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Real problems

When someone has a problem to solve it may not be clearly formulated, either
consciously or unconsciously. The house-hunterl may wish to 'try to keep the
cost below about £100,000, try for 3 bedrooms (but 4 would be nice), see if we
can find something near agood school and, perhaps, close to Granny who might
baby-sit for us. As emphasized by the italics, the word 'precision’ does not leap
to mind. Nevertheless, a great many problems are often just as imprecisely artic-
ulated at first, and for good reason.

That reason is alack d knowledge. The house-hunter does not know what
houses are currently on the market, is possibly a stranger to the locality where a
house is needed, and may have no idea whatsoever d the general level 0 prices.
The first task, therefore, is to help the house-hunter to gain an understanding,
not only d the relevant data, but additionally o any ‘hidden’ relationships such
as a steep increase in price as one nears Pearson's Park. The next task is to
empower them to solve their problem, that o finding a satisfactory house.
Often, in the course d acquiring knowledge about available houses, the require-
ments may be modified (‘looks like we could afford a 5-bedroom house if we

! 1deally, we should use the term 'home-hunting' to describe the process d looking for a new
house, since it is the environment (a nearby park, graffiti on the walls, proximity to a good
school), as well as the physical house, that will influence the selection d a particular house
to buy. For simplicity we use the term 'house-hunting' throughout.
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take in paying guests). Thus, in practice, problem formulation is often equally
as important as problem solution, and the two can usefully proceed together
using, as they do, the same data. What is especially valuable to the person with a
problem to solve is a means d visualizing the relevant data in such a way as to
support these two activities, as well asa smooth transition between them.

To identify issues, and thereby help to establish guidelines and criteria for
the application d visualization techniques, we first examine - perhaps paradoxi-
caly - adated, textual command-based query system.

E Cor-nmand line query

With a conventional database query language the house-hunter might be
expected to enter aquery d the form:

Select house-address

From mydatabase

Where price < =100,000 and
Bathrooms = 2 and
Bedrooms >= 3

to indicate that the most that can be afforded is £100,000, that two bathrooms
are essential (no more, no less) and that the house should have at least three
bedrooms. The result, o course, could be:

OHITS

indicating that the estate agent can offer no houses satