. London: Taylor & Francis. Reprinted by permission of Taylor & Francis.)

The levels can also be used to characterize people with differing degrees of ex-
perience. A novice can work only at the analytical knowledge-based level. At an in-
termediate point of learning, people will have a qualitatively different knowledge
base, and also some rules in their repertoire from training or experience. They work
predominantly  at the rule-based level but must move to knowledge-based  pro-
cessing when the situation is a new one. The expert has yet a different knowledge
base, a greatly expanded rule base, and a skill base as well. Thus, the expert moves
between the three levels depending on the task. When a novel situation arises, such
as a system disturbance not previously experienced, lack of familiarity with the sit-
uation moves even the expert back to the analytical knowledge-based level.
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Additional Views of Naturalistic Decision Making

Some models or descriptions of naturalistic decision making focus on strategies
used under more specific types of circumstances, for example, when- decision
makers must make very rapid decision. Other researchers study asmall portion of
the decision-making process, such as the use of mental models. We briefly review
some of these efforts, but due to space limitations, readers are referred to Klein et
ai. (1993) and Zsambok and Klein (1997) for more in-depth treatments.

Cognitive Continuum Theory. A number of researchers have suggested that deci-
sion-making processes will occur somewhere along a cognitive continuum ranging
from intuition to analysis (e.g., Hamm, 1988a; Hammond 1980, 1993; Hammond

et al., 1987). In fact, processing might oscillate relatively rapidly between intuition
and analysis (Hamm, 1988b). Intuitive processes are characterized by low control
and low conscious awareness, rapid processing, and high confidence in the answer
(Hammond, 1993). Analytical processes are characterized by higher levels of cog-
nitive control, slow processing, and lower confidence in the answer. Analytical pro-
cessing could be considered similar to Rasmussen's knowledge-based  processing.
Hammond suggests that the use of intuitive versus analytical processing is deter-
mined by two factors: (1) certain tasks induce either intuitive or analytical pro-
cessing, and (2) failure in the use of one type causes switching to the other. Tasks
that induce intuitive processing have relatively large numbers of cues, provide si-
multaneous and brief display of cues, large relationships among the cues, and a rel-
atively short period for decision making. Analytical processing will occur with
fewer cues, high confidence in the task, and long sequential availability of cues.

Situation Awareness.  Researchers studying a variety of decision-making  and
problem-solving tasks have realized that the first critical step for successful task per-
formance isto evaluate the "situation" adequately. People receive cues from the en-
vironment and must use them to make sense of the current state of the world, a
process termed either situation assessment or situation awareness (Endsley, 1997;
Noble, 1993; Orasanu, Dismukes, & Fischer, 1993; Roth, 1997; Waag & Bell, 1997).
Endsley (1988) defines situation awareness (SA) as "the perception of the elements
in the environment within a volume of time and space, the comprehension  of
their meaning and the projection of their status in the near future." She also notes
that there are different "levels" of SA, which vary in cognitive complexity: Levell
SAisperceiving the status, attributes, and dynamics of relevant elements in the en-
vironment; Level 2 SA is comprehending the relevant cues in light of one's goals (in-
cludes activities such as diagnosis or fault identification); and Level 3 SA is
projecting the future activity of the elements in the environment (Endsley, 1997).
Not everyone needs to, or is able to, achieve all three levels during problem solving.
The cognitive processing required for situation awareness includes the inte-
gration of cues into sometimes complex mental representations of a system, ac-
complished by using pre-existing knowledge to interpret and give meaning to the
cues. This may be as simple as reading athermometer and determining that the per-
son has a fever or as complex as evaluating dozens of displays to identify the fault
in a process control plant. Situation assessment may also require evaluation of im-
portant factors such as risk level and time available for the decision (Orasanu &
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Fischer, 1997). One reason that situation awareness has become an important topic
isthat in times of high mental workload and stress, people seem to "lose" situation
awareness; that is, they fail to keep in mind the current state of the world (e.g.,
Gugerty & Tirre, 1996;Waag & Bell, 1997). For jet pilots, this might mean a spatial
disorientation or loss of knowledge about relative aircraft positions. Unfortunately,
SAhas proven difficult to directly measure without being contaminated by the ac-
tual decision making and performance tasks (Garland et al., 1996).

Recognition-Primed Decision Making. Some researchers have focused their study
on experts making decisions under time stress. For example, in his theory of
recognition-primed decision making (RPD), Klein (1989) suggested that in most
instances, experts simply recognize a pattern of cues and recall a single course of
action, which isthen implemented (Klein, 1989; Klein & Calderwood, 1991;KlIein,
Calderwood, & Clinton-Cirocco, 1986). Simon describes this type of decision
process as "intuition” derived from a capability for rapid recognition linked to a
large store of knowledge (Simon, 1987). Thus, people do not seem to use analyt-
ical processes in which alternative actions are retrieved or constructed and then
systematically compared for relative utility.

There are three critical assumptions of the RPD model: first, people use their
experience to generate a plausible option the first time around; second, if the de-
cision makers are experts, time pressure should not cripple performance because
they use rapid pattern matching, which has been shown to be resistant to time
pressure; and finally, experienced decision makers can "adopt a course of action
without comparing and contrasting possible courses of action" (Klein, 1997).
Research over the last 10years has supported the idea that expert decision mak-
ing in the real world often follows this pattern.

In spite of the prevalence of rapid pattern-recognition decisions, most re-
searchers assume that there are cases where decision makers will use analytical
methods. More specifically, if uncertainty exists and time is adequate, additional
analyses are performed to evaluate the current situation assessment, modify the re-
trieved action plan, or generate alternative actions (Flin, Slaven, & Stewart, 1996;
Klein, 1997;Orasanu & Fischer, 1997). The extent of this switch to analytical pro-
cessing varies greatly across tasks. For example, Klein and associates reported that,
in a study of decision making in Navy antiair warfare, 78 percent of the decisions
adopted the first course of action without any deliberation, 18 percent relied on
evaluation using mental simulation, and 4 percent involved comparison of
strengths and weaknesses of alternative actions (Kaempf, Wolf, Thordsen, & Klein,
1992). However, Orasanu and Fischer reported in a study of pilot decision mak-
ing that 40 percent of the decisions appeared to be based on condition-action
rules, where another 54 percent were analytical knowledge-based decisions
(Orasanu & Fischer, 1997).

Schemas, Stories, and Mental Models.  When analytical processing is performed
in the course of decision making, it starts with the situation assessment. In
Endsley's (1997) Level 2 situation awareness, information from the environment
isused to construct a"mental representation” of some type. Depending on the do-
main, this representation isvariously termed a story, mental model, or some more
abstract type of causal model (e.g., Cohen, Freeman, & Wolf, 1996; Klein &
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Crandall, 1995; Lipshitz & Ben Shaul, 1997; Pennington & Hastie, 1993; Roth,
1997). There have been a number of people suggesting one or more of these ideas,
but all seem to be saying that people use previous knowledge, or schemas, to com-
prehend and integrate the situational cues into a dynamic model of the situation
they are trying to evaluate or diagnose. The mental models or conceptual repre-
sentations include important causal relationships, like those developed for prob-
lem solving (Greeno, 1973). Once constructed, the mental models can be "run" to
support further evaluation processes. The use of mental models is supported by
research in both problem solving and decision making. For example, Passaro and
colleagues found that inadequate mental models were responsible for decision er-
rors leading to critical mine gas explosions (Passaro, Cole, & Wala, 1994), and
Lehner & Zirk (1987) found that use of poor mental models can cause a drop in
decision performance of anywhere between 30 percent and 60 percent.

As one example of this view, Pennington and Hastie developed a model of ex-
planation-based decision making by analyzing jury member think-aloud protocols
(Pennington & Hastie, 1988, 1993). According to their model, decision making
consists of three activities: (1) people receive information and construct a causal
story that can account for the information (a sort of "diagnosis"), (2) a possible set
of actions is generated, and (3) a matching process is performed to find one ac-
tion that best fits the causal story. A decision is made when "the causal model of
the evidence is successfully matched to an alternative in the choice set"
(Pennington & Hastie, 1993). The focus of the model is predominantly on the first
activity; that is, construction of the causal explanation is pivotal in determining the
action chosen. In support of this idea, others have analyzed decision-making pro-
tocols, and found that causal stories are frequently used to evaluate hypotheses
(e.g.,Adelman et al., 1996; Cohen et al., 1996). This view is important because it
suggests the need for computer-based support that would help a person build and
use a coherent causal story.

In a similar vein, a number of people have suggested that we perform situa-
tion assessment by constructing a mental model of the relevant system or envi-
ronment, and then using it to run simulations throughout the remainder of the
decision-making process (e.g., see Zsambok & Klein, 1997; and discussion of
mental models in Chapter 6). The simulation isused to generate expectations for
other cues not previously considered or to guide observation of changes in system
variables (Roth, 1997). The decision maker critiqgues and modifies the mental
model until it fits the environmental information, performing an active search for
an explanation of diverse cues. Mental models are then used to evaluate goals, ac-
tions, and plans and also to make predictions useful in monitoring actions and
their consequences in the system or environment (e.g., Klein, 1997; Roth, 1997).

AN INTEGRATED MODEL OF
REAL-WORLD DECISION MAKING

While each model or view of naturalistic decision making provides a unique per-
spective, it is also possible to synthesize them roughly into one generic informa-
tion-processing model that organizes the potential decision-making processes
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(Gordon, 1997). The framework for such a generic model begins with Rasmussen's
work on levels of control (Rasmussen, 1986, 1993). The SRK model is expanded
into an information-processing model that accommodates many of thel'l"ocesses
observed or postulated by others. Such a synthesis of ideas from naturalistic de-
cision making models is shown in Figure 7.3 (from Gordon, 1997).

The flowchart in Figure 7.3 illustrates processes that occur in working mem-
ory, with information coming from the environment (lower left) and from long-
term memory (bottom of figure). In this model, information enters the system and
then is processed at one of three levels: automatic skill-based processing, intuitive
rule-based processing, and analytical knowledge-based processing. Automatic
processing is a function of which environmental cues are sensed (affected by se-
lective attention), but beyond that, there isno demand on cognitive resources. Raw
cue elements directly trigger an action response, and the decision maker often will
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A generic information-processing model integrating views of naturalistic decision making.
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not even know which of the entire set of cue elements actually triggered the re-
sponse. In a sense, this is not even really decision making or problem solving.

For intuitive rule-based processing, there is more active cognitive processing re-
quired, asthe person must consider avariety of cues. This corresponds to Endsley's
(1997) Levell SA.The cues trigger retrieval of appropriate cue-action rules from
memory, and these specify the desired goal and action sequence that is to be exe-
cuted. We would expect that people making their decision at the intuitive level
would often not be able to explain "how" they made their decision because it was
based on stored memory associations rather than reasoning per se (Gordon, 1992).

When rule-based intuitive processes do not provide a satisfactory solution or
decision and time is available, the decision process will move upward in the
model shown; that is, uncertainty coupled with available time will allow a per-
son to use a more careful analytical process. This can occur at several different
points, indicated in the figure by dashed arrows. Knowledge-based analysis be-
gins with level 2 SA-development of an integrated understanding of the state of
the world, including construction of causal stories, mental models, and/or ten-
tative diagnoses. Under some circumstances, even with analytical processing, a
decision maker will generate only one explanation or hypothesis, generate one
overall action to be taken (the "decision™), and plan the necessary sequence of
steps to carry out the action.

If the situation is difficult or complex and time allows, the decision maker will
utilize one or more of the most complex evaluative processes noted at the top of
Figure 7.3. The evaluation process relies heavily on mental simulation to help as-
sess the hypothesis, action, or plan under consideration (Orasanu, 1993). In this
process, the decision maker searches the environment for further data (as in med-
ical diagnosis). The use of cognitive simulations to generate ideas about additional
cues to be obtained would explain why people tend to look for confirming evi-
dence. This is because only the generation and running of "false™ mental models
would yield disconfirming cues to search for. This seems unlikely to occur in
many situations, especially those with atime urgency.

If the working hypothesis, action, or plan fails to meet minimum criteria
(which are heavily affected by time constraints), the decision maker may generate
a new hypothesis, action, or plan. When aplan is finally selected, it is executed and
the person monitors the environment to update their situation assessment and to
determine whether changes in procedures must be made. Note that this model re-
flects Hamm's (1988b) assertion that expert decision making will often vacillate
between levels at a molecular level, that is, within one single decision.

IMPROVING HUMAN DECISION MAKING

The previous sections have shown that people often experience difficulties at
many different processing points during decision making. In fact, analyses of
"human error" often focus on cognitive errors (e.g., made a poor decision) rather
than behavioral errors (e.g., hand slipped off the control). Types of cognitive er-
rors will be discussed more fully in Chapter 14.In this section, we will briefly dis-
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cuss some possibilities for improving human decision making, with the alterna-
tives falling into the categories of redesign for performance support, training, and
decision aids.

Redesign for Performance Support

We often jump to the conclusion that poor performance in decision making
means that we need to do something "to the person" to make him or her abetter
decision maker. However, sometimes a change in the information provided by the
external environment will automatically support better decision making, elimi-
nating the need to change the person him- or herself. Asan example, consider the
following scenario. A parachutist has a chute that failsto open properly. He looks
up and, as trained, tries to untangle the cords so that the chute opens properly.
He does not realize that he is spinning rapidly to the ground and should deploy
the reserve chute. He finally deploys the reserve chute within 200 feet of the
ground, which istoo late. It would be easyto come to the conclusion that the per-
son needed better training. However, a close analysis of the event might show that
the person did have adequate training. The problem was that he could not tell by
looking up at the plain white chute what was occurring with respect to the cloth
and lines. In addition, he was paying attention to the fault and did not realize
when it was critical to open the reserve (lack of adequate situation awareness).
Redesign could reduce both of these problems. For example, the parachute cloth
could have a multicolored design intended to maximize problem diagnosis when
viewed from the underside." In addition, an altitude sensor and auditory warn-
ing device could be used to notify the parachutist when he or she must begin to
deploy areserve. Notice that in terms of Figure 7.3, the chute design supports di-
agnosis generation and selection, and the warning device supports situation
awareness as well as notification that problem-solving time is up. The operator
would still need training with respect to the best actions to perform depending
on the different possible chute malfunctions, but the chances of an accident
would be reduced.

Training

Training can address decision making at each of the three levels of control shown
in Figure 7.3. First, one method for improving analytical decision making has been
to train people to overcome the heuristics/biases described earlier. Some of these
efforts focused on teaching the analytical, normative attribute utility methods for
decision making (e.g.,Zakay & Wooler, 1984).Although people can learn the meth-
ods, the training efforts were largely unsuccessful simply because people find the
methods cumbersome and not worth the cognitive effort. Other training efforts
have focused on counteracting specific types of bias, such as the confirmation bias

IDesign enhancement  suggested by Curt Braun in personal communication.
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(e.g., Tolcott, Marvin, & Bresnick, 1989). This type of training has sometimes re-
duced decision biases, but many studies show little to no effect (Means et al., 1993).
A more effectiveapproach might be to allow the natural use of varying strategies,
but to teach people when to use them and the shortcomings of each.

As another approach, Cohen, Freeman, and Thompson (1997) suggest train-
ing people to do a better job at metacognition. This would include teaching peo-
ple how to: (1) consider appropriate and adequate cues to develop situation
awareness, (2) check situation assessments or explanations for completeness and
consistency with cues, (3) analyze data that conflict with the situation assessment,
and (4) recognize when too much conflict exists between the explanation or as-
sessment and the cues. Others suggest training skillssuch as development of men-
tal models and management of uncertainty and time pressure (Klein, 1997).A look
at the literature on teaching problem solving suggests that people are better at
learning to problem solve or make decisions in a particular area rather than sim-
ply learning to do it in general (Frederiksen, 1984). This means that training should
focus on knowledge and procedures relevant to the job, as described in Chapter 18.

At the intuitive rule-based level, operators can be provided with training to
enhance their perceptual and pattern-recognition skills. Flin et al. (1996) and
Orasanu (1995) suggest focusing on situation assessment, where trainees learn to
recognize critical situational cues and to improve the accuracy of their time avail-
ability and risk judgments. This can be achieved by having learners either explic-
itly memorize the cue-action rules or practice a broad variety of trials to implicitly
acquire the rules. For example, Kirlik et al. (1996) enhanced perceptual learning
and pattern recognition by either (a) having trainees memorize rules or (b) alter-
nating trainee-practice scenarios with "modeling" scenarios where the critical sit-
uational cues and correct actions were higWighted. Both of these training methods
were effective.Aswe will see in Chapter 18,to teach pattern recognition effectively,
training must encompass a broad variety of examples and "nonexamples™ with rel-
atively extensive practice (Gordon, 1994).

Finally, to support better processing at the automatic level, training would
have to focus on the relevant cues in raw data form. Work on automaticity suggests
that training skill-based processing takes hundreds of repetition for the associa-
tions to become strong enough for automatic processing (e.g., Schneider, 1985).
In addition, this approach only works for situations where a cue set consistently
maps onto a particular action. For both rule-based and skill-based training, sim-
ulation is often a better medium for extensive practice because it can allow more
varied scenarios, and often in less time, than the real life context (Means et al.,
1993). Finally, for any of the training approaches described, the decision maker
should receive feedback, preferably for each cognitive step rather than the decision
as awhole (Gordon, 1994). Additional suggestions for training decision making
in complex environments can be found in Means et al. (1993).

One of the problems in using a training approach is that it does not really
overcome problems associated with memory limitations. These limitations have
the greatest impact in knowledge-based analytical processing (Rasmussen, 1993).
For example, one could teach people a large store of knowledge to use for decision
making, but much of it might still remain inert and unretrieved. As a second ex-
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ample, if working memory can only accommodate a certain amount of informa-
tion, training will not expand that significantly. Designers are accepting the fact
that training can only do so much, and other methods of cognitive support must
be considered.

Decision Aids

Explicit help for decision makers can take many forms, ranging from simple tables
to elaborate expert systems. One method that is popular for business managers is
the decision table. Decision tables are used to list the possible outcomes, proba-
bilities, and utilities of the action alternatives. The decision maker enters estimated
probabilities and values into the table. Calculated average expected utilities for
each alternative show the decision maker the rational choice. Use of a decision
table is helpful because it deflects the load placed on working memory. A similar
type of analysis tool is the decision tree.

Decision trees are useful for representing decisions that involve a sequence of
decisions and possible consequences (Edwards, 1987). With this method, a
branching point is used to represent the decision alternatives; this is followed by
branching points for possible consequences and their associated probabilities.
This sequence is repeated as far as necessary for decision making. This allows the
user to see the overall probability for each entire action-consequence sequence.

Expert Systems. Other decision aids make extensive use of the computational
power of new technologies. One example of such a computer-based decision aid
is the expert system. Expert systems are computer programs designed to capture
one or more experts' knowledge and provide answers in a consulting type of role
(Grabinger, Jonassen, & Wilson, 1992). The programs typically use concepts, prin-
ciples, rules of thumb, and other knowledge about a given field, combined with
methods of applying the knowledge or rules, to make inferences. Expert systems
have been developed to help with an extremely wide variety of tasks such as speech
understanding, image analysis, medical diagnosis, military planning, weather fore-
casting, computer debugging, system fault diagnosis, and business management
(see Garg-Janardan et al., 1987;and White, 1990, for reviews).

In most cases, expert systems take situational cues as input and provide either
a diagnosis and/or suggested action as an output. Asan example, a medical expert
system might have symptoms asinput and a diagnosis as the output (e.g., MYCIN,
Shortliffe, 1976). Expert system programs are typically built either on a rule base
that associates cues with actions or sometimes on a "system model” that allows
deep reasoning to be used for fault diagnosis (Gordon, 1991). Sometimes, expert
systems also explain their underlying reasoning, but these attempts have been
only partially successful.

Overall, traditional expert systems have not been particularly successful in
many complex decision environments. It has been suggested that one reason for
this lack of successand user enthusiasm isthat having a computer system doing the
whole task and the human playing a subordinate role by gathering information is
not subjectively appealing to people (Gordon, 1988);that is,a person goes through
the various activities of decision making and then uses a computer that displays its
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choice. The person has no basis for knowing whether his or her decision is any bet-
ter or worse than that of the expert system. To make matters worse, thereis usually
no way to communicate or collaborate the way one might with a human expert.
(Interestingly, Alty and Coombs [1980] showed that similar types of consultations
with highly controlling human advisers were also judged unsatisfactory by "users:")

An additional problem is that even though computers are usually better at
identifying solutions than the users, research has shown that expert systems tend
to be mistrusted relative to the person's own ability (Kleinmuntz, 1990). And fi-
nally, the use of expert systems with the user in a subordinate role leads to joint
cognitive breakdowns when novel problems arise (Roth, Bennett, & Woods, 1987;
Woods & Roth, 1988b). The use of expert systems is strongly related to the issue
of automation, a topic covered in detail in Chapter 16.

Cognitive Support. A much more successful approach that is becoming increas-
ingly popular isthe use of computers to help overcome biases or information -pro-
cessing limitations for one or more of the cognitive subprocesses, acting as tools
or instruments for cognitive support (Woods & Roth, 1988a). Many of these de-
cision aids fall in the category of decision support systems. According to Zachary
(1988), a decision support system is "any interactive system that is specifically de-
signed to improve decision making of its user by extending the user's cognitive-
decision-making abilities." Because this often requires information display, it can
be difficult to distinguish between a "decision support system" and a technologi-
cally advanced information display. Also, many researchers consider expert sys-
tems to be one type of decision support system (e.g., Zachary, 1988).

Some decision aids utilize computers to support working memory and per-
form calculations. One widely used approach has been designed to support the
traditional "decision analysis" cognitive process of weighing alternative actions (see
top of Fig. 7.3). Computers are programmed to calculate and display the utilities
for each possible choice (Edwards, 1987;White, 1990). Many of the these tradi-
tional decision aids are of limited value since they rely on strategies that may
seem foreign to people. However, for those tasks where choices involve high risk
and widely varying probabilities, such as types of treatment for cancer, it can be
worth training users to be more comfortable with this type of aid.

Theoretically, decision support systems could be developed to support each
of the processes shown in Figure 7.3. It would also be possible to design a system
that would support all of these processes, adapting to the cognitive level at which
the person is currently working (Rasmussen, 1986). In other words, a person
would be supported through displays that made the critical situational cues most
salient or through a monitoring system that tracks actions performed and changes
in the system (e.g., Rouse, Rouse, & Hammer, 1982). One could view this type of
support as simply good display design rather than a decision support system per
se. For any cognitive support method, it is important to perform an appropriate
analysis of the task in order to determine what information should be provided or
what calculations or modeling needs to be performed.

Research on specificmethods for providing cognitive support, especiallyat the
analytical level, is relatively new, and for that reason, we can only review the rela-
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tively abstract suggestions that have been provided up to this point. However, we
also refer you to Chapter 8,because much of the technology for supportlng deci-
sion making is inherently part of good display design.

INFORMATION ACQUISITION AND MONITORING

1. Display and call attention to important cues.

2. Use intelligent systemsto monitor relevant variables or cues and notify op-
erator when the variables move out of acceptable limits (Eberts et al., 1984).
Such a system can be made flexibleso that each operator is able to specify
variablesand limits for different circumstances (Guerlain & Bullemer,1996).

3. Design displays to provide the information specifically required for de-
cision making rather than all possible system cues.

4. Present, in a readily comprehensible format, the reliability, certainty, or
value of each cue.

SITUATION AWARENESS

1. Use cue filtering, integration, or other methods to support situational as-
sessment (Bennett & Flach, 1992; McDaniel & Rankin, 1991;Roth, 1994;
Wisudha,1985).

2. Augment normal cues with more abstract but directly useful cues (ex-
amples include configural displays and rankine cycledisplays as described
in Chapter 8). As an example, Kirlik and colleagues (Kirlik et al., 1996)
have had successin augmenting displaysused for decision making. By per-
forming ecological task analysis, they determined the types of informa-
tion directly needed for the decision task (which may be more abstract
than individual cues reflecting system variables). For example, in a mili-
tary setting, a map might contain information regarding terrain and the
location of a threat vehicle. But an analysis of the terrain combined with
vehicle type would yield information about where the vehicle would be
capable of moving. The map used for decision making could include a
color-coded transparent overlay indicating the areas where the vehicle can
and cannot locomote (Kirlik et al., 1996). Thus, displays can contain the
original "raw" cues plus more abstract augmenting information. Such dis-
plays are especially successful when decision makers must operate under
time stress (Kirlik et al., 1996).

3. Use spatial techniques to organize data for processing evidence-state re-
lationships (Woods, 1988). See Chapter 8 for examples.

4. As described above, some newer systems make use of temporary, situa-
tion-specific, and operator-defined computer-based monitoring to detect
and notify of system state changes. During prolonged problem solving,
this system can be used to "warn" the operator that important variables
have changed, resulting in a heightened situation awareness without the
need for frequent checking (Guerlain & Bullemer, 1996).

INTUITIVE, RULE-BASED PROCESSING:

1. Many researchers have suggested presentation of rules, including condi-
tions and actions, and any discrepancies from a match (e.g., deGreef &
Neerincx, 1995;Neerincx & Griffioen, 1996).
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2.

A slightly different approach is case-based reasoning, where cases or entire
descriptions of situations are stored in computer memory over time
(Kolodner, 1993; Mitchell et al., 1997; Weiner, Thurman, & M.itchell,
1996). These are used as an information database to support processing
of new situations. The operator might browse the database or a comput -
erized intelligent agent could perform the search. In this case, cues cor-
responding to the current situation are used to find the most closely
matching previous cases, and these cases or "explanations” are presented
to the operator. The cases may have a broad range of information, in-
cluding critical cues, goals, constraints, action plans, and so on. The cases
are then used by the operator or modified as necessary.

ANALYTICAL, KNOWLEDGE-BASED  PROCESSING

1.

2.

10.

Provide an external memory aid for the diagnosis process (e.g., diagram
mark-ups-evaluated by Toms & Patrick, 1989).

Generate hypotheses and show the probability of a match between the
cue set and each hypothesis.

Provide a visual or topographical display of system functioning via mimic
diagrams (Edlund & Lewis, 1994; Moore & Corbridge, 1996; Reising &
Sanderson, 1996), animated mimic diagrams (e.g., Bennett, 1994), or
other techniques (see Chapter 8). Mimic diagrams are schematic dis-
plays that closely resemble the system they are representing. In an indus-
trial setting, a mimic diagram might show a network of pipes and valves.
Other mimic diagrams might also include more abstract or “invisible" pa-
rameters that are more directly used in problem solving (e.g., Edlund &
Lewis, 1994; Reising & Sanderson, 1996).

Provide dynamic simulations based on the person's current working hy-
pothesis. This can support hypothesis confirmation, goal evaluation, and
planning. Provide a display of current system functioning that maps well
onto users' mental models, and providing a display of the discrepancy be-
tween normal and current systems (e.g., Yoon & Hammer, 1988).
Suggest additional testing of the hypothesis or explanation, or suggest
cues to be obtained.

Generate possible goal(s) and action(s) (Eberts et al, 1984).

Provide calculational power and displays for "what-if" scenarios (Roth,
1994; Smith, McCoy, & Layton, 1993;Yoon & Hammer, 1988).

Display confirming evidence, disconfirming evidence, and assumptions
for various hypotheses (e.g., Morrison, Kelly,& Hutchins, 1996).

Show a qualitative display of relative outcome probabilities, costs, and
benefits, integrating them so that the best choice emerges.

Provide information to help predict future states and events. For exam-
ple, Schraagen describes a support system for decisions related to naval
firefighting (Schraagen, 1997). Novices had difficulty predicting (or even
considering) the compartments to which fires were most likely to spread.
A support system could determine and display a list of compartments
most likely to be affected and could also make action recommendations
regarding the actions needed to mitigate the effects.
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11. Show information related to alternative actions such as relevance, re-
source requirements, assumptions, physical configuration, and so on.
(Roth, 1997; Rouse &Valusek, 1993).

12. Provide planning aids (e.g., Descotte & Latombe, 1981; Lembersky &
Chi,1993).

This partial list suggests the many ways that the human cognitive activities
could be supported or augmented through computer support. One important
issue isthe question of what processes or strategies are most likelyto need support;
that is, which of these strategies are people most likely to use? It has become ap-
parent that the answer to this question depends on the specific domain or job, level
of expertise, amount of time, amount of uncertainty, and so forth. We do not cur-
rently have the knowledge and methods to be able to predict what strategies a per-
son will use given a particular circumstance. In fact, Miller and Woods (1997)
point out that even the system and its displays will affect the type of decision
strategies selected by operators.

Another consideration is whether designers should deliberately try to alter
rather than fit the strategy of the moment. For example, Pierce (1996) found that
people overrely on rapid, intuitive decisions rather than perform the more diffi-
cult deliberate analyses. This suggests that decision aids might support human de-
cision making by somehow counteracting this "shortcut" or satisficing
tendency-at least when it is important and there is ample time for analytical pro-
cessing (e.g., life-threatening decisions).

Current work shows that, like other aspects of interface design, adequate us-
ability testing is critical for advanced features such as decision support. To illus-
trate, Cook and Woods (1996) evaluated the implementation of a new
physiological monitoring system for use in cardiac anesthesia. The system had sev-
eral advanced features, including automation of certain functions and calcula-
tional aids. Users tried, then usually abandoned, use of the computational aids
because they were too difficult to be worth while.

Finally, additional considerations follow from a view of decision aids as a
human-machine system where the human has supervisory control and the com-
puter is a semiautonomous but subordinate cognitive system (Rasmussen, 1986;
Woods & Roth, 1988b). The concerns are the same as those that come with any au-
tomation technology. AsWoods and Roth (1988b) point out, a decision support
system will be successful if the user can control and/or redirect the subsystem, and
the user and subsystem have common or shared representations of the state of the
world and problem status. Chapter 16 addresses these and other important issues.

PROBLEM SOLVING

We have already seen that task performance in complex environments relies on a
variety of cognitive activities. These activities are sometimes more of a decision
choice and sometimes more like "problem solving:' Often the generation of an al-
ternative action is a problem in itself. For example, how can a ship captain avoid
an obstacle that suddenly presents itself? How can a pilot land his plane when a
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malfunction has occurred? Much of the task depends on creative problem solving
that will yield an action sequence to meet the goals of the situation. In this section,
we consider activities that have the traditional characteristics of aproblem: one or
more goals, a set of conditions or "givens;' a variety of means or methods by
which to change the conditions and reach the goals, and obstacles-resulting in
no immediately available knowledge of a solution.

Characteristics of Problem Solving

Some of the problem solving typically studied in human factors revolves around
use of a mechanical system to achieve some goal. For example, a person might
want to program a VVCRto record a particular channel, on a particular day, at a
particular time. However, it is a "problem" because the person does not have the
method to do this task directly stored in memory. What often makes this type of
problem solving difficult is that (1) the person does not have the working mem-
ory capacity to solvethe problem (Larkin etal., 1980), (2) the person does not have
enough system knowledge to solve the problem, and/or (3) the person has the sys-
tem knowledge, but it is disconnected and unorganized, and the person does not
access it from long-term memory (Gordon & Gill, 1989).

It isnot entirely clear in real-world tasks how decision making and problem
solving fit together. Some researchers believe that decision making fits into the
overall problem solving task (Means et al., 1993). Another view is that problem
solving is that set of activities seen at the top of the decision-making model in
Figure 7.3. In other words, knowledge-based decision making and problem solv-
ing share many similar basic cognitive processes. It is likely that problem solving
differs mostly in that generating a solution (the action sequence) is much more
difficult than it isin most decision tasks. In problems, the solution path is usually
a set of "subroutines” or steps that are combined to solve the current problem.
Looking at Figure 7.3, problem solving would rely extensively on the two activi-
ties of "generating actions" and "planning.” Some of the implications are that suc-
cessful problem solving requires large amounts of relevant knowledge, good
strategies for generating potential solutions, and effective mental models for run-
ning cognitive simulations. Effectiveproblem solving would be hindered by work-
ing memory limitations, lack of knowledge in long-term memory, and lack of
good memory-retrieval strategies.

Errors and Biases in Problem Solving

After reviewing the difficulties and biases made in decision making, it is relatively
easy to predict problem solving difficulties. The first type of difficulty is caused by
the representation that people build of the problem (similar to situation assess-
ment for decision making). If the representation is overly constrained, omits con-
straints, or only allows one view of things, a solution will be less likely to be
generated. Simon points out that “the relative ease of solving a problem will de-
pend on how successful the solver has been in representing critical features of the
task environment in his problem space” (Simon, 1987,p. 276).

Another common problem is a failure to generate the correct solution plan,
even when the problem representation is clear. Sometimes this is due to fixation
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on previous plans that worked in the past. It is often difficult to search long-term
memory for alternative solutions because memory activation tends togt spread
to "distant" or weakly associated concepts. People are also prone to showing "func-
tional flxedness;' looking at the functionality of objects only in terms of their nor-
mal use. The movie Apollo 13 demonstrated the ability of people to move beyond
this type of functional flxedness. Recall that the astronauts were stranded without
an adequate air purifler system. To solve this problem, the ground control crew as-
sembled all of the "usable” objects known to be on board the spacecraft (tubes, ar-
ticles of clothing, etc.). Then they did free brainstorming  with the objects in
various conflgurations until they had assembled a system that worked. Finally, they
walked the astronauts through the assembly procedure.

Many failures to develop a solution plan are caused by limitations of working
memory; that is, often along sequence of action "packets" must be composed into
a"plan:' Then a cognitive simulation must be carried out to evaluate the plan. This
process frequently involves too many bits of information to be handled in work-
ing memory. As a simple example, imagine playing chess and trying to simulate
three moves into the future-including the possible choices the opponent might
make. The number of alternative combinations simply overwhelms the player's ca-
pabilities.

It is apparent that limitations in problem solving have much in common
with limitations and biases in decision making, especially those due to memory re-
trieval and working-memory  limitations. Computer-based  problem-solving  sup-
port can overcome many of these difficulties by using the support mechanisms
previously identifled for intuitive and analytical decision making. However, de-
signers should be cautious; initial research has shown that insufficiently developed
decision and problem-solving aids can lead humans to make more errors than
they would when left to perform the task unaided (e.g., Smith, et al., 1993). In ad-
dition, no one has yet identifled away for computer aids to help generate creative
solutions to new problems. Perhaps the closest system that has been developed is
the retrieval of previous problems and solutions for the operator to use in gener-
ating appropriate solutions for the current problem, that is, cased-based reasoning.
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Displays

The  operator of an energy-generating plant is
peacefully monitoring its operation when suddenly an alarm sounds to indicate that
afailure has occurred. Looking up at the top panel of display warning indicators, he
sees aflashing of several of the warning "tiles,” some in red, some in amber. Making
little sense out of this "Christmas Tree" pattern, he looks below at the jumbled array
of steam gauges and strip charts that present the continuously changing plant vari-
ables. Some of the indicators appear to be out of range, but they present no coherent
pattern, and it is not easy to see which ones are associated with the warning tiles, ar-
rayed in the separate display region above. He then turns to the operating manual,
which contains a well-laid-out flow diagram of the plant on the early pages.
However, he must search through to apage at the back tofind information on the
emergency warning indicators and locate still a different page describing the proce-
dures to take. Trying to scan rapidly between these five disconnected sources of in-
formation in an effort to attain a coherent understanding of what is happening
within the plant, he finally despairs and shuts down the plant entirely, causing a
large loss in profit for the company.

Our unfortunate operator could easily sense the changes in display indicators
and read the individual text and diagrams in the manual. He could perceive indi-
vidual elements. But his ability to perceive the overall meaning of the information
was hindered by the poor integration of the displays.

In Chapters 4 and 5 we described how the various sensory systems (primar-
ily the eyesand ears) process the raw sensory information and use this informa-
tion as the bottom-up basis of perception, that is, an interpretation of the meaning
of that information, with the assistance of expectancies and knowledge driving
top-down processing. In Chapters 6 and 7 we described the manner in which per-
ceived information was processed further and was stored temporarily in working
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memory, or more permanently in long-term memory, and used for diagnosis and
decision making. The present chapter now focuses on displays, which are typically
human-made artifacts designed to support the perception of relevant system vari-
ables and facilitate the further processing of that information (Fig:8.1). The
speedometer on the car; the warning tone in the aircraft, the message on the
phone-based menu system, the instruction panel on the automatic teller, the
steam gauge in the industrial plant, or the fine print on the application form are
all examples of displays, in various modalities, conveying various forms of infor-
mation used in various tasks. In this chapter we will first describe 13 key human
factors principles in the design of displays. Then the bulk of the chapter will focus
on describing different categories of tasks for which displays are intended, illus-
trating aswe go various application of the 13 principles.

WAYS OF CLASSIFYING DISPLAYS

It is possible to classify displays along at least three different dimensions. First,
there are differences in the physical implementation of the display device. One may
think of these as the physical tools that the designer has to work with in creating a
display. For example, a display may use color or monochrome; it may use the vi-
sual or auditory modality; a 3-D display may use stereo, and so on. Several of these
tools are listed in Table 8.1.

All of these tools will be mentioned at various points in the chapter. However,
before fabricating a display the designer must first ascertain the nature of the task
that display is intended to support: Is it navigating, controlling, decision making,
learning, and so forth? Our chapter will, in fact, be organized around displays to
support these various tasks, as we see how different display tools may be optimally

Information Principles Perception

Understanding
(Mental Model)

Display Senses

FIGURE 8.1

The figure illustrates key components in display design. A system generates information,
some of which must be processed by the operator to perform atask. That necessary
information  (but only that information) is presented on a display and formatted according
to principles in such a way that it will support perception and understanding. Often this
understanding is facilitated by an accurate mental model of the displayed process.
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TABLE 8.1 Physical Toolsand Variables That the Display Designer May Manipulate

« Location -
in XY space
superimposed (the head-up display)
 Color (color versus monochrome)
« Dimensionality
planar versus perspective
mono Versus stereo
* Motion
what moves
how it moves
* Intensity: what isbright, what is dim
¢ Coding
what physical dimensions (i.e., color, size, shape) are assigned to variables
analog versus digital coding
analog and pictures versus text
* Modality: vision versus audition
* What to display: information analysis

suited for different tasks. However, we note here that defining the task is only a first
step. Once the task and its goals are identified (e.g., designing a map to help a dri-
ver navigate from point A to point B), one must carry out a detailed information
analysis that will identify what the operator needs to know to carry out the task.
Where such knowledge does not already exist "in the head of the user" in the form
of skill, it is a likely candidate for the display.

Finally, and most important, the reason no single display tool is best suited for
all tasks is because of characteristics of the human user who must perform those
tasks. For example, a digital display may be appropriate if the task requires precise
reading of the exact value of an indicator, but because of the way our visual sys-
tem works, the same display is not good for assessing at a quick glance the ap-
proximate rate of change and value of the indicator. As Figure 8.1 shows, the key
mediating factor that determines the best mapping between the physical form of
the display and the task requirements is a series of principles of human perception
and information processing. These principles are grounded in the strengths and
weaknesses of human perception and performance (Wickens, 1992; Boff,
Kaufman, & Thomas, 1986), and it is through the careful application of these prin-
ciples to the output of the information analysis that the best displays will emerge.
We turn now to an overview of the principles.

THIRTEEN PRINCIPLES OF DISPLAY DESIGN

One of the basic tenants of human factors is that lists of longer than five or six
items are not easily retained, unless they are provided with some organizational

structure. To help retention of the otherwise daunting list of 13 principles of dis-
play design presented below, we may then associate them into four distinct cate-
gories: (1) those that directly reflect perceptual operations, (2) those that can be
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traced to the concept of the mental model, (3) those that relate to human attention,
and (4) those that relate to human memory. Some of these principles have been
presented in previous chapters, (4, 5and 6) and others will be discussed more fully
later in this chapter.

Perceptual Principles

These are illustrated in Figure 8.2.

1. Avoid absolute judgment limits. Aswe noted in Chapter 4 and again in Chapter
5 when discussing alarm sounds, do not require the operator to judge the level of a
represented variable on the basis of a single sensory variable like color, size, or loud-
ness, which contains more than five to seven possible levels. To require greater pre-
cision as in a color-coded map with nine hues will be to invite errors of judgment.

(a) Absolute Judgement:

"If the light is amber, proceed with caution.” -(_)- Amber light

.

T isoneof 6
possible hues

b) Top-Down Processing:
(b) Top A Checklist J A should be on

B should be on
C should be on
D should be off

(c) Redundancy Gain: The Traffic Light Position and hue are
B redundant

O

(d) Similarity: Confusion

padiyad

Attitude .-

FIGURE 8.2

Some examples of four perceptual principles of display design, described in the text. (a)
Absolute judgment; (b) Top-down processing (a tendency to perceive as “D should be on”);
(c) Redundancy gain; and (d) Similarity — confusion.
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2. Top-down processing. People will perceive and interpret signals in accor-
dance with what they expect to perceive on the basis of their past experie!lfe. If a
signal is presented that is contrary to expectations, like the warning or alarm for
an unlikely event, then more physical evidence of that signal must be presented to
guarantee that it will be interpreted correctly.

3. Redundancy gain. When the same message is expressed more than once, it
will be more likely to be interpreted correctly. This will be particularly true if the
same message is presented in alternative physical forms (e.g., tone and voice, voice
and print, print and pictures, color and shape); that is, redundancy is not simply
the same as repetition. When alternative physical forms are used, there is a greater
chance that the factors that might degrade one form (e.g., noise degrading an au-
ditory message) will not degrade the other (e.g. printed text).

4, Discriminability: Similarity causes confusion. Similar appearing signals will be
likely to be confused, either at the time they are perceived or after some delay if the
signals must be retained in working memory before action istaken. What causes two
signals to be similar isthe ratio of similar features to dissimilar ones (Tversky, 1977).
Thus, AJB648 is more similar to AJB658 than is 48 similar to 58, even though in both
cases only a single digit is different. Where confusion could be serious, the designer
should delete unnecessary similar features and highlight dissimilar (different) ones
in order to create distinctiveness. Note, for example, the high degree of confusabil-
ity of the two captions in Figure 8.2d. In Figure 4.11 we illustrated another exam-
ples of the danger of similarity and confusion in visual information.

Mental Model Principles

When operators perceive a display, they often interpret what the display looks like
and how it moves in terms of their expectations or mental model of the system
being displayed, a concept that was discussed in Chapter 6 (Norman, 1988;
Johnson-Laird, 1983; Gentner & Stevens, 1983). The information presented to our
system monitor in the opening story was not consistent with the mental model of
the operator. Hence, it isappropriate for the format of the display to capture aspects
of that mental model, based on user's experience of the system whose information
is being displayed. Principles 5, 6, and 7 illustrate how this can be achieved.

5. Principle of pictorial realism (Roscoe, 1968). A display should look like (i.e.,
be a picture of) the variable that it represents. Thus if we think of temperature as
having a high and low value, athermometer should be oriented vertically. If the
display contains multiple elements, then these elements can be configured in a
manner that looks like how they are configured in the environment that is repre-
sented (or how the operator conceptualizes that environment). In this instance we
can define avariant of the principle of pictorial realism as the principle of config-
ural displays (Sanderson et al., 1989).

6. Principle of the moving part (Roscoe, 1968). The moving element( s) of any
display of dynamic information should move in a spatial pattern and direction
that is compatible with the user's mental model of how the represented element
moves. Thus, if a pilot thinks that the aircraft moves upward when altitude is
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gained, the moving element on an altimeter should also move upward with in-
creasing altitude.

7. Ecological interface design. Collectively, adherence to the principre-of picto-
rial realism and the principle of the moving part can create displays that have a
close correspondence  with the environment that is being displayed. Because of this
adherence to the ecology of the displayed world, these types of displays have been
recently referred to as Ecological Interfaces (Vicente & Rasmussen, 1992; Bennett,
Toms, & Woods, 1993; Rasmussen, Pejtersen, & Goodstein, 1995).

Principles Based on Attention

Complex multielement displays require three components of attention to process
(Parasuraman, Davies, & Beatty, 1984). Selective attention may be necessary to
choose the displayed information sources necessary for a given task. Focused at-
tention allows those sources to be perceived without distraction from neighboring
sources, and divided attention may allow parallel processing of two (or more)
sources of information if a task requires it. All four of the attentional principles de-
scribed below characterize ways of capitalizing on attentional strengths or mini-
mizing their- weaknesses.

8. Minimizing information access cost. There is typically a cost in time or effort
to "move" selective attention from one display location to another to access in-
formation. Our display monitor in the opening story wasted valuable time going
from one page to the next in the book and visually scanning from there to the in-
strument panel. The information access cost may also include the time to key
through a computer menu structure to find the correct "page:' Thus, good designs
will be those that can minimize the net cost by keeping frequently accessed sources
in such a location that the cost of traveling between them is small. This principle
was not supported in the maintenance manual in the episode at the beginning of
the chapter. We discuss it again in Chapter 10.

9. Proximity compatibility principle (Wickens & Carswell, 1995). Sometimes
two or more sources of information are related to the same task and must be men-
tally integrated to complete the task (e.g., agraph line and its legend or the plant lay-
out and the warning indicator meanings in our opening story); that is, divided
attention between the two sources for the one task is desirable. These information
sources are said to have close "mental proximity." As described in principle 8, good
display design should then provide them with close "display proximity" by display-
ing them close together so that their information access cost will be low (Wickens
& Carswell, 1995). However, close display proximity can also be obtained by dis-
playing them in a common color by linking them together with lines, or by"con-
figuring" them in a pattern, as discussed in principles 5and 7 above (Fig. 8.3a). But,
as Figure 8.3b shows, too much close display proximity is not always good, partic-
ularly if one of the elements must be the subject of focused attention. In this case of
focused attention, close proximity may be harmful, and it is better for the sources
to be more separated. The "low mental proximity" of the focused attention task is
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FIGURE 8.3

The proximity compatibility principle. (a) Five examples of "dose" display proximity (on the
left) that will be helpful for tasks requiring integration of information in the two sources
shown. (b) Two examples of dose proximity that will hurt the ability to focus on one
indicator and ignore the other.

then best served by the "low display proximity" of separation. Thus, the two types
of proximity, display and mental, are "compatibly related."

10. Principle of multiple resources. Aswe noted in Chapter 6, sometimes pro-
cessing of a lot of information can be facilitated by dividing that information
across resources-presenting  visual and auditory information concurrently, for
example-rather  than presenting all information visually or all auditorily.

Memory Principles

As we learned in Chapter 6, human memory is vulnerable. Working memory is
vulnerable because of its limited capacity: We can only keep a small number of
"mental balls" in the air at one time and so, for example, may easily forget the
phone number before we have had a chance to dial it or write it down. Our oper-
ator in the opening story had a hard time remembering information on one page
of the manual while he was accessing or reading the other. Our long-term mem-
ory isvulnerable because we forget certain things or, sometimes, because we re-
member other things too well and persist in doing them when we should not. The
final three principles address different aspects of these memory processes.

11. Principle of predictive aiding. Humans are not very good at predicting the
future. In large part this limitation results because prediction is a difficult cogni-
tive task, depending heavily on working memory. We need to think about current
conditions, possible future conditions, and the rules by which the former may gen-
erate the latter. When our mental resources are consumed with other tasks, pre-
diction falls apart, and we become reactive, responding to what has already
happened, rather than proactive, responding in anticipation of the future. Since
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proactive behavior is usually more effective than reactive, it stands to reason that
displays that can explicitly predict what will (or is likely to) happen will generally
be quite effective in human performance. A predictive display removes a.Esource
demanding cognitive task, and replaces it with a simpler perceptual one. Figure 8.4
shows some examples of effective predictor displays.

12. Principle of knowledge in the world. D. Norman (1988) has written elo-
quently about two kinds of knowledge that support people's interactions with
systems. Knowledge in the head, on the one hand, iswhat we typically think of
when we think of knowledge. It is remembering what needs to be done when,
which is a pretty good memory system for routine tasks but not so good for
tasks that are complex, recently learned, or poorly explained. Knowledge in the
world, on the other hand, involves placing explicit visible reminders or state-
ments of what is to be done at the time and place that will trigger the appro-
priate action. A pilot's checklist is a good example of knowledge in the world
(Degani & Wiener, 1990). So too would be a computer menu that, at each step,
provides the user with a complete list of all the possible options so that the ap-
propriate action can be easily recognized. Clearly, when knowledge is put in the
world, it will not be forgotten, whereas when it must be accessed only in the
head, forgetting is possible.

Of course sometimes too much knowledge in the world can lead to clutter
problems, and systems designed to rely on knowledge in the head are not neces-
sarily bad. For example in using computer systems, experts might like to be able
to retrieve information by direct commands (knowledge in the head) rather than
stepping through a menu (knowledge in the world) (see Chapter 15).Good design
must balance the two kinds of knowledge.

13. Principle of consistency. When our memory works too well, it may continue
to trigger actions that are no longer appropriate, and this is a pretty instinctive and
automatic human tendency. Old habits die hard. Because there is no way of avoid-
ing this, good designs should try to accept it and "go with the flow" by designing
displaysin amanner that is consistent with other displays that the user may be per-
ceiving concurrently (e.g., a user alternating between two computer systems) or
may have perceived in the recent past. Hence, the old habits from those other dis-
plays will transfer positively to support processing of the new displays. Thus, color
coding should be consistent across a set of displays so that, for example, red always
means the same thing. Asanother example, a set of different display panels should
be consistently organized, thus, through learning, reducing information accesscost
each time a new set is encountered.

Conclusion

In concluding our discussion of principles, it should be immediately apparent that
principles sometimes conflict or "collide.” Making all displays consistent, for ex-
ample, may sometimes cause certain displaysto be lesscompatible than others, just
as making all displays optimally compatible may make them inconsistent.

Correspondingly, putting too much knowledge in the world or incorporating too
much redundancy can create very cluttered displays, thereby making focused at-
tention more difficult. Alas, there is no easy solution to say what principles are
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Some effective predictive displays. (a) A proposed air traffic control predictive conflict
display that shows where two aircraft will come in potential conflict if each continues its
present descent profile. (Source: Whitfield, D.A., Ball, R.G., and Ord, G., 1980. Some human
factor aspects of computer-aided contents for air traffic controllers. Human Factors, 22, pp.
569-580. © [British] Crown Copyright, 1997/Defence Evaluation and Research Agency.
Reproduced with the permission of the Controller, Her [Britannic] Majesty's Stationery
Office.); (b) an aircraft flight predictor, shown by the curved, dashed line extending from the
triangular symbol at the bottom. (Source: Courtesy of the Boeing Corporation.)
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more important than others when two or more principles collide. But clever and
creative design can sometimes enable certain principles to be more effectively
served, without violating others. We will see this in some cases as we nOl¥turn to
a discussion of various categories of displays, illustrating, aswe go,the manner in
which certain principles have been applied to achieve better human factors. Aswe
encounter each principle in application in the following pages, we will place a re-
minder of the principle number in parentheses, for example, (P12).

ALERTING DISPLAYS

We discussed alerting displays to some extent already in Chapter 5 in the context
of auditory warnings. Ifitis critical to alert the operator to a particular condition,
then the "omnidirectional” auditory channel is best. However, there may well be
several different levels of seriousness of the condition to be alerted, and not all of
these need or should be announced auditorily. For example, if my car passes a
mileage level in which a particular service is needed, | do not need the time-crit-
ical and intrusive auditory alarm to tell me that.

Conventionally, system designers have classified three levels of alerts: warn-
ings, cautions, and advisories, which can be defined in terms of the severity of con-
sequences of failing to heed their indication. Warnings, the most critical category,
should be signaled by salient auditory alerts; cautions may be signaled by auditory
alerts that are less salient (e.g., softer voice signals); advisories need not be audi-
tory at all, but can be purely visual. Both warnings and cautions can clearly be aug-
mented by redundant visual signals as well (P3). In order to avoid possible
confusion of alerting severity,the aviation community has also established explicit
guidelines for color coding, such that warning information will alwaysbe red; cau-
tion information will be yellow or amber; advisory information can be other col-
ors (e.g., white), clearly discriminable from red and amber (P4).

Note that the concept of defining three levels of condition severity is consis-
tent with the guidelines for "likelihood alarms" discussed in Chapter 5 (Sorkin,
Kantowitz, & Kantowitz, 1988).

LABELS

Labels may also be thought of as "displays,”although they are generally static and
unchanging features for the user. Their purpose isto unambiguously signal the
identity or function of an entity, such as a control, display, piece of equipment,
entry on a form, or other system component; that is, they present "knowledge in
the world" (P12) of what something is. Labels are usually presented as print but
may sometimes take the form of icons (Fig. 8.5). The four-key design criteria for
labels are visibility, discriminability, meaningfulness, and location.

1. Visibility/legibility. This criterion relates directly back to issues of contrast
sensitivity discussed in Chapter 4. Stroke width of lines (in text or icons) and con-
trast from background must be sufficient so that the shapes can be discerned
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FIGURE 8.5

Some typical icons.

under the poorest expected viewing conditions. This entails some concern for the
low spatial frequency shape of icons.

2. Discriminability  (P4). This criterion dictates that any feature that is neces-
sary to discriminate a given label from an alternative that may be inferred by the
user to exist in that context isclearly and prominently highlighted. We noted above
that confusability increases with the ratio of shared to distinct features between
potential labels. So two figure legends that show a large amount of identical (and
perhaps redundant) text will be more confusable than two in which this redun-
dancy is deleted (Fig. 8.2). Figure 4.11 in Chapter 4 illustrated some particularly
dangerous examples of confusability in medical drug labeling (Bogner, 1994).
When these similar appearing names get passed through the filter of a physician's
handwriting, the dangerous consequences are clear.

A special "asymmetrical” case of confusion is the tendency to confuse nega-
tive labels ("No entry™) with positive ones ("Entry"). Unlessthe negative "No;"Do
Not;' "Don't," etc. is clearly and saliently displayed, it is very easy for people to miss
it and assume the positive version, particularly when viewing the label (or hear-
ing the instructions) under degraded sensory conditions. We illustrated the dis-
astrous consequences of such a misinterpretation when we discussed the pilot's
mishearing of the communication to "hold for take off;' in the context of the
Canary Islands aircraft disaster in Chapter 5. Note finally that even when the neg-
ative is initially perceived correctly, if the instruction is not carried out immedi-
ately,the negative may beforgotten during the delay,and what is remembered will
only be the positive version.

3. Meaningfulness. Even if a word or icon is legible and unique, this is no
guarantee that it "triggers" the appropriate meaning in the mind of the viewer
when it is perceived. What, for example, do all the icons in Figure 8.5 mean? Or,
for the English viewer of the sign along the German Autobahn, what does the word
anfang mean? Unfortunately, too often icons, words, or acronyms that are highly
meaningful in the mind of the designer, who has certain expectations of the mind-
set that the user should have when the label is encountered, are next to meaning-
less in the mind of some proportion of the actual users.

Because this unfortunate situation is far more likely to occur with the use of
abbreviations and icons than with words, we argue here that labels based only on
icons or abbreviations should be avoided where possible (Norman, 1981). Icons
may well be advantageous where the word labels may be read by those who are not
fluent in the language (e.g., international highway symbols) and sometimes under
degraded viewing conditions (Long & Kearns, 1996); thus, the redundancy gain
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(P3) that such icons provide is usually of value. But the use of icons alone appears
to carry an unnecessary risk when comprehension  of the label is important.

4. Location. One final obvious but sometimes overlooked feature oiJabels:
They should be physically close to and unambiguously associated with the entity
that they label, thereby adhering to the proximity compatibility principle (P9).

More recently, computer designers are applying the concept of icons to sound,
in the generation of "earcons;' synthetic sounds that have a direct meaningful as-
sociation with the thing they represent (Blattner, Sumikawn, & Greenberg, 1989).
Thus, for example, a "cut" activity in editing text might be expressed by the syn-
thetic sound of scissors.

MONITORING

Displays for monitoring are those that support the viewing of potentially chang-
ing quantities, usually represented on some analog or ordered value scale, such as
a channel frequency, a speed, temperature, noise level, or changing job status. A va-
riety of tasks may need to be performed on the basis of such displays. A monitored
display may need to be set, as when an appropriate frequency is "dialed in" to a
radio channel. It may simply need to be watched until it reaches a value at which
some discrete action is taken as characterizing the operator in our story at the be-
ginning of the chapter; or it may need to be tracked, in which case another vari-
able must be manipulated to follow the changing value of the monitored variable.
(Tracking is discussed in considerably more detail in Chapter 9.) Whatever the ac-
tion to be taken on the basis of the monitored variable-discrete or continuous,
immediate or delayed-there is a series of guidelines that can be used to optimize
the monitoring  display.

1. Legibility. Display legibility is of course the familiar criterion we revisited
in the previous section, and it relates back to the issues of contrast sensitivity dis-
cussed in Chapter 4. If monitoring displays are digital, the issues of print and char-
acter resolution must be addressed. If the displays are analog dials or pointers, then
the visual angle and contrast of the pointer become critical, as well as the legibil-
ity of the scale against which the pointer moves. A series of guidelines may be
found in Sanders and McCormick (1993) and Helander (1997) to assure such leg-
ibility. But designers must be aware of the possible degraded viewing conditions
(e.g., low illumination) under which such scales may need to be read and must de-
sign to accommodate such conditions.

2. Analog VersusDigital. Most variables to be monitored are continuously chang-
ing quantities. Furthermore, users often form a "picture” or mental model of the
changing quantity. Hence, adhering to the principle of pictorial realism (PS, Roscoe,
1968) would suggest the advantage of an analog (rather than digital) representation
of the continuously changing quantity, and indeed the data appear to support this
guideline (Boff & Lincoln, 1988). In comparison to digital displays (Fig. 8.6a), ana-
log displays like the moving pointer in Figure 8.6b can be more easily read at a glance;
the value of an analog display can be more easily estimated when the display is chang-
ing, and it is easier to estimate the rate and direction of that change. Atthe same time,
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digital displays do have an advantage if very precise "check reading” or setting of the
exact value is required. But unless these are the only tasks required of a monitoring

display and the value changes slowly, then any digital display should be redundantly

provided with its analog counterpart (P3), like the altitude display shown in Figure
8.6¢, which we discuss below.

3. Analog Form and Direction. If an analog format is chosen for display, then
the principle of pictorial realism (P5; Roscoe, 1968) would state that the orientation
of the display scale should be in a form and direction that is congruent with the
operator's mental model of the displayed quantity. Cyclical or circular variables
(like compass direction or a 24-hour clock) share an appropriate circular form for
a round dial or "steam gauge" display, whereas linear quantities, with clearly de-
fined "high" and "low" points, should ideally be reflected by linear scales. These
scales ideally should be vertically arrayed so that "high" is up and "low" is down.
This feature is easy to realize when employing the fixed-scale moving pointer dis-
plays (Figure 8.6b) or the moving scale fixed-pointer display in Figure 8.6c.

However, many displays are fairly dynamic, showing substantial movement
while the operator is watching (or setting) them. The principle of the moving part
(P6) suggests that displays should move in a direction consistent with the user's
mental model: An increase in speed (or any other quantity) should be signaled by
amovement upward on the moving element of the display (rightward and clock-
wise are also acceptable, but less powerful movement stereotypes for increase).
While the moving pointer display in Figure 8.6b clearly adheres to this stereotype,
the moving scale display in Figure 8.6c does not. Upward display movement will
signal a decrease in the quantity. The moving scale version in Figure 8.6d with the
scale inverted can restore the principle of the moving part, but only at the expense
of aviolation of the principle of pictorial realism (P5) because the scale is now in-
verted. We note also that both moving scale displays suffer from a difficulty of
reading the scale value while the quantity is changing rapidly.

Despite its many advantages, there is one cost with a linear moving pointer
display (Figure 8.6b). It cannot present a wide range of scales values within a
small range of physical space. If the range of scale over which the variable travels

—{30
50 - 1 4
—{ 20 2
40 )
—10 » 32
i .
494 —0° 20 4 5
(a) (b) (c) (d)

FIGURE 8.6

Digital display; (b) Moving pointer analog display; (c) Moving scale analog display with
redundant digital presentation adheres to principle of pictorial realism; (d) Inverted moving
scale display adheres to principle of the moving part.
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is large and the required reading precision is also high (a pilot's altimeter, for ex-
ample), this can present a problem. One answer isto revert to the moving scale dis-
play, which can present high numbers at the top, if the variable does not change
rapidly (i.e., little motion means that the principle of the moving part hasless rel-
evance). A second option isto use circular moving pointer displays that are more
economical of space. While these options may destroy some adherence to the
principle of pictorial realism (if displaying linear quantities), they still possess a
reasonable stereotype of increase -7 clockwise. A third possibility isto employ a
"frequency separated” concept of a hybrid scale, in which high-frequency changes
drive a moving pointer against a stable scale, while sustained low-frequency
changes can gradually shift the scale quantities to the new (and appropriate) range
of values as needed (maintaining high numbers at the top).

Clearly, as in any design solution, there is no "magic layout" that will be cost-
free for all circumstances. As always, task analysis regarding the rate of change of
the variable, its needed level of precision, and its range of possible values should
be undertaken before a display format is chosen.

One final factor influencing the choice of display concerns the nature of con-
trol that may be required to set or to track the displayed variable. Fortunately for
designers, many of the same laws of display expectations and mental models apply
to control; that is, just as the user expects (P2) that an upward (or clockwise)
movement of the display signals an increasing quantity, so the user also expects
that an upward (or clockwise) movement of the control will be required to increase
the displayed quantity. We revisit this issue in more detail in Chapter 9 when we
address issues of display-control compatibility.

4. Prediction and Sluggishness. Many monitored variables are "sluggish™ in
that they change relatively slowly.But as a consequence of the dynamic properties
of the system that they represent, the slow change means that their future state can
be known with some degree of certainty. Such is the case of the supertanker, for
example: Where the tanker is now in the channel and how it is moving will quite
accurately predict where it will be several minutes into the future. Another char-
acteristic of such systems is that efforts to "control them;' executed now, will also
not have an influence on their state till much later. Thus, the shift in the super-
tanker's rudder will not change the ship's course until later; and the adjustment of
the heat delivered to a chemical process will not change the process temperature
until much later (Chapter 16). Hence, control should be based on the operator's
prediction of future state, not present conditions. But aswe saw, prediction is not
something we do very well, particularly under stress; hence, good predictor dis-
plays (PIl) can be agreat aid to human performance (Fig. 8.4).

Predictive displays of physical systems are typically "driven" by a computer
model of the dynamics of the system under control and by knowledge of the cur-
rent inputs (forces) acting on the system. Because, like the crystal ball of the for-
tune-teller, these displays really are making inferences about the future, they may
not always be correct and will be less likely to be correct the further into the fu-
ture isbeing predicted. Hence, the designer should be wary of predicting forward
further than is reasonable and might consider depicting limits on the degree of
certainty of the predicted variable.
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MULTIPLE DISPLAYS

Many real-world systems are complex. The typical nuclear reactor may have at least
35 variables that are considered critical for its operation, while the aircraft is assumed
to have at least seven that are important for monitoring in even the most routine op-
erations. Hence, an important issue in designing multiple displays isto decide where
they go; that is, what should be the layout of the multiple displays (Wickens, Vincow,
& Schopper, 1997). In the following section we discuss several principles of display
layout, and while these are introduced in the context of monitoring displays, the
reader should realize that the principles apply to nearly any type of display. We then
address issues related to head-up displays and to configural displays.

Display Layout

In many work environments, the designer may be able to define aprimary visual
area (PVA) (see Chapter 10). For the seated user, this may be the region offorward

view as the head and eyes look straightforward. For the vehicle operator, it may be
the view of the highway (or runway in an aircraft approach). Defining this region
(or point in space) of the PYA is critical because the first of six principles of dis-
play layout, (1) frequency of use, dictates that frequently used displays should be ad-
jacent to the PYA. This makes sense because their frequent access dictates a need
to "minimize the travel time" between them and the PYA (P8). Note that some-
times a very frequently used display can itself define the PYA. With the conven-
tional aircraft display suite shown in Figure 8.7, this principle is satisfied by
positioning the most frequently used instrument, the attitude directional indica-
tor or ADI, at the top and center, closest to the view out the windshield on which
the pilot must fixate to land the aircraft and check for other traffic.

The principle of (2) display relatedness or sequence of use dictates that "related
displays” and those pairs that are often used in sequence should be close together.
(Indeed these two criteria are often correlated. Displays are often consulted se-
quentially because they are related-like  the desired setting and actual setting of
an indicator.) We see this principle as capturing the key feature of the proximity
compatibility principle (P9) (Wickens & Carswell, 1995). We saw the manner in
which it was violated for the operator in our opening story. As a positive exam-
ple, in Figure 8.7, the vertical velocity indicator and the altimeter, in close spatial
proximity on the right side, are also related to each other since both signal infor-
mation about the vertical position of the aircraft. As another example, as we saw
(and will see again when we discuss graphs), graph labels should be close to the
lines that they depict.

The principle of (3) consistency is related to both memory and attention. If dis-
plays are always consistently laid out with the same item positioned in the same spa-
tiallocation, then our memory of where things are serves us well and memory can
easily and automatically guide selective attention to find the items we need (P8,
P 13). Thus, for example, the Federal Aviation Administration has provided strong
guidelines that, even as new technology can revolutionize the design of flight in-
struments, the basic form of the four most important instruments in the panel in
Figure 8.7-those  forming aT-should always be preserved (FAA, 1987).
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FIGURE 8.7

Conventional aircraft instrument panel. The attitude directional indicator is in the top
center. The outlines surround displays that are related in the control of the vertical (solid
box) and lateral (dashed box) position of the aircraft. Note that each outline surrounds
physically proximate displays.

Unfortunately, there are many instances in which the principle of consistency
conflicts with those of frequency-of-use and relatedness. These instances define
phase-related operations, when the variables that are important (or related and
used in sequence) during one phase of operation may be very different from those
during another phase. In nuclear power plant monitoring, what is important in
start-up and shut-down is different from what isimportant during routine oper-
ations. In flying, the information needed during cruise is quite different from
that needed during landing, and in many systems, information needed during
emergency is very different from that needed during routine operations. Under
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such circumstances, totally consistent layouts may be unsatisfactory and current
"soft" computer-driven displays allow flexible formats to be created in a phase-de-
pendent layout. However, if such flexibility is imposed, then three key design
guidelines must be kept in mind: (1) it should be made very clear to the user by
salient visible signals which configuration is in effect (P4, P12); (2) where possi-
ble some consistency (P13) across all formats should be sought; (3) the designer
should resist the temptation to create excessive flexibility (Andre & Wickens,
1992). Remember that as long as a display design is consistent, the user's memory
will help guide attention to find the needed information rapidly, even if that in-
formation may not be in the very best location for a particular phase.

The principle of (4) organizational grouping is one that can be used to contrast
the display array in Figure 8.8a with that in Figure 8.8b. An organized "clustered"
display such asthat seen in 8.8a will provide an aid that can easily guide visual at-
tention to particular groups as needed (P8) as long as all displays within a group
are functionally related and their relatedness is clearly known and identified to the
user. If these guidelines are not followed, however, and unrelated items belong to
a common spatial cluster, then such organization may actually be counterpro-
ductive (P9).

Two final principles of display layout are (5) the principle of stimulus-re-
sponse compatibility, which dictates that displays should be close to their associated
controls, and (6) clutter avoidance, which dictates that there should ideally be a
minimum visual angle between all pairs of displays. We discuss S-R compatibility
in Chapter 9 and clutter avoidance in the following sections.

Head-Up Displays

We have already seen that one important display layout guideline involves mov-
ing important information sources close to the primary visual area or PYA.The
ultimate example of this approach isto actually superimpose the displayed infor-
mation on top of the PYA,creating what is known as the head-up display (HUD)
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FIGURE 8.8
Differences in display organization: (a) high; (b) low. All displays within each physical
grouping must be somehow related in order for the dispLay layout on the left to be effective.
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(Weintraub & Ensing, 1992; Newman, 1995). These are often proposed (and used)
for vehicle control but may have other uses as well when the PVA can be clearly
specified. For example, a HUD might be used to superimpose a comp.uter graph-
ics designer's palate information over the design work space (Harrison & Vicente,
1996). Two examples of head-up displays, one for aircraft and one for automobiles,
are shown in Figure 8.9.

The proposed advantages of HUDs are threefold. First, assuming that the dri-
ver or pilot should spend most of the time with the eyes directed outward, then
overlapping the HUD imagery should allow both the "far domain" environment
and the "near domain" instrumentation to be monitored in parallel. Second, par-
ticularly with aircraft HUDs, it is possible to present imagery that has a direct spa-
tial counterpart in the far domain. Such imagery, like a schematic runway or
horizon line that overlays its counterpart is said to be "conformal." By positioning
this imagery in the HUD, divided attention between the two domains is supported
(P9). Third, many HUDs are projected via collimated imagery, which essentially re-
orients the light rays from the imagery in aparallel fashion, thereby making the im-
agery to appear to the eyes to be at an accommodative distance of "optical infinity."
The advantage of this is that the lens of the eyeball accommodates to more distant
viewing than the nearby windshield and so does not have to reaccommodate to shift
between focus on instruments and far domain viewing (see Chapter 4).

Against these advantages must be considered one very apparent cost. Moving
imagery too close together (i.e., superimposed) violates the sixth principle of dis-
play layout: creation of excessive clutter. Hence, it is possible that the imagery
may be difficult to read against the background of varied texture and that the im-
agery itself may obscure the view of critical visual events in the far domain (Neisser
& Becklen, 1975).

Evaluation of HUDs indeed suggests that the overall benefits tend to out-
weigh the costs. In aircraft, flight control performance is generally better when
critical flight instruments are presented head-up (and particularly so if they are
conformal; Wickens & Long, 1995). In driving, the digital speedometer instru-
ment is sampled for a shorter time in the head-up location (Kiefer, 1991), al-
though in both driving or flying, speed control is not substantially better with a
head-up display than a head-down display (Kiefer, 1991; Sojourner & Antins,
1990; Wickens & Long, 1995). There is also evidence that relatively expected dis-
crete events are better detected when the display is in the head-up location
(Sojourner & Antins, 1990; Weintraub, Haines, & Randle, 1984, 1985; Larish &
Wickens, 1991).

Nevertheless, the designer should be aware that there are potential costs from the
head-up display of overlapping imagery. In particular, these clutter costs have been
observed in the detection of unexpected events in the far domain such as, for exam-
ple, the detection of an aircraft taxiing out onto the runway toward which the pilot
is making an approach (Wickens & Long, 1995; Fischer, Haines, & Price, 1980).

In summary, the data suggest that there may be some real benefits for HUDs,
as long as the information presented there is both critical and minimal and par-
ticularly if the information (and its imagery) is conformal. Decisions to shift too
much nonconformal information to the head-up location will create the danger-
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FIGURE 8.9

Head-up displays: (a) for automobile (Source: Kaptein, N. A. Benefits of In-car Head-up
Displays. Report TNO-TM 1994 B-20. Soesterberg, TNO Human Factors Research
Institute.); (b) for aircraft. (Source: Courtesy of Flight Dynamics.)
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ous clutter situation that may neutralize any advantages and possibly harm de-
tection of the unexpected event. The reader should consult Weintraub and Ensing
(1992) and Newman (1995) for many of the details required to implement HUDs
appropriately.

Head-Mounted Displays

A close cousin to the HUD is the head-mounted or helmet-mounted display, in
which a display is rigidly mounted to the head so that it can be viewed no matter
which way the head and body are oriented (Kocian & Task, 1995). Such a display
has the advantage of allowing the user to view superimposed imagery across a
much wider range of the far domain than is possible with the HUD. In an aircraft,
the head-mounted displays (HMDs) can allow the pilot to retain aview ofHMD

flight instruments while scanning the full range of the outside world for threat-
ening traffic. The use of a head-orientation sensor with conformal imagery can
also present information on the HMD specifying the direction of particular loca-
tions in space, for example, the location of traffic, the direction of an airport, or
due north. For other mobile operators, the HMD can be used to minimize infor-
mation access costs. For example, consider a maintenance worker, operating in an
awkward environment in which the head and upper torso must be thrust into a
tight space to perform a test on some equipment. Such a worker would greatly
benefit by being able to consult information on how to carry out the test, displayed
on an HMD, rather than needing to pull his head out of the space every time the
test manual needs to be consulted.

HMDs can be either monocular (presented to a single eye), biocular (pre-
sented as a single image to both eyes), or binocular (presented as a separate image
to each eye); furthermore monocular HMDs can be either opaque (allowing only
the other eyeto view the far domain) or transparent (superimposing the monoc-
ular image on the far domain). Each version has its benefits and costs (National
Research Council, 1995). We have noted above the issues of clutter in viewing the
outside world. The clutter costs may be mitigated somewhat by using a monocu-
lar HMD, which givesone eye unrestricted view of the far domain. However, pre-
senting different images to the two eyes can sometimes create problems of
binocular rivalry or binocular suppression, in which the two eyes compete to pre-
sent their own image to the brain (Arditi, 1986).

To a greater extent than with HUDs, efforts to place conformal imagery on
HMDs can be problematic because of potential delays in image updating. When
conformal displays are used to depict spatial positions in the outside world, then
they must be updated each time the display moves relative to that world. Aircraft
and even ground vehicles rotate relatively slowly compared to the speed of body
or head rotation. Hence, conformal image updating on the HMD must be fast
enough to keep up with potentially rapid head rotation. If it isnot, then the image
can become disorienting and lead to motion sickness (Durlach & Mavor, 1995);
alternatively, it can lead users to adopt an unnatural strategy of reducing their head
movements (Seagull & Gopher, 1995).
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Configural Displays

Sometimes multiple displays of "raw data" can be arrayed in both space ap..<format
so that certain properties that are relevant to the monitoring task will "emerge"
from the combination of values on the individual raw variables. Figure 8.10ashows
an example, a patient respiration monitoring display developed by Cole (1986). In
each rectangle the height indicates the volume or depth of breathing and the width
indicates the rate. Therefore, the total area of the rectangle indicates the total
amount of oxygen respired by the patient (right) and imposed by the respirator
(left). This relationship holds because the amount = rate x depth and the rec-
tangle area = height x width. Thus, the display has been configured in such a way
to produce what is called an emergent feature (Pomerantz & Pristach, 1989;
Sanderson et al., 1989); that is, a property of the configuration of raw variables (in
this case depth and rate) “"emerges” on the display to signal a significant task-rele-
vant, integrated variable (the rectangle area or amount of oxygen (P9). Note also
in the figure that a second emergent feature may be perceived as the shape of the
rectangle; the ratio of height to width that signals either shallow rapid breathing or
slow deep breathing (i.e., different "styles" of breathing).

Another example, shown in Figure 8.10b,is the safety parameter monitoring
display developed by Woods, Wise, and Hanes (1981) for a nuclear power control
room. Here the eight critical safety parameters are configured in an octagon such
that when all are within their safe range, the easily perceivable emergent feature of
symmetry will be observed. Furthermore, if a parameter departs from its normal
value, as the result of a failure, then the distorted shape of the polygon can uniquely
signal the nature of the underlying fault, a feature that was sadly lacking for our
operator in the story at the beginning of the chapter.

In the case of the two displays in Figure 8.10, configuring the to-be-integrated
variables as dimensions of a single object creates a sort of attentional "glue" that
fuses them together, thus adhering to the proximity compatibility principle (P9).
But configural displays do not have to come from asingle object. In Figure 8.11, the
four bar graphs, representing perhaps the speed or power of each of four engines,
will "configure" to define an imagined straight line across the top to signal the key
state that all four are running with equal efficiency. This indeed was aprimary rea-
son why certain designers have chosen to configure instruments on four engine air-
craft as bar graphs rather than as round dial meters (Fadden et al., 1994).

Indeed configural displays can reach a level of complexity that considerably ex-
ceeds that of the engine instruments, safety parameter monitors, or respiration mon-
itor (Vicente, 1995). Figure 8.12 provides an example of a configural display that have
been designed to support the monitoring of complex energy conversion processes.
The display designed by Bennett, Toms, and Woods (1993) contains a number of
emergent features to signal that the energy conversion process is functioning normally
and to make directly visible the nature of failures that might occur.

One alternative to designing a configural display isto design one in which the
raw data are presented and additional indicators directly present the key integrated
task-relevant variables. In the example of Cole's patient respirator display, shown
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FIGURE 8.10

(a) Configural respiration monitoring display (Source: developed by Cole, W. 1986. Medical
Cognitive Graphics. Proceedings of CHI. Human Factors in Computing Systems. New York:
Association for Computing Machinery); (b) Integrated spoke or polar display for monitoring
critical safety parameters in nuclear power. Left: normal operation; Right: wide-range iconic
display during lost-of-coolant accident. (Source: Woods, D.D., Wise, J., and Hanes, 1.An
Evaluation of Nuclear Power Plant Safety Parameter Display Systems. Proceedings of the 25th
Annual Meeting of the Human Factors Society, 1981, p. 111. Santa Monica, CA: Human Factors
Society. Copyright 1981 by the Human Factors Society, Inc. Reproduced by permission.)

in Figure 8.IDa, for example, the rate and depth indicators could be supplemented

by a third display that indicates total amount of oxygen. This possibility seems fea-
sible in some circumstances. If explicit presentation of the integrated variable were
redundantly presented with its graphical representation in the emergent feature,
then the only possible cost isthe clutter of an added display. However, if presenta-
tion of this integrated variable replaces the graphical configural representation that
includes the raw data, then something important may be lost: a direct and clear per-
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FIGURE 8.11
Engine instrument monitoring display such as that found on some four engine aircraft.

ceptual representation of how the higher level integrated variable (created by the
emergent feature) is influenced by changes in the raw data.

NAVIGATION DISPLAYS AND MAPS

A navigational display (the most familiar of which is the map) should serve four
fundamentally different classesof tasks: (I) provide guidance about how to get to
adestination, (2) facilitate planning, (3) help recovery if the traveler becomes lost
(i.e.,"Where am | now?"), and (4) maintain situation awareness regarding the lo-
cation of abroad range of objects (Garland & Endsley, 1995). (For example, a pilot
map might depict other air traffic or weather in the surrounding region.) The dis-
play itself may be paper or electronic. Environments in which these tasks should
be supported range from cities and countrysides to buildings and malls. Recently
these environments have also included spatially defined "electronic environments"
such as databases, hypertext, or large menu systems (see Chapter 15HC!). We also
note that navigational support may sometimes need to be provided in multitask
conditions, while the traveler is engaged in other tasks, like driving the vehicle.

Route Lists and Command Displays

The simplest form of navigational display is the route list or "command display:'
This display typically provides the traveler with a series of "commands" (turn left,
go straight, etc.) to reach a desired location. In its electronic version, it may pro-
vide markers or pointers of where to turn at particular intersections. The com-
mand display is easy to use. Furthermore, most navigational commands can be
expressed in words and if commands are issued verbally, they can be easily
processed while the navigator's visual attention is focused "on the road" (Streeter,
Vitello, & Wonsiewicz, 1985), following the attention principle of multiple re-
sources (P 10) described in Chapter 6.

Still, to be effective, command displays must possess an accurate knowledge
of where the traveler is as each command is issued. Thus, for example, a paper-
route list is vulnerable if the traveler strays off the intended route, and any sort of
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Configural display for process control monitoring (Source: Bennett, KB., Toms, M.L., and
Woods, D.D., 1993. Emergent features and graphical elements: Designing more effective
configural displays. Human Factors, 35 [1]. Reprinted with permission. Copyright 1993 by
the Human Factors and Ergonomics Society. All rights reserved.).
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electronically mediated command display will suffer if navigational choice points
(i.e., intersections) appear in the environment that were not in the data base (our
unfortunate  traveler turns left into the unmarked alley). Thus, commani:t'<iis-
plays are not effective for depicting where one is (allowing recovery if lost), and
they are not very useful for planning and maintaining situation awareness. In
contrast, spatially configured maps do a better job of providing these other kinds
of services (planning and situation awareness). There are a large number of dif-
ferent possible design features within such maps, and we consider them in turn.

Maps

Legibility.  To revisit arecurring theme, maps must be legible to be useful. For paper
maps, care must be taken to provide necessary contrast between labels and back-
ground, and adequate visual angle of text size. If color-coded maps are used, then use
of low-saturation coding of background areas will enable text to be more visible
(Reynolds, 1994). In designing such features, attention should also be given to the
conditions in which the maps may need to be read (e.g., poor illumination as dis-
cussed in Chapter 4). Unfortunately, legibility may sometimes be forced to suffer be-
cause of the need for detail (a lot of information). With electronic maps, detail can
be achieved without sacrificing legibility if zooming capabilities are incorporated.

Clutter.  Another feature of detailed maps is their tendency to become cluttered.
Clutter has two negative consequences: it will slow down the time to access infor-
mation (i.e., to search for and find an item, as we discussed in Chapter 4), and it will
slow the time to read the items, as a consequence of masking by nearby items (the fo-
cused attention disruption resulting from close proximity, P9). Besides the obvious
solution of creating "minimalist maps;' three possible solutions avail themselves.
First, effective color coding can present different classes of information in different
colors. Hence, the human selective attention mechanism ismore readily able to focus
on features of one color (e.g., roads), while "filtering out" the temporarily unneeded

items of different colors (e.g., text symbols, rivers, terrain). Care should be taken to
avoid an extensive number of colors (if absolute judgment is required, PI) and to
avoid highly saturated colors (Reynolds, 1994). Second, with electronic maps it is pos-
sible for the user to be able to highlight (intensify) needed classes of information se-
lectively while leaving others in the background. The enhanced intensity of target
information can be a more effective filter for selective and focused attention than will
be the different color. Third, carrying the concept of highlighting to its extreme, de-
cluttering will allow the user to simply turn off unwanted categories of information

altogether (Stokes, Wickens, & Kite, 1990; Mykityshyn, Kuchar, & Hansman, 1994).
One problem with both highlighting and decluttering isthat the more flexible the op-
tions are, the greater isthe degree of choice imposed on the user that may impose un-
necessary decision load. Furthermore, decluttering has the disadvantage of possibly
eliminating information from view that should be consulted for a particular naviga-
tional decision. If that information is not visible because it had been temporarily

"erased" by the decluttering option, its existence may not be remembered by the user
("out of sight, out of mind"), and hence the quality of the decision may suffer.
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Position Representation.  Users will benefit in navigational tasks if they are pre-
sented with a direct depiction of where they are on the map. This feature can be
helpful in normal travel, as it relieves the traveler of the mental demarui$ of in-
ferring the direction and rate of travel. In particular, however, this feature is ex-
tremely critical in aiding recovery from getting lost. This, of course, is the general
purpose of "you are here" maps in malls, buildings, and other medium-scale en-
vironments (Levine, 1982).

Map Orientation. A key feature of good maps is their ability to support the nav-
igator's rapid and easy cross-checking between features of the environment (the
forward view) and the map (Schreiber et al., 1996). This can be done most easily
if the map is oriented in the direction of travel so that "up" on the map is forward
and, in particular, left on the map corresponds to left in the forward view.
Otherwise, time-consuming and error prone mental rotation is required (Aretz,
1991; Aretz & Wickens, 1992; Warren, Rossano, & Wear, 1990). To address this
problem, electronic maps can be designed to rotate so that "up" on the map isin
the direction of travel (Wickens et al., 1996), and "you are here" maps can be
mounted such that the top of the map corresponds to the direction of orientation

as the viewer stands observing the map (Levine, 1982;Fig. 8.13).

Despite the advantages of map rotation for navigation however, there are
some costs associated. For paper maps, the text will be upsidedown if the traveler
is headed south. For electronic maps containing a lot of detail, considerable graph-
ics computer power will be needed. Furthermore, for some aspects of planning
and communications with others, the stability and universal orientation of a fixed

1 g0
e

(@) (b)

FIGURE 8.13

Good (a) and poor (b) mounting of “you are here” map.
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north-up map can be quite useful (Baty, Wempe, & Huff, 1974; Aretz, 1991).
Thus, electronic maps should be designed with a flxed-map option available.

Scale. In general, we can assume that the level of detail, scale or availability with
which information needs to be presented becomes less in direct proportion to the
distance away from the traveler and falls off more rapidly in directions behind the
traveler than in front (because the front is more likely to be in the future course
of travel). It is for this reason that electronic maps often position the navigator
near the bottom of the screen (see Figure 8.4b). The map scale should be user-ad-
justable if possible, not only because of the issue of clutter discussed above, but be-
cause the nature of the traveler's needs can vary, from planning, in which the
location of a route to very distant destinations may need to be visualized (large
scale), to guidance, in which only detailed information regarding the next choice
point isrequired (small scale).

One possible solution to addressing the issue of scale is in the creation of dual
maps in which local information regarding one's momentary position and orien-
tation is presented alongside more global large-scale information regarding the full
environment. The former can be ego-referenced and correspond to the direction
of travel, and the latter can be world -referenced. Figure 8.14 shows some examples.
Such a "dual map" creation will be particularly valuable if the user's momentary
position and/or orientation is highlighted on the wide-scale, world-referenced
map (Aretz, 1991; Olmos et al., 1997), thereby capturing the principle of visual
momentum in linking the two cognitively related views (P9) (Woods, 1984). Both
maps in flgure 8.14 indicate the position of the local view within the global one.

Three-Dimensional Maps. Increasing graphics capabilities have enabled the cre-
ation of effectiveand accurate 3-D or perspective maps that depict terrain and land-
marks. If it is a rotating map, then such a map will nicely adhere to the principle of

Previous I

(@) (b)

FIGURE 8.14

Examples of global and local map presentation: (a) from typical state quadrangle map;

(b) "map" of a hierarchical data base. Note that the region depicted by the local map is also
depicted in the global map.
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pictorial realism (P5 Roscoe, 1968). But are 3-D maps helpful? The answer depends
on the extent to which the vertical information, or the visual identity of 3-D land-
mark objects, is necessary for navigation. For the pilot flying high over the ground,

or for the driver navigating a"gridlike" road structure, vertical information is likely
to play little role in navigation. But for the hiker or helicopter pilot in mountain-

ous terrain, for the pilot flying low to the ground, or the vehicle driver trying to nav-
igate by recognizing landmark objects in the forward-field-of-view, the advantages
of vertical depiction became far more apparent (Wickens, 1997). This is particularly

true given the difficulties that unskilled users have reading 2-D contour maps.
More guidance on the use of 3-D displays is offered in the following section.

Planning Maps and Data Visualization.  Up to now, our discussion of maps has as-
sumed the importance of a traveler at a particular location and orientation in the
map-depicted data base. But there are several circumstances in which this isnot the
case; the user does not "reside" within the database. Here we consider examples such
as air traffic control displays, vehicle dispatch displays, command and control sta-
tus displays, construction plans, wiring diagrams, and the display of three-dimen-
sional scientific data spaces. Here the user is more typically a "planner"who is using
the display to understand the spatial relations between its elements.

Many of the features we have described above apply to these "maps for the
nontraveler" as well (e.g., legibility and clutter issues, flexibility of scale). But since
there typically is no "direction of travel;' map rotation isnot an issue, and "north-
up" is typically the fixed orientation of choice (although for maps like the wiring
diagram, this orientation is often more arbitrary).

The costs or benefits of 3-D displays for such maps tend to be more task spe-
cific. For maps to support a good deal of 3-D visualization (like an architect's
plan), 3-D map capabilities can be quite useful (Wickens, Merwin, & Lin, 1994).
In tasks such as air traffic control, where very precise separation along lateral and
vertical dimensions must be judged, however, 3-D displays may impose costs be-
cause of the ambiguity with which they present this information (see Chapter 4).
Perhaps the most appropriate guidance that should be given is to stress the need
for careful task and information analysis before choosing to implement 3-D maps:
(1) How important isvertical information in making decisions? (2) Does that in-
formation need to be processed at avery precise level (in which case "perspective”
representations  of the vertical dimensions are not good; May et al., 1996), or can
it be processed just to provide some "global" information regarding "above" or
"below," in which case the 3-D displays can be more effective?

If a 3-D (perspective) map is chosen, then three important design guidelines
can be offered (Wickens, Todd, & Seidler, 1989).

1. As noted in Chapter 4, the greater number of natural depth cues that can
be rendered in a synthetic display, the more compelling will be the sense of depth
or three dimensionality.

2. Given the graphics cost of implementing a full array of depth cues, partic-
ularly for dynamic displays, it is important to realize that some cues are stronger
than others, and every effort should be maintained to preserve those. Particularly
strong cues appear to be interposition (nearer objects hiding the contours of far-
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ther ones) and either motion parallax or stereo (Wickens, Todd, & Seidler, 1989;
Sollenberger & Milgram, 1993). The latter distinction is important. If tbe user has
the ability to "rotate" or change the viewpoint of the display, thereby creating mo-
tion parallax, then stereo becomes less of a requirement to create a compelling sense
of depth. However, for static noninteractive displays, stereo can be very helpful.

3. If display viewpoint rotation is an option, it is worthwhile to have a "2-D
viewpoint" (i.e., overhead lookdown) available as a default option.

QUANTITATIVE INFORMATION DISPLAYS:
TABLES AND GRAPHS

Some displays are designed to present arange of numbers and values. These may be
as varied as tables depicting the nutrition and cost of different products for the con-
sumer, the range of desired values for different maintenance testing outcomes, a
spreadsheet, or aset of economic or scientific data. An initial choice can be made be-
tween representation of such values via tables or graphs. As with our discussion of
dynamic displays, when the comparison was between digital and analog represen-
tation, one key consideration is the precision with which avalue must be read. If high
precision is required, the table may be a wise choice. Furthermore, unlike dynamic
digital displays, tables do not suffer the problems of reading digital information
while it is changing. However, as shown in Figure 8.15, tables do not support a very
good perception of change over space; that is, the increasing or decreasing trend of
values across the table is not very discernible, compared to the same data presented
in line-graph form in Figure 8.15. Tables are even less supportive of perception of
the rate of trend and less so still for trends that exist over two dimensions of space
(i.e., an interaction between variables), which can be easily seen by the divergence
of the two lines in the right side of the graph of Figure 8.15.

Thus, if absolute precision is not required and the detection or perception of
trend information is important, the graph represents the display of choice. If so,
then the question remains: What kind of graph? Bar or line? Pie? 2-D or 3-D?, and
so on. While the reader is referred to Kosslyn (1994), Gillan and Lewis, (1994) or
Lhose, (1993) for good treatments of human factors of graphic presentation, a
number of fairly straightforward guidelines can be offered as follows.

Legibility.  The issues of contrast sensitivity are again relevant. However, in addition
to making lines and labels oflarge enough visual angle to be readable, a second crit-
ical point relates to discriminability (P4). Too often lines that have very different
meanings are distinguished only by points that are highly confusable (Fig. 8.16a).
Here is where attention to incorporating salient and redundant coding (P3) of dif-
ferences (Figure 8.16b) can be quite helpful.

Clutter.  Graphs can easily become cluttered by presenting a lot more lines and
marks than the actual information they convey. As we know, excessive clutter can
sometimes be counterproductive  (Lhose, 1993), and this has led some to argue
that the data-ink ratio should always be maximized (Tufte, 1983, 1990); that is, the
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FIGURE 8.15
(a) Tabular representation of trend variables; (b) Graphical representation of the same trend
variables as (a). Note how much easier it is to see the trend in (a).

greatest amount of data should be presented with the smallest amount of ink.
While adhering to this guideline is a valuable safeguard against the excessive ink
of “boutique graphs” (Fig. 8.17a), the guideline can be counterproductive if car-
ried too far (Carswell, 1992). Thus, for example, the “minimalist” graph in Figure
8.17b, which maximizes data-ink ratio, gains little in its “decluttering” and loses a
lot in its representation of the trend, compared to the line graph of Figure 8.17c.
The dot graph of 8.17b is, of course, much more vulnerable to the conditions of
poor viewing (or the misinterpretation caused by the dead bug on the page!).

A
~ A

(@) (b)

FIGURE 8.16

(a) Confusable lines on a graph; (b) Discriminable lines created in part by use of
redundancy. (Source: Wickens, C.D., 1992b. The human factors of graphs at HFS annual
meetings. Human Factors Bulletin, 35 [7], 1-3.)
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(a) (b) (c)

FIGURE 8.17

(a) Example of a "Boutique™ graph with avery low data ink ratio. The graph contains the
unnecessary and totally noninformative representation of the depth dimension; (b)
"Minimalist* graph with very high data ink ratio; (c) Line graph with intermediate data ink
ratio. Note the redundant trend information added by the line.

Proximity. Visual attention must sometimes do a lot of "work;" traveling from
place to place on the graph (P8), and if this visual search effort is excessive, it can hin-
der graph interpretation, competing for resources with the cognitive processes re-
quired to understand what the graph means. Hence, it is important to construct
graphs so things that need to be compared (or integrated) are either close together
in space or can be easily "linked" perceptually by a common visual code. This, of
course, is a feature for the proximity compatibility principle (P9) and might apply to
keeping legends close to the lines that they identify (Fig. 8.18a) rather than in remote
captions or boxes (Fig. 8.18b), and keeping two lines that need to be compared on
the same panel of a graph (Fig. 8.18c) rather than on separate panels (8.18d).

Format. While there are a wide range of possible formats for presenting infor-
mation, line graphs and bar graphs represent the typical choices (Gillan & Lewis,
1994). One advantage ofline graphs is that they require fewer marks to create the
same spatial information and hence can appear less cluttered as the number of
data points grow large (i.e., more levels of one variable or more different vari-
ables). A second advantage, present primarily when there are trends observable
across the data (Fig. 8.15), isthat the slope of the line provides a perceptual emer-
gent feature that reflects this trend. Ordinarily, however, categorical data, in which
the different entries along the X axis have no intrinsic order, may be served just as
well if not better by bar graphs, since these graphs can support more precise read-
ing of absolute values.

Finally, we note that asthe number of data points in graphs grows quite large,
the display is no longer described as a graph but rather as one of "data visualiza-
tion;' some of whose features were described in the previous section on maps.
Others will be discussed in Chapter 15.

CONCLUSION

In this chapter we have presented awide range of display principles, designed to fa-
cilitate the transmission of information from the spncpc rl,crilccprin r],<Inf-prcu <Inri
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(c) (d)

FIGURE 8.18
Graphs and proximity: (a) Close proximity of label to line; (b) Low proximity of label to
line; (c) Close proximity of lines to be compared; (d) Lowproximity of lines to be compared.

5,to cognition, understanding, and decision making, discussed in Chapters 6 and 7.
Much of this information eventually leads to action-to an effort to control either
some aspect of a system or the environment. In the next chapter, we discuss some
of the ways in which the human factors engineer can assist with that control process.
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Control

The rental car was new, and as he pulled onto the
freeway entrance ramp at dusk, he started to reachfor what he thought was the head-
light control. Suddenly, however, his vision was obscured by a gush of washer fluid
across the windshield. As he reached to try to correct his mistake his other hand
twisted the very sensitive steering wheel and the car started to veer off the ramp.
Quickly he brought the wheel back but overcorrected, and then for afew terrifying mo-
ments the car seesawed back and forth along the ramp until he brought it to a stop,
his heart pounding. He cursed himself for failing to learn the location of controls be-
fore starting his trip. Reaching once more for the headlight switch, he now activated
the flashing hazard light-fortunately,  this time, a very appropriate error.

Our hapless driver experienced several difficulties in control. One way to
briefly paraphrase the human information-processing model discussed in Chapter
6 is: knowing the state of affairs, knowing what to do, and then doing it. Control
is the "doing it" part of this description. It is both a noun (a control) and an ac-
tion verb (to control). Referring to the model of information processing pre-
sented in Chapter 6, we see that "control” primarily involves the selection and
execution of responses-that s, the last two stages of the model-along  with the
feedback loop that allows the human to determine that the control response has
been executed in the manner that was intended. In the current chapter, we first de-
scribe some important principles concerning the selection of responses. Then we
discuss various aspects of response execution that are dictated by the nature of the
control device,which is closelyintertwined with the task to be performed. Our sec-
tions address discrete activation of controls or switches, controls used as setting or
pointing devices, controls used for verbal or symbolic input (e.g., typing), and
continuous control used in tracking and traveling.

259
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PRINCIPLES OF RESPONSE SELECTION

The difficulty and speed of selecting a response or an action is influenced by sev-
eral variables (Fitts & Posner, 1967; Wickens, 1992), of which five are particularly
critical for system design: decision complexity, expectancy, compatibility, the
speed-accuracy tradeoff, and feedback.

Decision Complexity

The speed with which an action can be selected is strongly influenced by the
number of possible alternative actions that could be selected in that context. We
refer to this as the complexity of the decision of what action to select. Thus, each
action of the Morse code operator, in which only one of two alternatives is cho-
sen ("dit" or "dah") follows a much simpler choice than each action of the typist,
who must choose between one of 26 letters. Hence, the Morse code operator can
generate a greater number of key strokes per minute. Correspondingly, users will
be able to select an action more rapidly from a computer menu with two options
than from the more complex menu with eight options. Engineering psychologists
have characterized this dependency of response selection time on decision com-
plexity by the Hick-Hyman Law of reaction time, shown in Figure 9.1 (Hick 1952;
Hyman, 1953).

The Hick-Hyman law does not, however, imply that systems designed for
users to make simpler decisions are superior. In fact, if a given amount of infor-
mation needs to be transmitted by the user, it is generally more efficient to do so
by a smaller number of complex decisions than a larger number of simple de-
cisions. This is referred to as the decision complexity advantage (Wickens, 1992).
For example, a typist can convey the same message more rapidly than can the
Morse code operator; although key strokes are made more slowly, there are

Reaction
Time
I 1 | | 1 1 1 1
1 2 3 4 5 6 7 8
_N—>
L
FIGURE 9.1

The Hick-Hyman Law of reaction time. The figure shows the logarithmic increase in RT as
the number of possible stimulus-response alternatives (N) increases. This can sometimes be
expressed by the formula: RT = a + bLog2 N.
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many fewer of them. Correspondingly, as we learn in Chapter 15, "shallow"
menus with many items (i.e., eight in the example above) are better than "deep"
menus with few items.

Response Expectancy

In Chapters 4, 6,and 8, we learned that we perceive rapidly (and accurately) that
information that we expect. In a corresponding manner, we select more rapidly
and accurately those actions we expect to carry out than those that are surprising
to us. We do not, for example, expect the car in front of us to come to an abrupt
halt on a freeway.Not only are we slow in perceiving its sudden expansion in the
visual field, but we are much slower in applying the brake than we would be when
the light turns yellow at an intersection that we are approaching.

Compatibility

In Chapter 8 we discussed the concept of display compatibility between the ori-
entation and movement of a display and the operator's expectancy of movement,
or mental model of the displayed system. Stimulus-response compatibility (or dis-
play control compatibility) describes the expected relationship between the loca-
tion of a control or movement of a control response and the location or movement
of the stimulus or display to which the control is related (Fitts & Seeger, 1953).
Two subprinciples characterize a compatible (and hence, good) mapping be-
tween display and control (or stimulus and response): (1) Location compatibility:
The control location should be close to (and, in fact, closest to) the entity being
controlled, or the display of that entity. Figure 3.3 showed how location compat-
ibility is applied to good and bad stove burner design, (2) movement compatibil-
ity: The direction of movement of a control should be congruent with the
direction both of movement of the feedback indicator and of the system move-
ment itself. A violation of movement compatibility would occur if the operator
needed to move a lever to the left to move a display indicator to the right.

The Speed-Accuracy Tradeoff

For the preceding three principles, the designer can assume that factors that make
the selection of a response longer (complex decisions, unexpected actions, or in-
compatible responses) will also make errors more likely. Hence, there is apositive
correlation between response time and error rate or, in other terms, a positive cor-
relation between speed and accuracy. These variables do not trade off. However,
there are some circumstances in which the two measures do trade off: For exam-
ple, if we try to execute actions very rapidly (carrying out procedures under a se-
vere time deadline), we are more likelyto make errors. If we must be very cautious
because the consequences of errors are critical, we will be slow. Hence, there isin
these two examples a negative correlation, or tradeoffbetween speed and accuracy.
Here the tradeoff was caused by user strategies. As we will see below, sometimes
control devices differ in the speed-accuracy tradeoff because one induces faster but
less precise behavior and the other more careful but slower behavior.
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Feedback

Most controls and actions that we take are associated with some form of visual feed-
back that indicates the system response to the control input. For example, i'Lacar the
speedometer  offers visual feedback from the control of the accelerator. However,
good control design must also be concerned with more direct feedback of the con-
trol state itself. As we learned in Chapter 5, this feedback may be kinesthetic/tactile
(e.g., the "feel" of a button as it is depressed to make contact or the resistance on a
stick as it is moved). It may be auditory (the "click" of the switch or the beep of the
phone tone), or it may be visual (a light next to a switch to show it is "on" or even
the clear and distinct visual view that a push button has been depressed).

Through whatever channel, we can state with some certainty that more feed-
back of both the current control state (through vision) and the change in control
state is good as long as the feedback is nearly instantaneous. However, feedback that
is delayed by as little as 100 msec can be harmful if rapid sequences of control ac-
tions are required. Such delays are particularly harmful if the operator is less skilled
(and therefore depends more on the feedback) or if the feedback is auditory so that
it cannot be filtered out by selective attention mechanisms (Wickens, 1992).

DISCRETE CONTROL ACTIVATION

Our driver in the opening story was troubled, in part, because he simply did not
know, or could not find, the right controls to activate the wipers. Many such con-
trols in systems are designed primarily for the purpose of activating or changing
the discrete state of some system. In addition to making the controls easily visible
(Norman, 1988), there are several other design features that make the activation
of such controls less susceptible to errors and delays.

Physical Feel

As we have noted, feedback is a critical positive feature of discrete controls. Some
controls offer more feedback channels than others. The toggle switch is very good
in this regard. It will change its state in an obvious visual fashion and will provide
an auditory "click" and a tactile "snap" (a sudden loss of resistance) as it moves into
its new position. The auditory and tactile feedback provide the operator with instant
knowledge of the toggle's change in state, while the visual feedback provides con-
tinuous information regarding its new state. A push button that remains depressed
when "on" has similar features, but the visual feedback may be less obvious, partic-
ularly if the spatial separation between the button at the two positions is small.
Care should be taken in the design of other types of discrete controls that the
feedback (indicating that the system has received the state change) is obvious.
Touch screens do not do this so well; neither do push button phones that lack an
auditory "beep" following each keypress. Many computer-based control devices
may replace the auditory and tactile state-change feedback with artificial visual
feedback (e.g., a light that turns on when the switch is depressed). If such visual
feedback is meant to be the only cue to indicate state change (rather than a re-
dundant one), then there will be problems that are associated both with an in-
crease in the distance between the light and the relevant control (this distance
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should be kept as short as possible) and with the possible electronic failure of the
light. Hence, feedback lights ideally should be redundant with some other indica-
tion of state change; of course, any visual feedback should be immediate.

Size.  The size of keys or control buttons typically represents a tradeoff between
two competing factors. Closer spacing will allow more rapid movement between
keys if key size is not reduced accordingly. However, when keys are so closely
packed that they must be made small, for example, because of constraints on
control panel or keyboard size, then no gain in performance can be expected, and
there will be a possible cost associated with "blunder" errors when the wrong key
(or two keys) are inadvertently pressed.

Confusion and Labeling. Keypress or control activation errors also occur if the
identity of akey is not well specified to the novice or casual user (i.e., one who does
not "know" the location by touch). This happened to our driver at the beginning
of the chapter. These confusions are more likely to occur (a) when large sets of
identically appearing controls are unlabeled or poorly labeled (see Chapters 5,6,
and 8) and (b) when labels are physically displaced from their associated controls,
hence violating the proximity compatibility principle.

POSITIONING CONTROL DEVICES

A common task in much of human-machine interaction is the need to position

some entity in space. This may involve moving a cursor to a point on a screen,
reaching with arobot arm to contact an object, or moving the "setting” on aradio
dial to a new frequency. Generically, we refer to these spatial tasks as those in-
volving positioning or pointing (Baber, 1997). A wide range of control devices, such
as the mouse or joystick, are available to accomplish such tasks. Before we com-
pare the properties of such devices, however, we consider the important nature of
the human performance skill underlying the pointing task: movement of a con-
trolled entity, which we call a cursor, to a destination, which we call a target. We
consider a model that accounts for the time to make such movements.

Movement Time

Controls typically require movement of two different sorts: (1) movement is often
required for the hands or fingers to reach the control (not unlike the movement
of attention to access information, discussed in Chapter 8), and (2) the control
may then be moved in some direction. Even in the best of circumstances, in which
control location and destination are well learned, these movements take time.
Fortunately for designers, such times can be relatively well predicted by a model
known as Fitts' Law (Fitts, 1954; Jagacinski, 1989), which states that:

MY = a + b log2(2A/W)

where A = amplitude of the movement and W = width or desired precision of
the target. In words, this means that movement time is linearly related to the
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logarithm of the term (2A/W), aterm that is referred to as the Index of Difficulty
of the movement. Hence, referring to Figure 9.2, each time the distance to the key
doubles, movement time will increase by a constant amount. Correspondingly,
each time the required precision of the movement is doubled (the targetwidth or
allowable precision is halved, the movement time will also increase by a constant
amount unless the distance is correspondingly halved (Fig. 9.2b). Aswe saw in the
previous section, moving keys proportionately closer together will not decrease
movement time if their size (w) decreases by the same proportion. Alternatively,
if we require a movement of a given amplitude (A) to be made within a certain
time constraint (MY), then the precision of that movement (W) will decrease in
amanner predicted by Fitts' Law. This characterizes a speed-accuracy tradeoff in
pointing movements. The value of W in this case can be thought of as character-
izing the distribution of endpoints of the movement.

The mechanisms underlying Fitts' Law are based heavily on the visual feed-
back aspects of controlled aiming, and hence the law is equally applicable to the
actual physical movement of the hand to atarget (i.e, reaching for a key) as to the
movement of a displayed cursor to a screen target achieved by manipulation of
some control device (e.g., using a mouse to bring a cursor to a particular item in
a computer menu; Card et al., 1978). It is also applicable to movements as coarse
as a foot reaching for a pedal (Drury, 1975),and as fine as assembly and manipu-
lation under a microscope (Langolf et al., 1976). This generality gives the law
great value in allowing designers to predict the costs of different keyboard layouts
and target sizesin a wide variety of circumstances (Card et al., 1983).

Device Characteristics

The various categories of control devices that can be used to accomplish these
pointing or position tasks may be grouped into four distinct categories. In the first
category are direct position controls (light pen and touch screen), in which the po-
sition of the human hand (or finger) directly corresponds with the desired loca-
tion of the cursor. The second category contains indirect position controls-the
mouse, touch pad, and tablet-in  which changes in the position of the limb di-
rectly correspond to changes in the position of the cursor, but the limb is moved
on a surface different from the display cursor surface.

The third category contains indirect velocity controls, such as the joystick and
the cursor keys. Here, typically an activation of control in a given direction yields
a velocity of cursor movement in that direction. For cursor keys, this may involve
either repeated presses or holding it down for a long period. For joystick move-
ments, the magnitude of deflection typically creates a proportional velocity.
Joysticks may be of three sorts: isotonic, in which case they can be moved freely
and will rest wherever they are positioned; isometric (see Chapter 5), in which case
they are rigid but produce movement proportional to the force applied; or spring-
loaded, in which case they offer resistance proportional to force applied but are
also displaced, springing back to the neutral position when pressure is released.
The spring-loaded stick, offering both proprioceptive and kinesthetic feedback of
movement extent is typically the most preferred. (While joysticks can be config-
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Ilustrates Fitts' Lawof movement time. (a) Showsthe doubling of movement amplitude
from A, ~ A,; (b) Showshalving of target width w, ~ w, (or doubling target precision).
Next to each movement is shown the calculation of the index of difficulty of the movement.
Movement time will be directly proportional to this index of difficulty.

ured as position controls, these are not generally used, for reasons discussed
below.) The final category is that of voice control.

Across all display types, there are two important variables that affect usabil-
ity of controls for pointing (and they are equally relevant for controls for track-
ing as discussed later in this chapter). First, as noted in section 2,feedback of the
current state of the cursor should be salient, visible, and immediate. System lags
will greatly disrupt pointing activity, particularly if this activity is at all repetitive.
Second, performance will be affected in a more complex way by the system gain.
Gain may be described by the ratio:

G = (change of cursor)/(change of control position).

Thus, a high-gain device is one in which a small displacement of the con-
trol produces a large movement of the cursor, or afast movement in the case of
a velocity control device. (It should be noted that this variable is sometimes ex-
pressed as the reciprocal of gain or the "control/display  ratio.") The gain of di-
rect position controls, such as the touch screen and light pen, will obviously be
1.0. There is some evidence that the ideal gain for other control devices should
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be in the range of 1.0-3.0 (Baber, 1997). However, two characteristics qualify this
recommendation. First, humans appear to adapt successfully to a wide range of
gains in their control behavior (Wickens, 1986; Jellinek & Card, 1990).

The second qualification is that the ideal gain tends to be somewhat task de-
pendent because of the very differing properties of low-gain and high-gain sys-
tems. Low-gain systems tend to be effortful, since a lot of control response is
required to produce asmall movement; however, high-gain systemstend to be im-
precise, since it is very easy to "overcorrect” when trying to position a cursor on a
small target. Hence, for example, to the extent that a task requires a lot of repeti-
tive and lengthy movements to large targets, a higher gain will be better. This
might characterize the actions required in the initial stages of a system layout
using a computer-aided design tool. In contrast, to the extent that small, high-pre-
cision movements are required, a low-gain system will be more suitable. These
properties would characterize text editing or uniquely specifying data points in a
very dense cluster.

A large number of factors can influence the effectiveness of control devices.
The task isperhaps the most important influence. In this section we are discussing
the positioning task, but it will be evident that the best devices for discrete posi-
tioning may not be best for other tasks, like data entry or continuous control. We
will also see that the performance metric may influence the choice of devices.
Some devices may provide faster but less accurate control than others, for exam-
ple. Athird influence on effectivenessconcerns the work space within which the de-
vice is or must be used. This includes both properties of the display on which
cursor and target are represented and the physical space available to position the
control device. Finally, we will see that the environment within which the device
isused can influence the effectiveness of different devices. We consider these var-
ious influences below.

Task Performance Dependence

For the most critical tasks involved in pointing (designating targets and "drag-
ging" them to other locations), there is some emerging evidence that the best
overall devices are the two direct position controls (touch screen and light pen)
and the mouse (Fig. 9.3; Baber, 1997; Epps, 1987; Card et al., 1978). Analysis by
Card et al. (1978), using Fitts' Law to characterize the range of movement dis-
tances and precisions, suggested that the mouse is superior to the direct pointing
devices. However, Figure 9.3 also reveals the existence of a speed-accuracy trade-
off between the direct position controls, which tend to be very rapid but less ac-
curate, and the mouse, which tends to be slower, but generally more precise.
Problems in accuracy with the direct positioning devices arise from possible par-
allax errors, instability of the hand or fingers (particularly on nonhorizontal

screens), and, in the case of touch screens, the imprecision of the finger area in
specifying small targets. In addition to greater accuracy, another clear advantage
of the indirect over the direct positioning devices is that the gain may be ad-
justable, depending on the required position accuracy (or effort) of the task.



Best

Worst

Positioning Control Devices 267

When pointing and positioning is required for more complex spatial activi-
ties, like drawing or handwriting, the advantages for the indirect positioning de-
vices disappear in favor of the most natural feedback offered by-the direct
positioning devices.

Cursor keys, not represented in the table, are adequate for some tasks. But they
do not produce long movements well and generally are constrained by "city block"
movement, such as that involved in text editing. As we will discuss below, voice
control may be feasiblein designating targets by nonspatial means (e.g., calling out
the target identity rather than its location). But this will only be feasible if targets
have direct, visible, and unambiguous symbolic labels.

Tables 9.1 and 9.2 (Baber, 1997) provide further distinctions between control
devices in terms of usability and workload.

The Work Space

One property of the broader work space within which the device is used is the dis-
play,which presents target and cursor information. Aswe have noted, display size
(or the physical separation between display elements) will influence the extent of
device-movement effort necessary to access targets. Greater dispersion will place
a greater value on "efficient" high-gain devices. In contrast, smaller, more precise
targets (or smaller displays) will place greater value on precise manipulation.
Targetswhose identity cannot be uniquely verbalized will impose a greater cost on
voice recognition devices.

The physical characteristics of the display also influence usability. Vertically
mounted displays or those that are distant from the body impose greater costs on
direct positioning devices. Frequent interaction with keyboard editing will foster
a greater benefit of devices that are physically integrated with the keyboard (i.e.,
cursor keys rather than the mouse) or can be used in parallel with it (i.e., voice

Ranking Interaction Devices
of devices

KEY

Il speed
B accuracy

isometric
joystick

touchscreen | lightpen trackball displacement

joystick

L ]
FIGURE 9.3

A comparison of performance of different control devices, based on speed, accuracy and user
preference. (Source: Baber, C., 1997. Beyond the Desktop. San Diego, CA: Academic Press.)
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TABLE 9.1 Interaction Devices Classified in Terms of Usability

Interaction Devices --

Usability
issues Touchscreen Lightpen Tablet Mouse Joystick ~ Trackball
Learnability + 0 0 0 0 0
Effectiveness (speed) + + 0 0 -
Effectiveness (accuracy) - 0 + + 0
Attitude + + 0 0
Flexibility - - 0 0 + +

KEY: + better than average; O average; - worse than average. Source: Baber, C., 1997. Beyond the Desktop. San Diego,
CA: Academic Press.

control). Finally, the available work space size may constrain the ability to use cer-
tain devices (Table 9.3). In particular, devices like joysticks or cursor keys that are
less effective in desktop workstations will become relatively more advantageous for
control in mobile environments, like the vehicle cab or small airplane cockpit, in
which there is little room for a mouse pad.

The Environment

Finally, the environment itself can have a major impact on usability. For exam-
ple, direct position control devices will suffer greatly in the vibrating environ-
ment such as a vehicle cab. Voice control will be more difficult in a noisy
environment. Table 9.4 provides some evidence of the presence or absence of de-
grading effects of different environments on operations of different control de-
vices (Baber, 1997).

In summary, the preceding discussion should make clear that it is difficult to
specify in advance what the best device will be for a particular combination of task,
work space, and environment. It should, however, be possible to eliminate certain
devices from contention in some circumstances and at the same time to use the
factors discussed above to understand why users may encounter difficulties with
early prototype testing. The designer is referred to Baber (1997), regarding more
detailed treatment of the human factors of control device differences.

TABLE 9.2 Interaction Devices Classified in Terms of Workload

Cognitive Perceptual Motor

Interaction Device Load Load Load Fatigue
Light pen Low Low Medium Medium
Touch panel Low Low Low Low
Tablet (stylus) High Medium Medium High
Alphanumeric keyboard High High High High
Function keyboard Low Medium Low Low
Mouse Low Medium Medium Medium
Trackball Low Medium Medium Medium

Source: Baber, C., 1997. Beyond the Desktop. San Diego, CA: Academic Press.
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TABLE 9.3 Interaction Devices Classified in Terms of Desk Space Requirements
(measurements in millimeters)

230 mm screen 300 mm screen
Device (200 x 110) (270 X 150)
Keyboard 415 x 200 415 x 200
Mouse (1:1) 200 x 110 270 x 150
Mouse (1:2) 100 x 55 135 x 75
Tablet (1:1) 200 x 110 270 x 150
Touchscreen 0 0
Lightpen 0 0
Trackball 50 x 75 50 x 75

Source: Baber, C 1977. Beyond the Desktop. San Diego, CA: Academic Press.

VERBAL AND SYMBOLIC INPUT DEVICES

Spatial positioning devices do not generally offer a compatible means of in-
putting or specifying much of the symbolic, numerical, or verbal information

that is involved in system interaction (Wickens, Sandry, & Vidulich, 1983). For
this sort of information, keyboards or voice control have generally been the in-
terfaces of choice.

Numerical Data Entry

For numerical data entry, numerical keypads (Fig. 904) or voice remain the most
viable alternatives. While voice control is most compatible and natural, it is ham-
pered by certain technological problems discussed in the following section, which
slow the rate of possible input. Numeric keypads, shown in Figure 904, are typically
represented on one of three forms. The linear array, shown in Figure 904a, is gen-
erally not preferred because of the extensive movement time required to move
from key to key. The two square arrays shown in 904b (the "calculator” or "789" lay-
out) and 904c (the "telephone” or" 123" layout), both minimize movement distance
(and therefore time). General design guidelines suggest that the "123" layout is
preferable (Baber, 1997), although the advantage is probably not great enough to
warrant redesign of the many existing "7-8-9" keyboards.

TABLE 9.4 Interaction Devices and Environmental Factors

Device Noise Vibration Acceleration Heat Mud/snow
Keyboard ? ? ? -
Pen ? ? ? ? -
Speech - ? 0
Mouse ? - ? ? -
Trackball ? - ? ? -
Joystick - - ? ? -

Source: Baber, C, 1997. Beyond the Desktop. San Diego, CA: Academic Press.
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Linguistic Data Entry

For data entry oflinguistic material, the typewriter or computer keyboardhas tra-
ditionally been the device of choice. At the current time, difficulties with machine
handwriting recognition leave direct writing input devices as at severe disadvan-
tage. The layout of the traditional letter keyboard has long been a subject of de-
bate (Norman, 1988). While the design of the standard QWERTY layout over 100
years ago was based in part on ergonomic considerations, many other considera-
tions were based on mechanical constraints designed to prevent physical "key
jamming," factors that are now quite irrelevant in the era of electronic data input.
Still, the more recently designed Dvorak keyboard, which was developed with
more consideration given to the nature and constraints of human finger move-
ment, has not been found to givea sufficient increase in performance (only 5-10%
increase in typing speed) to be accepted by the vast majority of touch typists, who
are well familiar now with the QWERTY keyboard (Norman & Fisher, 1982). In
this regard we should remember that consistency (with previous design) is another
key to good human factors.

An alternative to dedicated keys that require digit movement is the chording
keyboard in which individual items of information are entered by the simultane-
ous depression of combinations of keys,on which the fingers may remain (Fig.9.5;
Seibel, 1964; Gopher & Raij, 1988). Chording works effectively in part by allow-
ing a single complex action to convey a large amount of information and hence
benefit from the decision complexity advantage, discussed earlier in this chapter.
A single press with aten-key keyboard can, for example, designate any of 2 . 1
(or 1023) possible actions/meanings.

Such a system has three distinct advantages. First, since the hand (or hands)
never needs to leave the chord board, there is no requirement for visual feedback
to monitor the correct placement of a digit. Consider, for example, how useful this

(@)

7 8 9 1 2 3
4 5 6 4 5 6
1 2 3 7 8 9
(b) (©
L
FIGURE 9.4

(a) Linear number pad; (b) Calculator or “7-8-9” number pad; (c) Telephone or “1-2-3”
number pad.
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FIGURE 9.5

Example of a chording keyboard. (Source: Baber, C., 1997. Beyond the Desktop. San Diego,
CA: Academic Press.)

would be for entering data in the high-visual-workload environment characteris-
tic of helicopter flight, or in a continuous visual inspection task. Second, because
of the absence of alot of required movement, the chording board is less suscepti-
ble to repetitive stress injury or "carpal tunnel syndrome"” (Chapter 10). Finally,
after extensive practice, chording keyboards have been found to support more
rapid word transcription processing than the standard typewriter keyboard, an ad-
vantage due to the absence of movement -time requirements (Seibel, 1964;Barton,
1986; see Wickens, 1992).

The primary cost of the chording keyboard is in the extensive learning re-
quired to associate the finger combinations with their meaning (Richardson et al.,
1987). In contrast, typewriter keyboards provide "knowledge in the world" re-
garding the appropriate key since each key is labeled on the top (Norman, 1988).
For the chord board there is only "knowledge in the head;' which is more difficult
to acquire and may be easier to lose through forgetting. Still, however, various
chording systems have found their way into productive use; examples are both in
postal mail sorting (Barton, 1986) and in court stenotyping (Seibel, 1964).

VOICE INPUT

Within the last few years, increasingly sophisticated voice recognition technology
has made this a viable means of control, although such technology has both costs
and benefits.

Benefits of Voice Control

While chording is efficient because a single action can select one of several hun-
dred items, an even more efficient linguistic control capability can be obtained by
voice, where a single utterance can represent any of several thousand possible
meanings. Furthermore, as we know, voice communications is usually a very
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"natural” communications  channel for symbolic linguistic information, for which
we have had nearly alifetime's worth of experience. This naturalness ~'Y be (and
has been) exploited in certain control interfaces when the benefits of voice con-
trol outweigh their technological costs.

Particular benefits of voice control may be observed in dual task situations. As
discussed more in Chapter 6, when the hands and eyes are busy with other tasks
like driving (which prevents dedicated manual control on a keyboard, and the vi-
sual feedback necessary to see if the fingers are properly positioned), designs in
which the operator can "time-share" by talking to the interface using separate re-
sources are of considerable value. Some of the greatest successes have been real-
ized, for example, in using the voice to enter radio-frequency data in the heavy
visual- manual load environment of the helicopter. "Dialing" of cellular phones by
voice command while driving is considered a useful application of voice recogni-
tion technology as also would be the use of this technology in assisting baggage
handlers to code the destination of a bag. There are also many circumstances in
which the combination of voice and manual input for the same task can be bene-
ficial (Baber, 1997). Such a combination, for example, would allow manual inter-
action to select objects, (a Spatial Task) and voice to convey symbolic information
to the system about the selected object (Martin, 1989).

Costs of Voice Control

Against these benefits may be arrayed four distinct costs that limit the applicabil-
ity of voice control or at least highlight precautions that should be taken in its im-
plementation. These costs are related closely to the sophistication of the technology
necessary for computers to translate the complex four-dimensional analog signal
that is voice (see Chapter 5) into a categorical vocabulary, which is programmed

within the computer-based voice recognition system (McMillan et al., 1997).

Confusion and Limited Vocabulary Size. Because of the demands on computers to
resolve differences in sounds that are often subtle (even to the human ear), and be-
cause of the high degree of variability (from speaker to speaker and occasion to oc-
casion) in the physical way a given phrase is uttered, voice recognition systems are
prone to make confusions in classifying similar-sounding  utterances (e.g., "cleared
to" versus "cleared through"). How such confusions may be dealt with can vary
(McMillan et al., 1997). The recognizing computer may simply take its "best guess"
and pass it on as a system input (this iswhat a computer keyboard would do if you
hit the wrong letter). Alternatively, the system may provide feedback if it was un-
certain about a particular classification (or if an utterance was not even close to
anything in the computer's vocabulary). The problem here is that if the recogni-
tion capabilities of the computer are not great, the repeated occurrences of this
feedback will greatly disrupt the smooth flow of voice communications if this
feedback is offered in the auditory channel. If the feedback is offered visually, then
it may well neutralize the dual task benefit described above (i.e., keeping the "eyes
free"). These costs of confusion and misrecognition can only be addressed by re-
ducing the vocabulary size and constructing the vocabulary in such a way that
acoustically similar items are avoided.
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Constraints on Speed.  Most voice recognition systems do not easily handle the
continuous speech of natural conversation. This is because the natural flow of
our speech does not necessarily place physical pauses between different words
(see Chapter 5; Fig. 5.8d). Hence, the computer does not easily know when to
stop "counting syllables" and demarcate the end of a word to look for an asso-
ciation of the sound with a given item in the vocabulary. Toguard against these
limitations, the speaker may need to speak unnaturally slowly, pausing between
each word.

A related point concerns the slowing required to "train" many voice systems
to understand the individual speaker's voice, prior to the system'suse in operation.
This training is required because there are so many physical differences between
the way people of different gender, age, and dialect may speak the same word.
Hence, the computer can be far more efficient if it can "learn" the pattern of a par-
ticular individual (speaker-dependent system) than it can if it must master the di-
alect and voice quality of all potential users (speaker-independent system). For
this reason, it is usually the case that speaker-dependent systems can handle a
larger vocabulary.

Acoustic Dualityand Noise and Stress.  Two characteristics can greatly degrade the
acoustic quality of the voice and hence challenge the computer's ability to recog-
nize it. First, a noisy environment will be disruptive, particularly if there isa high
degree of spectral overlap between the signal and noise (e.g., recognizing the
speaker's message against the chatter of other background conversation). Second,
under conditions of stress, one's voice can change substantially in its physical
characteristics, sometimes as much as doubling the fundamental frequency (the
high-pitched "Help, emergency!"”; Sulc, 1995). Aswe note in Chapter 13,stress ap-
pears to occur often under emergency conditions, and hence great caution should
be given before designing systems in which voice control must be used as part of
emergency procedures.

Compatibility.  Finally, we have noted that voice control is less suitable or com-
patible for controlling continuous movement than are most of the available man-
ual devices (Wickens, et al., 1985; Wickens, Vidulich, & Sandry-Garza, 1984).
Consider, for example, the greater difficulties of trying to steer a car along a curvy
road by saying "a little left, now a little more left;" and so on.

Conclusion.  Clearly all of these factors-the costs, the benefits, and the design
cautions (like restricting vocabulary)-play  off against each other in a way
that makes it hard to say precisely when voice control will be better or worse
than manual control. The picture is further complicated because of the devel-
opment of sophisticated computer algorithms that are beginning to address
the two major limitations of many current systems (continuous speech recog-
nition and speaker dependence). However, even if such systems do successfully
address these problems, they are likely to be expensive, and for many applica-
tions, the cheaper, simpler systems can be useful within the constraints de-
scribed above.
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CONTINUOUS CONTROL AND TRACKING

Our discussion of the positioning task focused on guiding a cursor to ilftxed tar-
get, either through fairly direct hand movement (the touch screen or light pen) or
as mediated by a control device (the trackball, joystick, or mouse). However, much
of the world of both work and daily life is characterized by making a cursor or
some corresponding system (e.g., vehicle) output follow or "track” a continuously
moving dynamic target. This may involve tasks as mundane as bringing the fly
swatter down on the moving pest or riding the bicycle around the curve, or as
complex as guiding an aircraft through a curved flight path in the sky,guiding your
viewpoint through a"virtual environment" or bringing the temperature of a nu-
clear reactor up to atarget value through a carefully controlled trajectory. These
cases,and many more are described by the generic task of tracking (Poulton, 1974;
Wickens, 1986), that is, the task of making a system output correspond in time and
space to a time-varying target input.

The Tracking Loop: Basic Elements

Figure 9.6 presents the basic elements of a tracking task. Each element receives a
time-varying input and produces a corresponding time-varying output. These el-
ements can be described within the context of automobile driving (Chapter 17),
although it is important to think about how they may generalize to any number
of different tracking tasks.

When driving an automobile, the human operator perceives a discrepancy or
error between the desired state of the vehicle and its actual state. The car may have
deviated from the center of the lane or may be pointing in a direction away from
the road. The driver wishes to reduce this error function of time, e(t). Todo so, a
force (actually a torque),f(t), is applied to the steering wheel, or control device.
This force in turn produces a rotation, u(t), of the steering wheel itself, a rotation
that we call the control output. (Note that our frame of reference here isthe human.
Hence, we use the term output from the human rather than input to the system.)

Disturbance
input
iy(®)

l

Command Display
input + |e® Human fit) Control u(t) | System o(f)
i Target —Q=——> operator Device o |(;l ';“
»| Cursor P
Lo
FIGURE 9.6

The tracking loop.
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The relationship between the force applied and the steering-wheel-control output
is defined as the control dynamics, and these dynamics are responsible for the
proprioceptive feedback that the operator receives. -

Movement of the wheel or control according to a given time functlon u(t)
then causes the vehicle's actual position to move laterally on the highway. This
movement is referred to asthe system output, o(t). Aswe have noted earlier in this
chapter, when presented on a display, the representation of this output position is
called the cursor. The relationship between control output, u(t), and system re-
sponse, o(t), is defined asthe plant dynamics or system dynamics. In discussing po-
sitioning control devices, we saw the difference between position and velocity
system dynamics. If the driver is successful in the correction applied to the steer-
ing wheel, then the discrepancy between vehicle position on the highway, o(t), and
the desired, or "commanded,” position at the center of the lane, ic(t), will be re-
duced. That is, the error, e(t), will be reduced to 0. On a display, the symbol repre-
senting the input is called the target. The difference between the output and input
signals is the error, e(t), the starting point of our discussion. The good driver will
respond in such away asto keep o(t) = i(t) or e(t) = 0. The system represented in
Figure 9.6 is called a closed loop feedback control system (Powers, 1973)

Because errors in tracking stimulate the need for corrective responses, the op-
erator need never respond at all as long as there is no error. This might happen
while driving on a straight smooth highway on a windless day. However, errors
typically arise from one of two sources. Command inputs, iit), are changes in the
target that must be tracked. For example, if the road curves, it will generate an
error for a vehicle traveling in a straight line and so will require a corrective re-
sponse. Disturbance inputs, iit), are those applied directly to the system, for which
the operator must compensate. For example, awind gust that blows the car off the
center of the lane is a disturbance input. Soisan accidental movement of the steer-
ing wheel by the driver, as happened in the story at the beginning of the chapter.

The source of all information necessary to implement the corrective response
is the display (see Chapter 7). For the automobile driver, the display is simply the
field of view seen through the windshield, but for the aircraft pilot making an in-
strument landing, the display is represented by the instruments depicting pitch,
roll, altitude, and course information. An important distinction may be drawn be-
tween pursuit and compensatory tracking displays (Fig.9.7). A pursuit display pre-
sents an independent representation of movement of both the target and the
cursor. Thus, the driver of a vehicle sees a pursuit display since movement of the
automobile can be distinguished and viewed independently from the curvature of
the road (the command input; Fig. 9.7a). A compensatory display presents only
movement of the error relative to a fixed reference on the display. The display pro-
vides no indication of whether this error arose from a change in system output or
command input (Roscoe, Corl, & Jensen, 1981). Flight navigation instruments are
typically compensatory displays (Fig. 9.7b).

Aswe noted in Chapter 8, displays may contain predictive information regard-
ing the future state of the system, avaluable feature if the system dynamics are slug-
gish. The automobile display is a kind of predictor because the current direction of
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FIGURE 9.7
(a) A pursuit display (the automobile); (b) A compensatory display (the aircraft instrument
landing system).

heading, relative to the vanishing point of the road, provides a prediction of the fu-
ture lateral deviation.

Finally, tracking performance is typically measured in terms of error. It is calcu-
lated at each point in time as the absolute deviation and then is cumulated and av-
eraged (divided by the number of sample points) over the duration of the tracking
trial. Kelley (1968) discussed different methods of calculating tracking performance.

Now that we have seen the elements of the tracking task, which characterizes
the human's efforts to make the system output match the command target input,
we can ask what characteristics of the human-system interaction make tracking
difficult (increased error or increased workload). With this knowledge in mind, it
is then possible for the designer to intervene to try to improve tracking systems.
As we will see, some of the problems lie in the tracking system itself, some lie
within the human operator's processing limits, and some involve the interaction
between the two.

The Input

Drawing a straight line on a piece of paper or driving the car down a straight
stretch of road on a windless day are both examples of tracking tasks. There is a
command target input and a system output (the pencil point or the vehicle posi-
tion). But the input does not vary; hence, the task is easy. After you get the origi-
nal course set, there is nothing to do but move forward, and you can drive fast (or
draw fast) about as easily as you can drive (or draw) slowly. However, if the target
line follows awavy course, or if the road is curvy, there are corrections you have to
make and uncertainty to process, and as aresult both error and workload can in-
crease if you try to move faster. This happens because the frequency of corrections

you must make will increase with faster movement and the human's ability to gen-
erate a series of rapid responses to uncertain or unpredictable stimuli (wiggles in
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the line or highway) is limited. Hence, driving too fast on the curvy road, you will
begin to deviate more from the center of the lane and your workload will be higher
if you attempt to stay in the center. We refer to the properties of the input, which
determine the frequency with which corrections must be issued as the bandwidth
of the input. While the frequency of "wiggles”in a command input is one source
of bandwidth, sotoo isthe frequency of disturbances from a disturbance input like
wind gusts (or drawing a straight line on the paper in a bouncing car).

In tracking tasks, we typically express the bandwidth in terms of the cyclesper
second (Hz) of the highest input frequency present in the command or distur-
bance input. It isvery hard for people to perform tracking tasks with random-ap-
pearing input having a bandwidth above about 1Hz.

High bandwidth inputs keep an operator very busy with visual sampling and
motor control, but they do not involve very much cognitive complexity. The lat-
ter however is contributed by the order of a control system, to which we now turn.

Control Order

Position Control. We have been introduced to the concept of control order in our
discussion of positioning controls, when position and velocity control systems
were contrasted (e.g.,the mouse and the joystick, respectively). Thus, the order of
a control system refersto whether a change in the position of the control device (by
the human operator) leads to a change in the position (O-order), velocity (first-
order), or acceleration (second-order) of the system output. Consider moving a pen
across the paper or a pointer across the blackboard, twisting an old analog dial on
your radio tuner to bring the station to a new frequency setting, or moving the
computer mouse to position a cursor on the screen. In each case a new position of
the control device leads to a new position of the system output. Ifyou hold the con-
trol still,the system output will also be still. This is O-order control (see Figure 9.8a).

Velocity Control. Now consider the “"scanner" on a typical digital car radio.
Depressing the button (a new position) creates a constant rate of change or velocity
of the frequency setting. In some controls, depressing the button harder or longer
will lead to a proportionately greater velocity. This is a first-order control. As
noted earlier in the chapter, most pointing device joysticks use velocity control. An
analogous first-order control relation is between the position of your steering
wheel (input) and the rate of change (velocity) of heading of your car (output). As
shown in Figure 9.8b, a new steering wheel angle (position) brings about a con-
stant rate of change of heading. A greater steering wheel angle leads to a tighter
turn (greater rate of change of heading). In terms of integral calculus, the order
of control corresponds to the number of time integrals between the input and out-
put; that is, for first-order control:

o) = f i(t)dt

Both 0 (position) and first- (velocity) order controls are important in designing
manual control devices.Each has its costsand its benefits. Tosome extent the "which
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(a) Response of a Q-order system; (b) Response of a ti.rst-order system. Note the "lag;"

(c) Response of a second-order system. Note the greater lag; (d) A second-order system:
Tilt the board so the pop can lines up with the "command input" finger; (e) Overcorrection
and oscillations typical of control of second-order systems.

is best" question has an "it depends" answer. In part, this depends on the goals. If, on
the one hand, accurate positioning is very important (like positioning a cursor at a
point on a screen), then position control has its advantages, as we saw in Figure 9.3.
On the other hand, if following a moving target or traveling (moving forward) on a
path is the goal (matching velocity), then one can see the advantages of first-order ve-
locity control. An important difference isthat O-order control often requires a lot of
physical effort to achieve repeated actions. Velocity control can be more economical

of effort because you just have to set the system to the appropriate velocity in the cor-
rect direction and let it go on till system output reaches the desired target.

Any control device that uses first-order dynamics should have a clearly defined
and easily reachable neutral point, at which no velocity iscommanded to the cursor.
This is because stopping is a very frequent default state. This is the advantage of
spring-loaded joysticks for velocity control because the natural resting point is set to
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give 0 velocity. It represents a problem when the mouse is configured as a first-order
control system, since there isno natural 0 point on the mouse tablet. While first-order
systems are effort conserving, asshown in Figure 9.8b, first-order systems tend.to have
a little more lag or delay between when the human commands an output to the de-
vice (applies a force) and when the system reaches its desired target position.

Acceleration Control. Consider the astronaut who must maneuver a spacecraft
into a precise position by firing thrust rockets. Because of the inertia of the craft,
each rocket thrust will produce an acceleration of the craft for as long as the rocket
is firing. The time course will look similar to that shown in Figure 9.8c. This, in gen-
eral, is a second-order acceleration control system, described in the equation
oCt) = rri(t) dt. To give yourself an intuitive "feel" for second-order control, try
rolling apop can to a new position or command input, i, on aboard (Figure 9.8d).
Second-order systems are generally very difficult to control because they are both
sluggish and unstable. The sluggishness can be seen in the greater lag in Figure 9.8c.
As we will see, both of these properties require the operator to anticipate and pre-
dict (control based on the future, not the present), and, aswe learned in Chapter 8,
this is a cognitively demanding source of workload for the human operator.

Because second-order control systems are hard to control, they are rarely if ever
intentionally designed into systems. However, a lot of systems that humans are asked
to control have a sluggish accelerationlike response to a position input because of the
mass and inertia of controlled elements in the physical world. Aswe saw, applying a
new position to the thrust control on a spacecraft will cause it to accelerate (end-
lessly).Applying a new position to the elevators of an aircraft will (more or less) cause
its altitude to accelerate upward or downward. Applying anew position to the steer-
ing wheel (a fixed lateral rotation) will cause the car's position, with regard to the cen-
ter of a straight lane, to accelerate (at least initially). In some chemical or energy
conversion processes discussed in Chapter 16, application of the input (e.g., added
heat) yields a second-order response to the controlled variable. Hence, second-order
systems are important for human factors practitioners to understand because of the
things that designers or trainers can do to address their harmful effects (increased
tracking error and workload) when humans must control them.

Recall that these harmful effects result because the second-order system is
both sluggish and unstable. Its sluggishness means that the system does not move
much when it is initially controlled (and the operator may not even see any ini-
tial feedback from the control movement; see Figure 9.8e). Operators then have
to anticipate where and how fast the system output is going, and they may not do
this well or at all (see Chapter 8). Thus, by the time the system output has "built
up steam;' it may be too late to "put on the brakes" or reverse the control input
and stop it at the target. An overshoot will result, and when the operator tries to
apply areverse correction and unstable oscillations around the target will result
(see Fig. 9.8e). When second-order control systems produce these sorts of re-
sponses in aviation, they are sometimes called pilot-induced oscillations (P10O), re-
sulting because the pilot does not have awell enough formed mental model of the
system dynamics, or cannot use the mental model fast enough, to judge and cor-
rect for the anticipated path of the vehicle.
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There are three forms of solutions to the problems created by second-order
systems, or for that matter any system that contains high lags. One solution, which
should be recalled from Chapter 8, is the implementation  of predictivellisplays,
whose value in numerous sluggish vehicle control tasks (submarines, ships, heavy
aircraft) has been well demonstrated, as well as in tasks involving the control of
sluggish thermodynamic  systems (e.g., nuclear power and process control plants;
see Chapter 16).

Of course to be useful, predictive displays of where the system will be x seconds
into the future should be accompanied by apreview of where the system should be
X seconds into the future. This is the same as preview of the command input.
Preview is like the visibility of the roadway ahead of the driver on a clear day in con-
trast to the lack of visibility in thick fog (preview absent). An aircraft display with
both prediction and preview is shown in Figure 9.9 (Haskell & Wickens, 1995).

A second solution is to teach the tracker strategies of anticipation; in essence,
teach where to look in order to predict the future. One of the best cues about where
things will be in the future isto perceive trend information of where they are going
right now; that is, attend to the current rate of change. For example, in driving, one
of the best clues to where the vehicle will be (with regard to the center of the lane)

Command Path Boxes Predictor

Current Time

Command Speed Symbol
Bars Situational Awareness
Support Wire
f
FIGURE 9.9

A predictor display for flight path control. (Source: Haskell, I. D., and Wickens, C. D., 1993.
Two- and three-dimensional displays for aviation: A theoretical and empirical comparison.
International Journal of Aviation Psychology, 3 [2].)
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iswhere and how fast it isheading now. This latter information can be better gained
by looking down the roadway to see if the direction of heading corresponds with the
direction of the road than it can be by looking at the deviation immediately in front
of the car. This iswhy expert drivers tend to scan farther down the road than novices
(Mourant & Rockwell,1972). They have learned that that iswhere they need to look
in order to predict the car's trajectory farther ahead on the highway.

A third solution to the problem of these difficult higher order control task is
to automate, and try to develop computer controls that will handle many of the
higher order tracking tasks. This iswhat is going on in more advanced commer-
cial and military aircraft, in which designers are trying to "reduce" the pilot's
order of control down to first-order (and sometimes from third- down to second-
order). We shall cover these issues of automation in Chapter 16, focusing on the
costs as well as the benefits of automation.

Time Delays and Transport Lags

In the previous paragraphs we sawhow higher order systems (and particularly sec-
ond-order ones) had alag (see Figs.9.8b and c). Lagsmay sometimes occur in sys-
tems of lower order aswell. For example, if one controls a O-order system that has
a"dead space;' then any movement of the control device will not instantaneously

produce asystem output change. If one is controlling a vehicle on the moon from
aworkstation on Earth, then one's steering inputs will not be seen on the display
until a few seconds later (the time to relay the commands to the vehicle and the
vehicle camera to send the updated position back to Earth). When navigating
through electronic spaces or "virtual environments" that must be rendered with
time-consuming computer graphic routines, there is often a delay between mov-
ing the control device and updating the position or viewpoint of the displays (see
Chapter 15). These time delays or "transport lags" produce the same problems of
anticipation that we saw with higher order systems: lags require anticipation,

which is a source of human workload and system error.

Gain

Aswe noted in discussing input devices, system gain describes how much output
the system provides from a given amount of input. Hence, gain may be formally
defined as the ratio 110/ LV, where 11is a given change or difference in the relevant
quantity. In a high-gain system, a lot of output is produced by a small change of
input. A sports car is typically high gain because a small correction on the steer-
ing wheel produces a large change in output (change in heading). In contrast, the
old sluggish station wagon typically has a pretty low gain.

Just as we noted in our discussion of the pointing task, whether high, low, or
medium gain is "best" is somewhat task dependent. When system output must
travel a long distance (or change by a large amount), high-gain systems are prefer-
able because the large change can be achieved with little control effort (for a po-
sition control system) or in a rapid time (for a velocity control system). However,
as we noted, when precise positioning is required, high-gain systems present
problems of overshooting and undershooting or, as we see below, instability.
Hence, low gain is preferable. As might be expected, gains in the midrange of
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values are generally best since they address both issues (reduce effort and main-
tain stability) to some degree (Wickens, 1986).

Stability

Now that we have introduced concepts of lag (due to higher system order or
transport delay), gain, and bandwidth, we can discuss briefly one concept that is
extremely important in the human factors of control systems-the notion of sta-
bility. When we discussed second-order systems, we gave the example of pilot in-
duced oscillations resulting when the pilot first overshoots and then overcorrects
in trying to reach the target altitude. This is an example of unstable behavior
known as closed-loop instability. In fact, instability of this sort results from a par-
ticular combination of three factors:

1. There isalag (somewhere in the total control loop in Figure 9.6 either from
the system lag or from the Human Operator's response time).

2. The gain istoo high (this high gain can either represent the system's gain-
too much change for a given steering wheel deflection-or the human's gain-a
tendency to "overcorrect” if there is an error).

3. The human istrying to correct too fast and is not waiting until the system
output stabilizes before applying another corrective input. Technically this third
factor results when the input bandwidth is high relative to the system lag, and the
operator chooses to respond with corrections to all of the "wiggles" (i.e., does not
"filter out" the high-frequency inputs).

Exactly how much of each of these quantities (bandwidth, gain, lag) are re-
sponsible for producing the unstable behavior is beyond the scope of this chap-
ter, but there are good models of both the machine and the human that have been
used to predict the conditions under which this unstable behavior will occur
(McRuer, 1980; Wickens, 1986, 1992). This is, of course, a critical situation for a
model to be able to predict.

Human factors engineers can offer five solutions that can be implemented to
reduce closed-loop instability: (1) Lowerthe gain. (2) Reduce the lags (if possible).
This might be done for example, by reducing the required complexity of graph-
ics in a virtual reality system (Pausch, 1991). (3) Caution the operator to change
strategy in such away that he or she does not try to correct every input but filters
the high-frequency ones, thereby reducing the bandwidth. (4) Change strategy to
seek input that can anticipate and predict (like looking farther down the road
when driving, and attending to heading). (5) Change strategy to go "open loop:'
This is the final tracking concept we shall discuss.

Open- Versus Closed-Loop Systems

In all of the examples we have described, we have implicitly assumed that the op-
erator is perceiving an error and trying to correct it; that is, the "loop" depicted
in Figure 9.6 is"closed:" Suppose, however, that the operator did not try to cor-
rect the error but just "knew" where the system output needed to be and re-
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sponded with just enough correction to the control device to produce it. Since
the operator does not then need to perceive the error and therefore will not be
looking at the system output, this is a situation akin to the "loop™ infigure 9.6
being broken (i.e., "opening the loop"”). In open-loop behavior the operator is
not, therefore, trying to correct for outputs that may be visible only after system
lags. As a result, the operator will not fall prey to the evils of closed-loop insta-
bility. Of course open-loop behavior depends on the operator's knowledge of
where the target will be and of how the system output will respond to his or her
control input, that is, a well-developed mental model of the system dynamics
(Chapter 6). Hence, open-loop behavior is typical only of trackers who are
highly skilled in their domain.

Open-loop tracking might typify the process control operator (Chapter 16)
who knows exactly how much the heat needs to be raised in a process to reach a
new temperature, tweaks the control by precisely that amount, and walks away. It
must characterize the skilled baseball hitter, who takes one quick sample of the fast
ball's initial trajectory and knows exactly how to swing the bat to connect (in this
case there is no time for closed-loop feedback to operate in such a way as to
guide the response); it also characterizes the skilled computer user who does not
need to wait for screen readout, prior to depressing each key in a complex se-
quence of commands. Of course such users still receive feedback after the skill is
performed, feedback that will be valuable in learning or "fine tuning" the mental
model (Chapter 18).

REMOTE MANIPULATION OR TELEROBOTICS

There are many circumstances in which continuous and direct human control is
desirable but not feasible. Two examples are remote manipulation, such as when
operators control an underseas or planetary explorer, and hazardous manipulation,
as for example is involved in the manipulation of highly radioactive material.
This task, which is sometimes known as telerobotics (Sheridan, 1997), possesses
several distinct challenges, resulting because of the absence of direct viewing. The
goal of the designer of such systems is to create a sense of "telepresence;' that is, a
sense that the operator isactually immersed within the environment and is directly
controlling the manipulation asan extension of his or her arms and hands. Similar
goals of creating a sense of presence have been sought by the designers of virtual
reality systems (Durlach & Mavor, 1995; Barfield & Furness, 1995). Yetthere are
several control features of the situation that prevent this goal from being easily
achieved in either telerobotics or virtual reality (Stassen & Smets, 1995).

Time Delay

Systems often encounter time delays between the manipulation of the control
and the availability of visual feedback. In some cases these may be transmission
delays. For example, as we have noted, the "round trip" delay between Earth and
the moon is 5 seconds, for an operator on Earth carrying out remote manipula-
tion on the moon. Sometimes the delays might simply result from the inherent
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sluggishness of high inertial systems that are being controlled. In still other cases
the delays might result from the time it takes for a computer system to construct
and update elaborate graphics imagery as the viewpoint is translated through or
rotated within the environment. In all cases, as we have seen such delays-present
challenges to effective control.

Depth Perception and Image Quality

Teleoperation normally involvestracking or manipulating in three dimensions. Yet
aswe have seen in Chapter 4,human depth perception in 3-D displays is often less
than adequate for precise judgment along the viewing axis of the display. One so-
lution that has proven quite useful is the implementation of stereo (Chapter 8).
The problem with stereo, however, lies in the fact that two cameras must be
mounted and two separate dynamic images must be transmitted over what may
be avery limited bandwidth channel, for example, a "tethered" cable connecting

the robot on the ocean floor to the operator workstation in the vessel above.
Similar constraints on the bandwidth may affect the quality or fuzziness of even
amonoscopic image, a fact that could severelyhamper the operator's ability to do
fine coordinated movement. It is apparent that the tradeoff between image qual-
ity and image updating grows more severe as the behavior of the controlled robot

becomes more dynamic.

Proprioceptive Feedback

While visual feedback is absolutely critical to such tasks, there are many circum-
stances in which proprioceptive or tactile feedback is of great importance (Durlach
& Mavor, 1995). This istrue because the remote manipulators are often designed
so that they can produce extremely great forces, necessary, for example, to move
heavy objects or rotate rusted parts. Asa consequence, they are capable of doing
great damage, unless they are very carefully controlled when they come in contact
with or apply force to the object of manipulation. Consider, for example, the severe
consequences that might result if a remote manipulator accidently punctured a
container of radioactive material by squeezing too hard or stripped the threads
while trying to unscrew abolt. Toprevent these sorts of accidents, designers would
like to present the same tactile and proprioceptive sensations of touch, feel, pres-
sure, and resistance that we experience asour hands grasp and manipulate objects.
Yetit is extremely challenging to present such feedback effectivelyand intuitively,
particularly when there are substantial "loop delays:' Visual feedback of the forces
applied must often be used to replace or augment the more natural tactile feedback.

The Solutions

Perhaps the most severe problem in many teleoperator systems is the time delay.
Aswe have seen, the most effective solution here is to reduce the delay. When the
delay isimposed by graphics complexity, it may be feasible to sacrifice some com-
plexity. While this may lower the reality and "sense of presence;' it is a move that
can improve usability (Pausch, 1991).
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A second effective solution isto develop predictive displays that are able to an-
ticipate the future motion and position of the manipulator on the basis of its pre-
sent state and the operator's current control actions and future inten!l:ms (see
Chapter 8). While such prediction tools have proven to be quite useful (Bos,
Stassen, &van Lunteren, 1995), they are only as effective as the quality of the con-
trollaws of system dynamics that they embody. Furthermore, the system will not
allow effective prediction (i.e., preview) of a randomly moving target, and with-
out reliable preview, many of the advantages of prediction are gone.

A third solution isto avoid the delayed feedback problem altogether by im-
plementing a computer model of the system dynamics (without the delay) allow-
ing the operator to implement the required manipulation in "fast time" off line,
relying on the now instant feedback from the computer model (Sheridan, 1997).
When the operator is then satisfied that he or she has created the maneuver ef-
fectively, this stored trajectory can be passed on to the real system. This solution
has the problem that it places fairly intensive demands on computer power and,
of course, will not be effective if the target environment itself happened to change
before the planning manipulation was implemented.

Clearly, as we consider designs in which the human plans an action but the
computer isthen assigned responsibility for carrying those actions out, we are cross-
ing the boundary from manual control to automated control, an issue we will discuss
in depth in Chapter 16.We also note two other important aspects of control that will
be covered in other chapters: process control because of its high levels of automation,
and its many facets that have little to do with actual control (e.g., monitoring and di-
agnosis) will be covered in Chapter 16;and air traffic control, which also has many
human factors aspects that go beyond the control features discussed here, will be cov-
ered in the chapter on transportation (Chapter 17). Finally, as we have noted, many
characteristics of telerobotics are similar to those being addressed in the implemen-
tation of virtual reality systems, which will be discussed again in Chapter 15.
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Engineering
Anthropometry
and Work-Space
Design

We do not like to wear clothes that do not fit
our body. We cannot walk steadily if our shoes are of wrong size.We look awkward
and feel terrible when we sit on a chair that is either too wide or too narrow. We
cannot reach and grasp an object if it istoo high on awall or too far on a table.

These descriptions seem to offer no new insight to any of us because they all
seem to be common sense. We all seem to know that the physical dimensions of a
product or workplace should fit the body dimensions of the user. However, some
of us may be surprised to learn that inadequate dimensions are one of the most
common causes of error, fatigue, and discomfort because designers often ignore
or forget this requirement or do not know how to put it into design.

In some power plants and chemical processing plants, displays are located so
high that operators must stand on stools or ladders in order to read the displayed
values. In the cockpits of some U.S. Navy jet aircrafts, 10 percent of the controls
could not be reached even by the tallest aviators, and almost 70 percent of the
emergency controls were beyond the reach of the shortest aviators. To find some
examples around us, one simply needs to look around and pay attention to the
desks, chairs, and other furnishings in a classroom or a home. Are they well de-
signed from the human factors point of view? Try to answer this question now, and
then answer it again after finishing studying this chapter.

In this chapter we introduce the basic concepts of a scientific discipline called
anthropometry, which provides the fundamental basis and quantitative data for
matching the physical dimensions of workplaces and products with the body di-
mensions of intended users. We also describe some general principles and useful
rules-of-thumb for applying anthropometric information in design.

Anthropometry is the study and measurement of human body dimensions.
The word anthropometry is derived from two Greek words: anthropos ("man™) and
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metron ("measure’). The size and the proportions of the human body have been
the subject of study for artists, anatomists, doctors, and land measurers for a long
time. The ancient Egyptians used the distance from elbow to tip of the40Ongest fin-
ger as a standard unit oflength called the royal cubit (around 52 cm), which was
used to calculate sculpture and relief dimensions as well as land areas. Adolphe
Quetelet, a Belgian statistician, first applied statistics to anthropological data in the
middle of the nineteenth century, and this was regarded as the beginning of mod-
ern anthropometry.

In designing workplaces, equipments, and various products for human use,
engineers have gradually realized the importance of anthropometric informa-
tion. The measurement and use of anthropometric data in engineering design is
the primary concern of engineering anthropometry. Currently, anthropometric
data are extensively used by design engineers and human factors professionals to
specify the physical dimensions of products, tools, and workplaces to maximize the
match between the physical dimensions of the designed products and workplaces
and the body dimensions of the users.

Anthropometric data are used to develop design guidelines for heights, clear-
ances, grips, and reaches of workplaces and equipments for the purpose of ac-
commodating the body dimensions of the potential work force. Examples include
the dimensions of workstations for standing or seated work, production machin-
ery, supermarket checkout counters, and aisles and corridors. The work force in-
cludes men and women who are tall or short, large or small, strong or weak, as well
asthose who are physically handicapped or have health conditions that limit their
physical capacity.

Anthropometric data are also applied in the design of consumer products
such as clothes, automobiles, bicycles, furniture, hand tools, and so on. Because
products are designed for various types of consumers, an important design re-
quirement is to select and use the most appropriate anthropometric data base in
design. Grieve and Pheasant (1982) notes that "as a rule of thumb, if we take the
smallest female and the tallest male in a population, the male will be 30-40 per-
cent taller, 100 percent heavier, and 500 percent stronger." Clearly, products de-
signed on the basis of male anthropometric data would not be appropriate for
many female consumers. Similarly, the design of clothes and bicycles for children
should not be based on the anthropometric measurements of adults or elderly.
When designing for an international market, applying the data collected from one
country to other regions with significant size differences will be inappropriate.

In ergonomics, another use of anthropometric information is found in oc-
cupational biomechanics, the subject of discussion of the next chapter.
Anthropometric data are used in biomechanical models in conjunction with in-
formation about external loads to assessthe stress imposed on worker's joints and
muscles during the performance of work.

Because of the importance of considering human variability in design, this
chapter starts with a discussion of the major sources of human variability and how
statistics can help designers analyze human variability and use this information in
design. We then describe briefly some of the devices and methods used for an-
thropometric measurements and the major types of anthropometric data. Some
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general procedures of applying anthropometric data in design are then intro-
duced, followed by a discussion of the general principles for work-space design.
Design of standing and seated work areas is discussed in the las.tsection.

HUMAN VARIABILITY AND STATISTICS
Human Variability

Human body dimensions vary considerably with age, health condition, sex, race
or ethnic group, occupation, and so on. Clearly, the natural variations of human
physical characteristics have important implications for the way products, de-
vices, and workplaces are designed. In this section we describe some of the major
sources of variability.

Age Variability. Many body dimensions change as a function of age. Everyone
knows that the stature of a person changes quickly from childhood to adolescence.
In fact, a number of studies have compared the stature of people at each year of
age. The data indicate stature increases to about age 20 to 25 (Roche & Davila,
1972;VanCott & Kinkade, 1972) and starts to decrease after about age 35to 40, and
women show more shrinkage than men (Trotter & Gleser, 1951; VanCott &
Kinkade, 1972). Unlike stature, some other body dimensions such as weight and
chest circumference may increase through age 60 before declining.

Sex Variability. ~ Adult men are, on the average, taller and larger than adult
women. However, twelve-year-old girls are, on the average, taller and heavier than
their male counterparts because girls see their maximum growth rate from ages 10
to 12 (about 2.5 in./year), whereas boys see theirs around ages 13to 15 (about 2.7
in./year). Girls continue to show noticeable growth each year until about age 17,
whereas the growth rate for boys tapers off gradually until about age 20 (Stout,
Damon, McFarland, & Roberts, 1960). On the average, adult female dimensions
are about 92 percent of the corresponding adult male values (Annis, 1978).
However, significant differences exist in the magnitude of the differences between
males and females on the various dimensions. Although adult men are, on the av-
erage, larger than adult women on most dimensions, some dimensions such as hip
and thigh measurements do not show major differences between men and women,
and women exceed men on a number of dimensions such as skinfold thickness.

Racial and Ethnic Group Variability. Body size and proportions vary greatly be-
tween different racial and ethnic groups and populations and nationalities. The
tallest people in the world are the Northern Nilotes of southern Sudan in Africa,
who average about 6 feet tall. The shortest people are the pygmy people of central
Africa with an average stature of about 4.5 feet (Roberts, 1975). Anthropometric

surveys of black and white males in the U.S. Air Force show that their average
height was identical, but blacks tended to have longer arms and legs and shorter
torsos than whites (Long & Churchill, 1965; NASA, 1978). Comparisons of the
U.S. Air Force data with the Japanese Air Force data (Yokohori, 1972) found that
the Japanese were shorter in stature, but their average sitting height did not differ
much from the American data. Similar differences were also found between the
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American, the French, and the Italian anthropometric data. On the basis of these
differences, Ashby (1979) states that if a piece of equipment was designed to fit 90
percent of the male U.S. population, it would fit roughly 90 percent of Germans,
80 percent of Frenchmen, 65 percent of Italians, 45 percent of Japanese, 25 percent
of Thai, and 10 percent of Vietnamese.

Occupational Variability. Differences in body size and dimensions can be easily
observed between people working in different occupational groups. Professional
basketball players are much taller than most American males. Ballet dancers tend
to be thinner than average. Existing data show that truck drivers tend to be taller
and heavier than average (Sanders, 1977), and coal miners appear to have larger
torso and arm circumferences (Ayoub et al., 1982). Occupational variability can
result from a number of factors including the type and amount of physical activ-
ity involved in the job, the special physical requirements of certain occupations,
and the self-evaluation and self-selection of individuals in making career choices.

Generational or Secular Variability. Annis (1978) graphed the trend of change in
stature of the American population since 1840 and noted that there has been a
growth in stature of about 1cm per decade since the early 1920s. Improved nu-
trition and living conditions are offered as some of the possible reasons for this
growth. However, it appears that this trend toward increasing stature and size is
leveling off (Hamil et al., 1976). Griener and Gordon (1990) examined the secu-
lar trends in 22 body dimensions of male U.S.Army soldiers and found that some
dimensions still show a clear trend of growth (e.g., body weight and shoulder
breath), while others are not changing considerably (e.g., leg length).

Transient Diurnal Variability. Kroemer (1987) notes that person's body weight
varies by up to 1kg per day because of changes in body water content. The stature
of aperson may be reduced by up to 5 cm at the end of the day, mostly because of
the effects of gravitational force on a person's posture and the thickness of spinal
disks. Measuring posture in different positions also may yield different results. For
example, leaning erect against awall may increase stature by up to 2 cm as opposed
to free standing. Chest circumference changes with the cycle of breathing. Clothes
can also change body dimensions.

Statistical Analysis

In order to deal with these variabilities in engineering design, an anthropometric

dimension is analyzed as a statistical distribution, rather than a single value.
Normal distribution (also called Gaussian distribution in some science and engi-
neering disciplines) isthe most commonly used statistical distribution because it
approximates most anthropometric data quite closely.

Normal Distribution.  The normal distribution can be visualized as the normal
curve, shown in Figure 10.1as a symmetric, bell-shaped curve. The mean and the
standard deviation are two key parameters of the normal distribution. The mean
is a measure of central tendency that tells us about the concentration of a group
of scores on a scale of measurement. The mean (most often referred to as the av-
erage in our everyday conversations) is calculated as the sum of all the individual
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measurements divided by the sample size (the number of people measured). To
put it in a formula form, we have,

M = S(X)IN,
where

M is the mean of the sample,
X, represents the ith measurement,
N is the sample size.

The standard deviation is a measure of the degree of dispersion or scatter in
a group of measured scores. The standard deviation, s, is calculated with the fol-

lowing formula:
Z (Xi - M)Z
§ = 4=t
N -1

In Figure 10.1,the value of the mean determines the position of the normal
curve along the horizontal axis,and the value of the standard deviation determines
whether the normal curve has a more peaked or flat shape. A normal curve with
a smaller mean is alwayslocated to the left of a normal curve with a larger mean.
A small value of the standard deviation produces a "peaked" normal curve, indi-
cating that most of the measurements are close to the mean value. Conversely, a
large value of the standard deviation suggests that the measured data are more
scattered from the mean.

Percentiles.  In engineering design, anthropometric data are most often used in
percentiles. A percentile value of an anthropometric dimension represents the
percentage of the population with abody dimension of a certain size or smaller.
This information is particularly important in design because it helps us estimate
the percentage of a user population that will be accommodated by a specific de-
sign. For example, if the width of a seat surface is designed using the 50th per-
centile value of the hip breath of U.S. males, then we can estimate that about 50
percent of U.S. males (those with narrower hips) can expect to have their hips
fully supported by this type of seat surface, whereas the other 50 percent (those
with wider hips) cannot.

Mean

Frequency \

Magnitude

A
FIGURE 10.1

A graphical representation of the normal distribution.
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For normal distributions, the 50th-percentile value is equivalent to the mean
of the distribution. If a distribution is not normally distributed, the 50th-per-
centile value may not be identical to the mean. However, for practical dt:;§,tgpur-
poses, we often assume that the two values are identical or approximately the
same, just as we assume that most anthropometric dimensions are normally dis-
tributed, though they may not be so in reality.

Fornormal distributions, percentiles can be easilycalculated by using Table 10.1
and the following formula together:

X=M + FXS§,

where

X is the percentile-value being calculated,

M is the mean (the 50th percentile value) of the distribution,

s is the standard deviation,

F is the multiplication factor corresponding to the required percentile, which
isthe number of standard deviations to be subtracted from or added to the mean.
F can be found in Table 10.1.

ANTHROPOMETRIC DATA
Measurement Devices and Methods

Many of the body dimensions can be measured with simple devices. Tapes can be
used to measure circumferences, contours, and curvature, aswell as straight lines.
An anthropometer, which is a straight graduated rod with one sliding and one
fixed arm, can be used to measure the distance between two clearly identifiable
body landmarks. The spreading caliper has two curved branches joined in a hinge.
The distance between the tips of the two branches is read on a scale attached on
the caliper. A small sliding caliper can be used for measuring short distances, such

TABLE10.1  Multiplication Factors for Percentile Calculation

Percentile F
Ith -2.326
5th -1.645

10th -1.282
25th -0.674
50th -0

75th +0.674
90th +1.282
95th + 1.645

99th +2.326
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as hand length and hand breadth. Boards with holes of varying diameters drilled
on it can be used to measure finger and limb diameters. Figure 10.2 contains a set
of basic anthropometric instruments.

Use of anthropometric data collected by different measurers at different lo-
cations and in different time periods requires standardization of measuring meth-
ods. Body dimension must follow standard definitions and must be measured with
standardized procedures. Clearly identifiable body landmarks and fixed points in
space are usually used to define the various measurements. For example, stature
is defined as the distance between the standing surface (often the floor) and the top
of the head, whereas hand length is the distance from the tip of the middle finger
of the right hand to the base of the thumb.

The person being measured (often called the subject) is required to adopt a
standard posture specified by a measurer, who applies simple devices on the body
of the subject to obtain the measurements. For most measurements, the subject is
asked to adopt an upright straight posture, with body segments either in parallel
with each other or at 90°to each other. For example, the subject may be asked to

(b) (© (d)

FIGURE 10.2

A basic set of anthropometric ~ measuring instruments. (a) anthropometer  with straight
branches, (b) curved branches for anthropometer, (c) Spreading calipers, (d) and sliding
compass.
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"stand erect, heels together; butt, shoulder blades, and back of head touching a
wall ... " (Kroemer, 1987). The subject usually does not wear clothes and shoes. For
seated measurements, the subject is asked to sit in a way that the thigg8are hori-
zontal, the lower legs vertical, and the feet flat on their horizontal support.

The Morant technique isa commonly used conventional measurement tech-
nique. This technique uses a set of grids that are usually attached on two vertical
surfaces meeting at right angles. (Fig. 10.3). The subject is placed in front of the
surfaces, and the body landmarks are projected onto the grids for anthropomet-
ric measurements.

Photographic methods, filming and videotaping techniques, use of multiple
cameras and mirrors, holography and laser techniques are some of the major
measurement techniques that have appeared in the past few decades. They con-
tinue to be used and improved for various design and research purposes.

Toavoid potential ambiguity in interpretation, the following terms are defined
and used in anthropometry (Kroemer, 1987):

Height: A straight-line, point-to-point vertical measurement.

Breadth: A straight-line, point-to-point horizontal measurement running
across the body or segment.

Depth: A straight -line, point -to- point horizontal measurement running fore-
aft the body.

\

/
FIGURE 10.3

Grid system used in anthropometric measurement.
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Distance: A straight-line, point-to-point measurement between body land-
marks.

Circumference: A closed measurement following a body contotlr, usually not
circular.

Curvature: A point-to-point measurement following a body contour, usually
neither circular nor closed.

Civilian and Military Data

Large-scale anthropometric surveys are time-consuming, labor-intensive, and ex-
pensive to carry out. Not surprisingly, significant gaps exist in the world anthro-
pometric database. Most anthropometric surveys were carried out with special
populations such as pilots or military personnel. Civilian data either do not exist
for some populations or are very limited in scope. Much of the civilian data from
the U.S. and some other countries were collected many years ago and thus may not
be representative of the current user population.

Several large-scale surveys of civilian populations were carried out a few
decades ago. O'Brien and Sheldon (1941) conducted a survey of about ten thou-
sand civilian women for garment sizing purposes. The National Center for Health
Statistics conducted two large-scale surveys of civilian men and women, the first
of which was conducted from 1960 to 1962 and measured 3,091 men and 3,581
women, and the second was from 1971to 1974and measured 13,645civilians. Two
relatively small-scale surveys were carried out recently, one of which was the
Eastman Kodak Company's (1983) survey of about 100 men and 100women and
the other was the Marras and Kim's (1993) survey of 384 males and 125female of
industrial workers.

Clearly, these surveys of civilian populations were either rather outdated or
very limited in scope. Although measurements of body dimensions of military
personnel are most extensive and up-to-date, there may exist significant differ-
ences between the military and civilian populations. For example, Marras and Kim
(1993) found that significant differences exist in weight and abdominal dimen-
sions between the industrial and military data. An industrial worker of 95th-per-
centile weight is much heavier than the 95th-percentile U.S. Army soldier.
However, 5th-percentile female industrial workers are slightly lighter than U.S.
Army women at the same percentile value.

Due to the lack of reliable anthropometric information on civilian popula-
tions in the United States and worldwide, the current practice in ergonomic de-
sign is to use military data as estimates of the body dimensions of the civilian
population. However, the documented differences between civilian and military
anthropometric data suggest that designers need to be cautious of any potential
undesirable consequences of using these estimates and be ready to make necessary
adjustments accordingly in design. Table 10.2 contains a sample of the anthropo-
metric data obtained largely on U.S.Air Force and Army men and women (Clauser
etal., 1972; NASA, 1978;White & Churchill, 1971). The dimensions in Table 10.2
are depicted in Figure 10.4and Figure 10.5.
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TABLE 10.2 Anthropometric Data [unit: inches)

Population Percentiles,

Males Females 50/50 MaleslFemales
50th 50th
Measurement percentile  +IS.D. percentile *+1S.D. 5th 50th 95th

Standing
1. Forward Functional Reach
a. includes body depth
at shoulder 32.5 1.9 29.2 15 272 307 350
(31.2) (2.2) (28.1) (1.7) (25.7) (29.5) (34.1)
b. Acromial Process to

Function Pinch 26.9 1.7 24.6 13 226 256 293
¢. Abdominal Extension to

Functional Pinch (24.4) (35) (23.8) (2.6) (19.1) (24.1) (29.3)

2. Abdominal Extension Depth 9.1 0.8 8.2 0.8 7.1 8.7 10.2
3. Waist Height 41.9 2.1 40.0 20 374 409 447
(41.3) (2.1) (38.8) (2.2) (35.8) (39.9) (44.5)

4. Tibial Height 17.9 11 16.5 0.9 153 172 194
5. Knuckle Height 29.7 1.6 28.0 16 259 288 319
6. Elbow Height 43.5 1.8 404 14 380 420 458
(45.1) (25) (42.2) (2.7) (38.5) (43.6) (48.6)

7. Shoulder Height 56.6 2.4 51.9 27 484 544 597
(57.6) (3.1) (56.3) (2.6) (49.8) (55.3) (61.6)

8. EyeHeight 64.7 2.4 59.6 22 568 621 67.8
9. Stature 68.7 2.6 63.8 24 608 66.2 720
(69.9) (2.6) (64.8) (2.8) (61.1) (67.1) (74.3)

10. Functional Overhead Reach 82.5 33 78.4 34 740 805 86.9

Seated

11. Thigh Clearance Height 5.8 0.6 4.9 0.5 4.3 5.3 6.5
12. Elbow Rest Height 95 1.3 9.1 1.2 7.3 93 114
13. Midshoulder Height 245 1.2 22.8 1.0 214 236 261
14. EyeHeight 31.0 1.4 29.0 12 274 299 328
15. Sitting Height, Normal 341 15 32.2 16 320 346 374
16. Functional Overhead Reach 50.6 3.3 47.2 26 436 487 5438
17. Knee Height 21.3 11 20.1 1.0 187 207 227
18. Popliteal Height 17.2 1.0 16.2 07 151 166 184
19. LegLength 41.4 1.9 39.6 17 373 405 439
20. Upper-Leg Length 234 11 22.6 10 211 230 249
21. Buttocks-to-Popliteal Length 19.2 1.0 18.9 12 172 191 209
22. Elbow-to-Fist Length 14.2 0.9 12.7 1.1 126 145 162
(14.6) 1.2) (13.0) (1.2) (11.4) (13.8) (16.2)

23. Upper-Arm Length 14.5 0.7 134 0.4 129 138 155
(14.6) (1.0) (13.3) (0.8) (12.1) (13.8) (16.0)

24. Shoulder Breadth 17.9 0.8 15.4 0.8 143 16.7 188

25. Hp Breadth 14.0 0.9 15.0 1.0 128 145 163
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TABLE 10.2  (continued]

Population Percentiles,

Males Females 50/50 Males/Females
50th 50th

Measurement percentile  *+1S.D. percentile *IS.D. 5th 50th 95th

Foot
26. Foot Length 10.5 0.5 9.5 0.4 89 100 112
27. Foot Breadth 39 0.2 35 0.2 32 3.7 4.2

Hand
28. Hand Thickness,

Metacarpal 1l 1.3 0.1 11 0.1 1.0 1.2 14
29. Hand Length 75 0.4 7.2 04 6.7 7.4 8.0
30. Digit Two Length 3.0 0.3 2.7 0.3 2.3 2.8 3.3
31. Hand Breadth 34 0.2 3.0 0.2 2.8 32 3.6
32. Digit One Length 5.0 0.4 4.4 0.4 3.8 4.7 5.6
33. Breadth of Digit One

Interphalangeal Joint 0.9 0.05 0.8 005 07 0.8 1.0
34. Breadth of Digit Three

Interphalangeal Joint 0.7 0.05 0.6 004 06 0.7 0.8
35. Grip Breadth, Inside

Diameter 1.9 0.2 1.7 0.1 15 1.8 2.2
36. Hand Spread, Digit One to

to Two, 1st Phalangeal Joint 4.9 0.9 3.9 0.7 3.0 4.3 6.1
37. Hand Spread, Digit One

to Two, 2nd Phalangeal Joint 41 0.7 32 0.7 2.3 3.6 5.0

Head
38. Head Breadth 6.0 0.2 5.7 0.2 54 5.9 6.3
39. Interpupillary Breadth 24 0.2 2.3 0.2 2.1 24 2.6
40. Biocular Breadth 3.6 0.2 3.6 0.2 3.3 3.6 39

Other Measurements
41. Flexion-Extension, Range

of Motion of Wrist, Degrees 134 19 141 15 108 138 166
42. Ulnar-Radial Range of

Motion of Wrist, Degrees 60 13 67 14 41 63 87
43. Weight, in pounds 183.4 33.2 146.3 30.7 105.3 164.1 226.8

Source: Eastman Kodak Company, 1983.

Structural and Functional Data

Depending on how they are collected, anthropometric ~ data can be classified into
two types: Structural data and functional data. Structural data are also called sta-
tic data; functional data are also called dynamic data. The two types of data serve
different purposes in engineering design.

Structural anthropometric  data are measurements of the body dimensions
taken with the body in standard and still (static) positions. Examples include the
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FIGURE 10.4
Anthropometric  measures: standing and sitting. (Source: Eastman Kodak Company, 1986.
Ergonomic Design for People at Work, Vol. 1. New York: Van Nostrand Reinhold.)

stature (the height of person), the shoulder breadth, the waist circumference, the
length of the forearm, and the width of the hand.

Functional anthropometric  data are obtained when the body adopts various
working postures (i.e., when the body segments move with respect to standard refer-
ence points in space). For example, the area that can be reached by the right hand of
a standing person defines a "standing reach envelope" of the right hand, which pro-
vides critical information for work-space design for right-handed standing workers.
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FIGURE 10.5

Anthropometric measures: hand, face, and foot. (Source: Eastman Kodak Company, 1986.
Ergonomic Design for People at Work, Vol. 1. New York: Van Nostrand Reinhold.)
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Most anthropometric data are static, although work activities can be more ac-
curately represented by dynamic data. Because standard methods do not exist
that allow one to convert static into dynamic data, the following prooedure sug-
gested by Kroemer (1983) may be useful for designers to make estimates:

1. Heights (stature, eye, shoulder, hip) should be reduced by 3 percent.

2. Elbow height requires no change or an increase of up to 5 percent if
elbow needs to be elevated for the work.

3. Forward and lateral reach distances should be decreased by 30 percent if
easy reach is desirable, and they can be increased by 20 percent if shoul-
der and trunk motions are allowed.

It should be noted here that some anthropometric dimensions are highly
correlated with each other. For example, a tall person is likely to have long legs and
be heavier than ashort person. But some dimensions are not highly correlated. It
appears, for example, that a person's stature says little about the breadth of that
person's head. Detailed information about the correlation among various body di-
mensions can be found in Roebuck, Kroemer, and Thomson (1975).

Another issue that needs to be emphasized here is that it is very unlikely that
one can find an "average person” in a given population who is average (50th-per-
centile value) on all body dimensions. A person with average stature may have a
long or short hand, large or small shoulder breath, or wide or narrow feet.

Use of Anthropometric Data in Design

Data contained in anthropometric tables provide critical information with
which designers can design workplaces and products. Use of the data, however,
requires athorough analysis on the designers' part of the design problem. The
following procedure provides a systematic approach for the use of anthropo-
metric data in design:

1. Determine the user population (the intended users). The key question to
ask is: Who will use the product or workplace? As discussed earlier in this chap-
ter, people of different age groups have different physical characteristics and re-
quirements. Other factors that must also be considered include gender, race, and
ethnic groups; military or civilian populations.

2. Determine the relevant body dimensions. The key question here is:
Which body dimensions are most important for the design problem? For ex-
ample, the design of a doorway must consider the stature and the shoulder
width of the intended users. The width of a seat surface must accommodate the
hip breadth of the users.

3. Determine the percentage of the population to be accommodated.
Although a simple answer to this problem is that we should accommodate 100
percent of the population, this answer isnot practical or undesirable in many de-
sign situations because of various financial, economical, and design constraints.
For example, there may be limits on how far a seat can be adjusted in a vehicle to
accomodate the smallest and largest 1 percent of drivers because to do so would
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force changes in the overall structrure of the design-at atremendous expense. For
most design problems, designers try to accommodate as large a proportion of the
intended user population as possible within these constraints. There are three
main approaches to this problem.

The first approach is called design for extremes, which means that for the de-
sign of certain physical dimensions of the workplace or living environment, de-
signers should use the anthropometric data from extreme individuals, sometimes
at one end and sometimes at both ends of the anthropometric scale in question.
One example would be the strength of supporting devices. Designers need to use
the body weight of the heaviest users in designing the devices to ensure that the
devices are strong enough to support all potential users of the devices.

The second approach, called design for adjustable range, suggests that de-
signers should design certain dimensions of equipment or facilities in a way that
they can be adjusted to the individual users. Common examples include seats and
steering wheels of automobiles and office chairs and desks.

According to the third approach, design for the average, designers may use av-
erage anthropometric values in the design of certain dimensions if it is impracti-
cal or not feasible to design for extremes or for adjustability because of various
design constraints. Many checkout counters in department stores and supermar-
kets, for example, are designed for customers of average height. Although they are
not ideal for every customer, they are more convenient to use for most customers
than those checkout counters that are either too low or too high. Clearly, it is im-
practical to adjust the height of a counter for each customer. It should be noted,
however, that design for the average should be used only as a last resort after hav-
ing seriously considered the other two design approaches.

4. Determine the percentile value of the selected anthropometric dimen-
sion. The key design questions are: Which percentile value of the relevant dimen-
sion should be used: 5th, 95th, or some other value? Should the percentile value
be selected from the male data or the female data? The percentage of the popula-
tion to be accommodated determines the percentile value of the relevant anthro-
pometric dimension to be used in design. However, one should realize that a
design decision to accommodate 95 percent of the population does not always
mean that the 95th-percentile value should be selected. Designers need to be clear
whether they are designing a lower or an upper limit for the physical dimensions
of the system or device.

For the design of lower-limit physical dimensions, designers set a lower
limit as the minimum value for the dimension so that a certain percentage of a
population can be accommodated. Here it should be emphasized that lower-limit
refers to the physical size of the system, not the human user; that is, lower-limit
means that the system cannot be smaller, or else it will be unusable by the largest
users. Therefore, designers must use a high percentile for the design of lower-
limit physical dimensions. For example, if a stool should be strong enough to
support a very heavy person, then the 95th or 99th percentile of male body
weight should be used as its minimum strength requirement. The logic is sim-
ple: If the heaviest (or tallest, largest, widest, etc.) people have no problem with
this dimension, then almost everyone can use it. Another example oflower-limit
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dimensions is the width of a seat used in public places. The seat should be wide
enough to accommodate the widest individuals. Asdiscussed in detail in the next
section, the dimensions of clearance spaces should be designed this way.

In contrast to the lower-limit dimensions, an upper-limit dimension requires
the designers to set a maximum value (the upper limit) for the dimension so that
a certain percentage of a population can be accommodated. Here, upper limit
means that the physical size of the system cannot be bigger than this limit, or else
it will not be usable by smallest users. Thus designers should use a low percentile
for the design of upper-limit dimensions. In other words, in order to accommo-
date 95 percent of the population, the fifth percentile (most often from the female
data) should be used in design. The logic is simple: If the shortest (or smallest,
lightest, etc.) people have no problem with this dimension, then most people can
use it. For example, the size and weight of a tray to be carried by workers should
be small enough so that the smallest workers can carry it without any problem.
Other examples of upper-limit dimensions include the height of steps in a stair-
way and the depth of seats. As discussed in detail in the next section, the reach dis-
tance of control devices should also be designed this way.

5. Make necessary design modifications to the data from the anthropomet-
ric tables. Most anthropometric measures are taken with nude or nearly nude per-
sons, a method that helps standardize measurements but does not reflect real life
situations. Asdiscussed earlier, clothing can change body size considerably. A light
shirt for the summer isvery different from a heavy coat for winter outdoor activ-
ities. Therefore, necessary adjustments must be made in workplace design to ac-
commodate these changes. Allowance for shoes, gloves, and headwear must also
be provided if the workers are expected to wear them at work.

Another important reason for data adjustment is that most anthropometric
data are obtained with persons standing erect or sitting erect. Most of us do not
assume these types of body postures for long. In order to reflect the characteris-
tics of a person’s "natural™ posture, necessary adjustments must be made. For ex-
ample, the "natural standing (slump-posture)" eye height isabout 2 cm lower than
the erect standing eye height, and the "natural sitting" eye height is about 4.5 cm
lower than the erect sitting eye height (Hertzberg, 1972).Asdiscussed later in this
chapter, these considerations are critical for designing workplaces that have high
viewing requirements.

The use of anthropometric tables to develop and evaluate various possible lay-
outs is often a slow and cumbersome process when several physical dimensions are
involved (e.g., avehicle cab, which involves visibility seating adjustments and sev-
eral different kinds of reach). The advent of advanced computer graphics is be-
ginning to offer the use of more interactive anthropometric models, ike Jack or
Combiman, in which dynamic renderings of a human body can be created with
varying percentile dimensions and then moved through the various dimensions
of a computer-simulated work space, in order to assess the adequacy of design
(Badler, Barsky, & Zeltzer, 1990; Karwowski, Genaidy, & Asfour, 1990).

6. Use mock-ups or simulators to test the design. Very often designers need
to evaluate whether the design meets the requirements by building mock-ups or
simulators with representative users carrying out simulated tasks. This step isim-
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portant because various body dimensions are measured separately in a standard-
ized anthropometric survey,but there may exist complicated interactions between
the various body dimensions in performing a job. Mock-ups or simulators can
help reveal some of the potential interactions and help designers make necessary
corrections to their preliminary design. A limitation of mock-ups is often en-
countered because the available human users for evaluation may not span the
anthropometric range of potential users. This limitation points again to the po-
tential advantages of anthropometric models, where such users can be simulated.

GENERAL PRINCIPLES FOR WORK-SPACE DESIGN

As discussed in the introduction chapter, the goal of human factors is to design
systems that reduce human error, increase productivity, and enhance safety and
comfort. Work-space design isone of the major areas in which human factors pro-
fessionals can help improve the fit between humans and machines and environ-
ments. This section summarizes some general principles of work-space design.
Although we describe work-space design only from the human factors perspective,
it should be emphasized that these human factors concerns should be considered
in the context of other critical design factors such as cost, aesthetics, durability, and
architectural characteristics. Design isan art, as well as a science. There are no for-
mulas to ensure success. But the general guidelines described here may help re-
mind the workplace designers of some of the basic requirements of a workplace
and prevent them from designing workplaces that are clearly non optimal.

Clearance Requirement of the Largest Users

Clearance problems are among the most often encountered and most important
issues in work-space design. The space between and around equipments, the
height and width of passageways, the dimensions provided for the knees, the legs,
the elbows, the feet, and the head are some examples of clearance design problems.
Some workers may not be able to access certain work areas if there is not enough
clearance provided. Inadequate clearance may also force some workers to adopt an
awkward posture, thus causing discomfort and reducing productivity.

As mentioned earlier, clearance dimensions are lower-limit dimensions and
should be adequate for the largest users who are planning to use the workplace. For
most design applications, designers may start with the 95th-percentile value for the
relevant anthropometric dimension. Asdiscussed earlier, adjustments to this value
are often needed to provide additional space for clothing and mobhty require-
ments. Because heavy clothing requires additional space, raw data from an an-
thropometric table need to be adjusted upward to reflect the increased space
needs of a person with heavy clothes.

While design for lower-limit dimensions such as clearance spaces always
means that high percentiles are used in design, it does not always mean that male
data should be used all the time. Clearly,for female-only workplaces, data from the
female population should be used. What is not so obvious is that female data
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should also be used sometimes for mixed-sex workplaces. For example, the body
width of a pregnant woman may need to be used to set the lower limit for some
design dimensions. -

Reach Requirements of the Smallest Users

Workers in a workplace often need to extend their arms to reach and operate a
hand-operated device or to use their feet to activate a foot pedal. Similar to the
clearance problems, inadequate-reach dimensions can reduce workers' comfort
and productivity. In contrast to the clearance problem, which sets the design lim-
its at the largest users, reach dimensions should be determined on the basis of the
reach capabilities of the smallest users. For most design applications, designers
may consider using the fifth-percentile value for the relevant dimension and make
necessary adjustments to deal with the potential effects of other factors such as
clothing. Because heavy clothing reduces a person's reach capability, raw data
from an anthropometric table need to be adjusted downward to reflect the reduced
reach capacity of a person with heavy clothes.

An important concept here isthe concept of reach envelope (also called reach
area), which is the three-dimensional space in front of a person that can be
reached without leaning forward or stretching. Reach envelope represents the
reach capability of a person. The seated reach envelope for a fifth-percentile female
is shown in Figure 10.6, which is different from the standing reach envelope,
shown in Figure 10.7.Both figures only show the right arm's reach area. For prac-
tical purposes, the leftarm's reach can be approximated as the mirror image of the
right arm's.

Clearly, objects that need to be reached frequently should be located within
the reach area and as close to the body as possible. If these objects have different
sizesand weights, large and heavy ones should be placed closer to the front of the
worker. Aworker may be allowed to lean forward occasionally to reach something
outside the work area, but such activities should not become a frequent and reg-
ular part of jobs with short work cycles.

In considering the issues of object location, manipulation, and reach, it is clear
that issues of strength and fatigue must also be addressed. The same physical lay-
out for two workers of the same physical proportions will have very different
long-term health and safety implications if the workers differ substantially in
their strength, or if, for example, the parts to be lifted and moved from one point
in the work space to another differ substantially in their weight. The role of these
critical issues will be addressed in the next chapter.

Special Requirements of Maintenance People

A well-designed workplace should not only consider the regular functions of the
workplace and the workers who work there everyday, but also the maintenance
needs and the special requirements of maintenance personnel. Because mainte-
nance people often need to access areas that do not have to be accessed by regular
workers, designers need to analyze the special requirements of the maintenance



General Principles for Work-Space Design 307

cm 20 30 40
F
orward Reach in 5 10 15 20

\ 30 75 -
N 25
AY
. 20 50 )
\ Height
1 ' Above
A 15 The
: ! 10 25 ork
L X Surface
'\ -
L’C 5
i I
! in._cm

¢/

—— Centerline. 8-22 cm (3-9 in.) to right
—-—- 38cm (15 in.) to right of centerline
------- 52 ¢cm (21 in.) to right of centerline

FIGURE 10.6

The seated forward reach of a small female's right hand. (Source: Eastman Kodak Company,
1986. Ergonomic Design for People at Work, Vol. 1. New York: Van Nostrand Reinhold;
developed from data in Faulkner and Day, 1970.)

people and design the workplace accordingly. Because regular workers and main-
tenance people often have different needs, an adjustable workplace becomes par-
ticularly desirable, as discussed below.

Adjustability Requirements

As discussed earlier in this chapter, people vary in many anthropometric dimensions
and their own measurements may change as a function of a number of factors such
as the clothes they wear on a particular day. Because of the conflicting needs of dif-
ferent people, it is often impossible to have "one size fits all:" A small person, on the
one hand, would not feel comfortable sitting on a wide and deep seat. A large per-
son, on the other hand, would not be able to squeeze into asmall and narrow seat.
Therefore, it is desirable to make every effort to make the workplace adjustable if it
is feasible while considering other design requirements and constraints.

Designers should also make sure that the adjustment mechanisms are easy to
use; otherwise, users are often intimidated by the complexity of the adjustment
methods and refuse to use them. For example, the ease of adjusting automobile
seating parameters can be greatly influenced both by placing those controls in a
location where they themselves can be easily reached and by paying attention to
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issues of movement compatibility (discussed in Chapter 9) so that the direction
in which a control should be moved to ajust the seat in a particular direction is
obvious.

There are many ways in which a workplace can be adjusted. The following is
a summary of four general approaches to workplace adjustment that should be
considered in workplace design (Eastman Kodak Company, 1983).

1. Adjusting the workplace. The shape, the location, and the orientation of the
workplace may be adjusted to achieve a good fit between the worker and the task.
For example, front surface cutouts can be used to allow the worker to move closer
to the reach point so that reach requirement can be minimized. Reach distance
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may also be reduced by height and orientation adjustments relative to the worker
and other equipments involved in the same task. -

2. Adjusting the worker position relative to the workplace. When workplace ad-
justments are not feasible because they are in conflict with the requirements of
other vital equipments or services or because they exceed budget constraints, de-
signers may consider various ways of adjusting the worker position relative to the
workplace. Change in seat height and use of platforms or step-up stools are some
of the means of achieving vertical adjustability. A swing chair may be used to
change the orientation of the worker relative to the equipments.

3. Adjusting the workpiece. Lifttables or forklift trucks can be used to adjust
the height of a workpiece. Jigs, clamps, and other types of fixtures can be used to
hold a workpiece in a position and orientation for easy viewing and operation.
Parts bins can help organize different types of bins for easier access.

4. Adjusting the tool. An adjustable-length hand tool can allow people with
different arm lengths to reach objects at different distances. In an assembly plant,
such tools can allow a worker to access an otherwise inaccessible workpiece.
Similarly, in a lecture hall, a changeable-length pointing stick allows a speaker to
point to items displayed on varying locations of a projection screen, without
much change in his or her standing position and posture.

Visibility and Normal Line of Sight

Designers should ensure that the visual displays in a workplace can be easily seen
and read by the workers. This requires that the eyes are at proper positions with
respect to viewing requirements. In this regard, the important concept of "normal”
line of sight is of particular relevance.

The "normal” line of sight is the "preferred” direction of gaze when the eyes
are at a resting condition. It is considered by most researchers to be about 10-15°
below the horizontal plane (Fig. 10.8). Grandjean, Hunting, and Pidermann
(1983) reported the results of a recent study that showed that the normal line of
sight is also the preferred line of sight of computer users watching a screen.
Bhatnager, Drury, and Schiro (1985) studied how the height of a screen affected
the performance, discomfort, and posture of the users. They found that the best
performance and physical comfort were observed for the screen height closest to
the normal line of sight. Therefore, visual displays should be placed within + 15°
in radius around the normal line of sight. When multiple visual displays are used
in aworkplace, primary displays should be given high priority in space assignment
and should be placed in the optimal location.

Of course, presenting visual material within 15° around the normal line of
sight is not sufficient to ensure that it will be processed. Aswe learned in Chapter
4, the visual angle and the contrast of the material must also be adequate for re-
solving whatever information is presented there, a prediction that also must take
into account the viewing distance of the information, aswell as the visual charac-
teristics of the user.

Visibility analysis may also need to address issues of whether critical signals
will be seen if they are away from the normal line of sight. Can flashing lights in
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The normal line of sight and the range of easy eye rotation. (Source: Grandjean, E., 1988.
Fitting the Task to the Man (4th Edition). London: Taylor and Francis. Reprinted by
permission of Taylor and Francis.)

the periphery be seen? Might other critical warning signals be blocked by ob-
structions? Does the design of vehicle cabs include posts or obstructions that can
obscure critical hazards or information signs in the outside world?

Component Arrangement

Part of a workplace designer's task is to arrange the displays and controls, equip-
ments and tools, and other parts and devices within some physical space.
Depending on the characteristics of the user and the tasks in question, optimum
arrangements can help a user access and use these components easily and
smoothly, whereas a careless arrangement can confuse the user and make the jobs
harder. The general issue is to increase overall movement efficiency and reduce
total movement distance, whether this is movement of the hands, of the feet, or of
the total body through locomotion.

Principles of display layout discussed in Chapter 8 can be extended to the more
general design problem of component arrangements. These principles may be even
more critical when applied to components than to displays, since mo,vrnent of the
hands and body to reach those components requires greater effort than movement
of the eyes (or attention) to seethe displays.In our discussion here, the components
include displays, controls, equipment and tools, parts and supplies, and any device
that a worker needs to use to accomplish his or her tasks.

1. Frequency of useprinciple. Those components that are used most frequently
should be placed in most convenient locations. Frequently used displays should be
positioned in the primary viewing area, shown in Figure 10.8; frequently used
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hand tools should be close to the dominant hand, and frequently used foot ped-
als should be close to the right foot.

2. Importance principle. Those components that are more crucial to the achieve-
ment of system goals should be located in the convenient locations. Depending on
their levels of importance for a specific application, displays and controls can be pri-
oritized as primary and secondary. Primary displays should be located close to the
primary viewing area, which isthe space in front of an operator and 10-15° within
the normal line of sight. Secondary displays can be located at the more peripheral
locations. One suggested method of arranging controls according to their priority
is shown in Figure 10.9 (Aeronautical Systems Division, 1980).

3. Sequence of use principle. Components which are used in sequence should
be located next to each other, and their layout should reflect the sequence of op-
eration. If an electronic assembly worker is expected to install an electronic part
on a device immediately after picking the part up from aparts bin, then the parts
bin should be close to the device if possible.

4. Consistency principle. Components should be laid out with the same com-
ponent located in the same spatial locations to minimize memory and search re-
quirements. Consistency should be maintained both within the same workplace and
across workplaces designed for similar functions. For example, aperson would find
it much easier to find a copy machine in auniversity library if copy machines are lo-
cated at similar locations (e.g., by the elevator) in all the libraries on a campus.
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Preferred vertical surface areas for different classes of control devices. (Source: Sanders,
M.S., and McCormick, E.J., 1993. Human Factors in Engineering and Design (7th Edition).
New York: McGraw-Hill. Adapted from Aeronautical Systems Division, 1980.)
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Standardization plays an important role in ensuring that consistency can be main-
tained across the borders of institutions, companies, and countries. Because arrange-
ments of automobile components are rather standardized within the United States,
we can drive cars made by different companies without much problem.

5. Control-display compatibility principle of colocation. This is a specific form
of stimulus-response  compatibility discussed in earlier chapters. In the context of
component arrangement, this principle states that control devices should be close
to their associated displays and in the case of multiple controls and displays, the
layout of controls should reflect the layout of displays to make visible the control-
display relationship.

6. Clutter-avoidance principle. We have discussed the importance of avoiding
display clutter in the chapter on displays. Here we note that clutter avoidance is
equally important in the arrangement of controls. Adequate space must be pro-
vided between adjacent controls such as buttons, knobs, or pedals to minimize the
risk of accidental activation.

7. Functional grouping principle. Components with closely related functions
should be placed close to each other. Displays and controls associated with power
supply, for example, should be grouped together, whereas those responsible for
communications  should be close to each other. Various groups of related compo-
nents should be easily and clearly identifiable. Colors, shapes, sizes, and separation
borders are some of the means to distinguish the groups.

Ideally, we would like to see all the seven principles are satisfied in a design so-
lution. Unfortunately, it is often the case that some of the principles will be in con-
flict with each other and thus cannot be satisfied at the same time. For example,
a warning display may be most important for the safe operation of a system, but
it may not be the component that is most frequently used. Similarly, a frequently
used device is not necessarily the most crucial component. This type of situations
calls for careful trade-off analysis on the designer's part to decide the relative im-
portance of each principle in the particular situation. Some data appears to sug-
gest that functional grouping and sequence of use principles are more critical than
the importance principle in positioning controls and displays (Fowler, Williams,
Fowler, & Young, 1968; Wickens, Vincow, & Schopper, 1997).

Applications  of these principles require subjective judgments. For example,
expert judgments are needed to evaluate the relative importance of each compo-
nent and to group various components into functionally related groups. However,
quantitative methods such as link analysis and optimization techniques are avail-
able that can be used in conjunction with these subjective approaches.

Link analysis is a quantitative and objective method for examining the rela-
tionships between components, which can be used as the database for optimizing
component arrangements. A link between a pair of components represents a rela-
tionship between the two components. The strength of the relationship is reflected
by link values. For example, a link value of three for the A-Blink (connecting A to
B) means that component B has been used three times immediately following the
use of A. This type oflink is called a sequential link. It may be applied to movement
of the eyes across displays in visual scanning, to movement of the hands in a man-
ual task, or to movement of the whole body within a workspace.
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(b)

FIGURE 10.10

An example of applying link analysis in system design. Here the width of a link represents
the travel times (or the strength of connection) between two components. The purpose of
the design in to minimize the total travel time across all components. (a) Before

reposition of components. Note that thick lines are long. (b) After reposition. Note that
the thick lines are shorter.

Clearly, data about sequential links are useful for the application of sequence
of use principle in workplace design. Link analysis will also yield a measure of the
number of times that each component is used per unit of time. This measure is
called functional links in the literature. If these component-use data are known for
a particular application, then these values can be used to apply the frequency of
use principle (McCormick, 1976).

One goal oflink analysis isto support a design that minimizes the total travel
time across all components; that is, to make the most traveled links the shortest.
Figure 10.10 illustrates this process with a simple four-component system. Here
the width of a link represents its strength. The system on the left shows the analy-
sis before redesign, and that on the right shows the analysis after.

With simple systems that have a small number of components, such as that
shown in Figure 10.10,designers may adopt a simple trial-and-error procedure in
using link data to arrange components. Designers can develop a number of design
alternatives and see how the link values change when the arrangements change and
finally adopt the design option that best meet the needs of the design. With com-
plex systems that have many components, however, designers may use mathe-
matical methods to help them attack the problem. For example, designers may
treat component layout as an optimization problem and use well-developed op-
erations research methods such aslinear programming to arrange the components
in a way that optimizes some design criterion. The design criterion could be de-
fined as some operational cost, which is expressed as a mathematical function of
variables that define the spatial layout of the components.

DESIGN OF STANDING AND SEATED WORK AREAS
Choice Between Standing and Seated Work Areas

In most job environments, workers either stand or sit during work. Standing
workplaces are usually used where the workers need to make frequent movements
in a large work area, handle heavy or large objects, or exert large forces with their
hands. Long-duration standing duty is also observed in the service industry, such
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as the jobs of the airline or hotel reservation clerks and bank tellers. Because pro-
longed standing is a strainful posture that puts excessive load on the body and may
lead to body fluid accumulation in the legs, a worker should not be.required to
stand for a long time without taking a break. Use of floor mats and shoes with
cushioned soles may also help increase a standing worker's comfort.

Whenever possible, a seated workplace should be used for long-duration jobs,
because a seated posture is much easier to maintain and much less of a strain to
the body. It also allows for better controlled arm movements, provides a stronger
sense of balance and safety, and improves blood circulation. Workplace designers
must make sure, however, that leg rooms or leg and knee clearance is provided for
the seated worker. Furthermore, as will be discussed in the biomechanics chapter,
prolonged sitting can be harmful to the lower back. Seated workplaces should also
be provided with adjustable chairs and footrests, and workers should be allowed
to stand up and walk around after a period of seated work.

A sit-stand workplace is sometimes used as a compromise or tradeoff between
the standing and sitting requirements of ajob. This type of workplace may be used
when some of the job components are best done standing and others are best done
sitting. Designers need to analyze the job components involved and decide which
type of workplace is best for each.

Work Surface Height

The nature of the tasks being performed should determine the correct work surface
height for a standing or seated work. In this respect, there is a simple but very useful
rule of thumb to determine the work surface height. The rule of thumb isto design
standing working heights at 5-10 cm (2-4 in.) below elbow level and to design seated
working heights at elbow level, unless the job requires precise manipulation or great
force application (Ayoub, 1973; Grandjean, 1988; Eastman Kodak Company, 1986).

Whether seated or standing, precise manipulation calls for working heights
above the elbow level; the work surface must be raised to a level at which the worker
can see clearly without bending his or her back forward. Great force application or
coarse work involving much movement requires working heights lower than that
specified by the rule of thumb but should not be so low that there is not enough knee
or leg room left under the work surface. Figure 10.11 provides a schematic illustra-
tion of this rule of thumb for determining the surface height for standing work.

If feasible, working surface height should be adjustable to suit the workers
of varying sizes. If it is impossible to do so for financial or various other practi-
cal reasons, then working heights should be set according to the anthropomet-
ric values of the tallest workers. Shorter workers should be provided with
something to stand on.

Work Surface Depth

An important concept here isthe concept of normal and maximum work areas. These
areas were first proposed by Farley (1955) and Barnes (1963). The areas defined by
Barnes are shown in Figure 10.12, in which the normal work area in horizontal plane
is the area covered by a sweep of the forearm without extending the upper arm, and
the maximum work area is the area defined by a sweep of the arm by extending the
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Recommended work surface height for standing work. The reference line (0 cm) is the
height of the elbows above the floor. (Source: Grandjean, 1988. Fitting the Task to the Man
[4th Edition] . London: Taylor and Francis.)

arm from the shoulder. In defining the normal work area, Barnes assumes that the
elbow stays at a fixed point. The normal work area defined by Squires (1956) is also
shown in Figure 10.12, which does not make this fixed-elbow assumption.

Clearly, normal and maximum work areas must be taken into account in de-
termining work surface depth. Items that need to be reached immediately or fre-
quently should be located within the normal work area and as close to the body as
possible, while other items can be located within the maximum work area. It may be
permissible to have a worker occasionally lean forward to reach an item outside the
maximum work area, but such reaches should not occur regularly and frequently.

Work Surface Inclination

Most work surfaces are designed as horizontal surfaces. However, a number of
studies have shown that slightly slanted surfaces (about 15°) should be used for
reading. Eastman and Kamon (1976) and Bridger (1988) found that slant surfaces
improve body posture, involve less trunk movement, require less bending of the
neck, and produce less worker fatigue and discomfort. However, for other types of
visual tasks such as extensive writing, a slanted surface may not be the best choice.
Bendix and Hagberg (1984) found that users preferred horizontal desks for writ-
ing, although the same users preferred the slanted desks for reading.

CONCLUSION

Matching the physical layout of the workspace to the physical dimensions and con-
straints of the user is a necessary but not sufficient task to create a well-human-
factored workspace. As we have noted before, just because a worker can reach a
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component it does not mean that he or she can easily manipulate it or lift it with-
out doing damage to the lower back. To address this second dynamic aspect of
workspace design, we must consider the biomechanics of the human body, the
issue to which we now turn in the next chapter.
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Biomechanics
of Work

I1 the previous chapter, we discussed the impor-
tance of ensuring the fit between the physical dimensions of products and work-
places and the body dimensions of the users. Products and workplaces that are not
designed according to the anthropometric characteristics of the users will either
prevent the worker from using them or force them to adopt awkward postures that
are hard to maintain and stressful to the body.

Awkward postures are not the only factor that can cause physical stress to the
body. In this chapter, we bring another important factor into our discussion about
ergonomic design of workplaces and devices. This factor is concerned with the
mechanical forces exerted by a worker in performing a task such as lifting a load
or using a hand tool. In fact, awkward postures and heavy exertion forces are two
major causes of musculoskeletal problems, whose prevalence and severity can be
illustrated with the following statistics.

According to a report of the National Institute for Occupational Safety and
Health (NIOSH, 1981), about half a million workers in the United States suffer
some kind of overexertion injury each year. The two most prevalent muscu-
loskeletal problems are low back pain and upper extremity (fingers, hands, wrists,
arms, and shoulders) cumulative trauma disorders. About 60 percent of the
overexertion injuries reported each year involves lifting and back pain. The
National Council on Compensation Insurance estimates that low-back-pain-re-
lated worker compensation payments and indirect costs total about $0.S. 27 to 56
billion in the United States (Pope, Andersson, Frymoyer, & Chaffin, 1991).
Armstrong and Silverstein (1987) found that in industries where the work requires
repetitive hand and arm exertions, more than one in 10 workers annually re-
ported upper-extremity cumulative trauma disorders (UECTDs).
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In this chapter we introduce the scientific discipline of occupational biome-
chanics, which plays a major role in studying and analyzing human performance
and musculoskeletal problems in manual material handling and provides the fun-
damental scientific basis for ergonomic analysis of physical work. As defined by
Chaffin and Andersson (1991, p. viii), occupational biomechanics is aSC|ence
concerned with the mechanical behavior of the musculoskeletal system and com-
ponent tissues when physical work is performed. As such, it seeks to provide an
understanding of the physics of manual activities in industry."

Occupational biomechanics is an interdisciplinary science that integrates
knowledge and techniques from diverse physical, biological, and engineering dis-
ciplines. In essence, biomechanics analyzes the human musculoskeletal system as
a mechanical system that obeys laws of physics. Thus, the most basic concepts of
occupational biomechanics are those concerning the structure and properties of
the musculoskeletal system and the laws and concepts of physics. These two as-
pects of biomechanics are covered first in this chapter. We then discuss low back
pain and upper-extremity cumulative trauma disorders in two sections in detail
because they are the two types of musculoskeletal problems that occur most often
in work environments and incur greatest danger and cost.

THE MUSCULOSKELETAL SYSTEM

The musculoskeletal system is composed of the bones, muscles, and connective tis-
sues, which include ligaments, tendons, fascia,and cartilage. Bone can also be con-
sidered as a connective tissue. The main functions of the musculoskeletal system
are to support and protect the body and body parts, to maintain posture and pro-
duce body movement, and to generate heat and maintain body temperature.

Bones and Connective Tissues

There are 206 bones in a human body, and they form the rigid skeletal structure,
which playsthe major supportive and protective roles in the body. The skeleton es-
tablishes the body framework that holds all other body parts together. Some bones
protect internal organs, such as the skull, which covers and protects the brain, and
the rib cage, which shields the lungs and the heart from the outside. Some bones
such as the long bones of the upper- and lower-extremities work with the attached
muscles to support body movement and activities.

Each of the other four types of connective tissues has its own special func-
tions. Tendons are dense fibrous connective tissues that attach muscles to bones
and transmit the forces exerted by the muscles to the attached bones. Ligaments
are also dense fibrous tissues, but their function is to connect the articular ex-
tremities of bones and help stabilize the articulations of bones at joints. Cartilage
isatranslucent elastic tissue that can be found on some articular bony sqrfaces and
in some organs such as the nose and the ear. Fasciacovers body structures and sep-
arates them from each other.

Two or more bones are linked with each other at joints, which can be classi-
fied into three types. Most joints are synovial joints, where no tissue exists between
the highly lubricated joint surfaces. The other two types of joints are fibrous
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joints, such asthose connecting the bones of the skull through fibrous tissues, and
cartilaginous joints, such asthose bridging vertebral bones as intervertebral discs.
Depending on the type of movement allowed, joints can also be classified as no-
mobility joints, hinge joints, pivot joints, and ball-and-socket joints. No-mobility
joints do not support movement, such as the seams in the skull of an adult. A
hinge joint such as the elbow joint permits motion in only one plane. A pivot joint
allows two degrees of freedom in movement, an example of which is the wrist
joint. A ball-and-socket joint has three degrees of freedom, such as the hip and
shoulder joints.

Bones change their structure, size,and shape over time as a result of the me-
chanicalloads placed on them. Wolff (1892) suggests that bones are deposited
where needed and resorbed where not needed. It should be noted, however, the
precise relationships between bone changes and mechanical loads remain un-
known. More important, it should be realized that bones can fracture when they
are exposed to excessor repetitive loading in the form of bending forces, torsional
forces, or combined forces. The amount of load, the number of repetitions, and
the frequency of loading are three most important factors that can cause bone
fracture. Further, bone is capable of repairing small fractures if adequate recovery
time is given. Thus, the repetition rate of manual exertions or the recovery period
after exertions can become significant factors (Chaffin & Andersson, 1991).

Muscles

The musculoskeletal system has about 400 muscles, which make up about 40-50
percent of the body weight. Muscles consume almost half of the body's metabo-
lism, which not only supplies the energy for maintaining body posture and pro-
ducing body motion but is also used to generate heat and maintain body
temperature. The energy metabolism of muscles will be discussed in the next
chapter on work physiology. Here we describe the basic structures and mechani-
cal properties of muscles.

Muscles are composed of bundles of muscle fibers, connective tissue, and
nerves. Muscle fibers are long cylindrical cells, consisting largely of contractile el-
ements called myofibrils. Muscles with larger cross-sections are able to exert larger
forces. The connective tissue of muscle provides a channel through which nerves
and blood vesselsenter and leave the muscle. Muscles contain sensory and motor
nerve fibers. Information about the length and tension of the muscle is transmit-
ted through sensory nerve fibers to the central nervous system. Muscle activities
are regulated by motor nerve fibers, which transmit impulses from the central ner-
vous system to the muscles. Each motor nerve fiber regulates a group of related
muscle fibers through its branches. The group of muscle fibers regtated by the
branches of the same motor nerve is called a motor unit, which is the basic func-
tional unit of the muscle. All the muscle fibers in the same motor unit function in
an "all-or-none" fashion; that is, they respond to an impulse from the motor fiber
on an on-off basis almost simultaneously.

In contrast to bones, which cannot be contracted or stretched, muscles can
contract concentrically, eccentrically,and isometrically in response to motor nerve
impulses. A concentric contraction isalso called an isotonic contraction, in which
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the muscle shortens while contracting and producing a constant internal muscle
force. An eccentric contraction is one in which the muscle lengthens while con-
tracting, which occurs when the external force is greater than the inlernal muscle
force. In an isometric contraction, the muscle length remains unchanged during
the contraction process. Concentric contractions can be observed in the arm
flexor muscles when an object is lifted upward. Eccentric contractions can be seen
when a person picks up a heavy object and is unable to hold it in the desired po-
sition, and the muscles are forcibly lengthened (Eastman Kodak Company, 1986).
Isometric contractions occur when a person pauses during lifting and holds the
object in a static position. Muscle contraction produces muscle force or tension,
which is transmitted to bones through tendons and is used to maintain body pos-
ture and perform physical work.

Currently no measuring device existsthat can measure the tensions within the
muscle directly. Hence, muscle "strength™ is inferred from the amount of force or
torque it exerts. Torque, also called moment, is the product of force and the per-
pendicular distance from its line of action to the axis of rotation. The movement
of an arm is an example of a torque; the axis of rotation is at the center of the joint
at the elbow or the shoulder. The torque generated by arm movement transforms
arm muscle contraction into physical work such as pulling or pushing an object.
Similarly, torques generated by movements of other body parts allow one to ac-
complish avariety of physical tasks.

Muscle strength is the amount and direction of force or torque measured by
a measuring device under standardized measuring procedures (Chaffin and
Andersson, 1991; Kroemer et al., 1994). Depending on whether the muscle exer-
tion is static or dynamic, muscle strength can be classified as static strength and
dynamic strength. Static strength isalso called isometric strength, which is defined
as the maximal voluntary isometric muscle exertion level. More specifically, sta-
tic strength is measured when agroup of static exertions is performed. Each lasts
about 4-6 sec,with 30-120 sec rests provided between exertions. The mean ex-
ertion levels of the first 3 sec of the steady exertions are used as the measured
strength level.

Dynamic muscle strength is more difficult to measure than static strength, be-
cause body acceleration have significant effects on the muscle force measured.
Therefore, dynamic strength data can vary considerably depending on the dy-
namics of the task and the way in which the subjects perform it. Several methods
have been developed to help standardize the measurement of dynamic strength.
One method uses specially designed isokinetic equipments to ensure fixed-speed
body motion by providing a variable resistance to the motion.

Another method, a psychophysical method, requires the subjects to adjust the
load upward or downward after each trial in a simulated task situation until they
believe the load has reached their maximum capacity. Clearly,a number of factors
such as a person's motivation and cooperation may affect the measurement of a
person's dynamic strength using the psychophysical method. However, until more
comprehensive methods are developed, psychophysical method based on simula-
tions of task situations may be the most accurate method of estimating a person's
acceptable strength limit (Chaffin & Andersson, 1991).
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Muscle strength data have been collected for some muscle groups. For exam-
ple, Kamon and Goldfuss (1978) found that the average male worker has a fore-
arm flexion and extension strength of about 276 Newtons when one arm is used,
and the average female worker has a forearm strength of about 160 Newtons.
Asmussen and Heebol-Nielsen (1961) found that the torque-generating capabil-
ity of an average male is about 14.1 Newton-meters when turning a handle and
about 4.1 Newton-meters when turning akey. The corresponding strength data for
an average female are 8.6 Newton-meters and 3.2 Newton-meters, respectively
(Eastman Kodak Company, 1986).

In performing a physical work, excessiveloading can cause musculoskeletal
problems such as bone fracture and muscle fatigue. To determine whether a load
is excessive for a body segment, we need to quantify the magnitude of physical
stress imposed on the body segment in performing the task. How do we obtain
these quantitative estimates? Biomechanical modeling discussed in the next sec-
tion provides an important method for answering this question.

BIOMECHANICAL MODELS

Biomechanical models are mathematical models of the mechanical properties of
the human body. In biomechanical modeling, the musculoskeletal system is ana-
lyzed as a system of mechanical links, and the bones and muscles act as a series of
levers. Biomechanical models allow one to predict the stress levels on specific
musculoskeletal components quantitatively with established methods of physics
and mechanical engineering and thus can serve as an analytical tool to help job de-
signers identify and avoid hazardous job situations.

The fundamental basis ofbiomechanical modeling isthe set of three Newton's
laws. They are:

1. A mass remains in uniform motion or at rest until acted on by an unbal-
anced external force.

2. Force is proportional to the acceleration of a mass.

3. Any action is opposed by reaction of equal magnitude.

When a body or a body segment is not in motion, it is described as in static
equilibrium. For an object to be in static equilibrium, two conditions must be met.
The first condition states that the sum of all external forces acting on an object in
static equilibrium must be equal to zero. The second condition for equilibrium
states that the sum of all external moments acting on the object must be equal to
zero. These two conditions play an essential role in biomechanical Il).odelingand
are further illustrated below.

The following is a description of two planar, static models of isolated body
segments based on Chaffin and Andersson (1991). Planar models (also called
two-dimensional models) are often used to analyze symmetric body postures
with forces acting in a single plane. Static models assume that a person is in a sta-
tic position with no movement of the body or body segments. Although these
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models are elementary, they serve the purpose of illustrating the methods ofbio-
mechanical modeling. Complex three-dimensional, whole-body models can be
developed as expansions of these elementary models.

Single-Segment Planar, Static Model

A single-segment model analyzes an isolated body segment with the laws of me-
chanics to identify the physical stress on the joints and muscles involved. Asan il-
lustration, suppose a person is holding a load of 20-kg mass with both hands in
front of his body and his forearms are horizontal. The distance between the load
and elbow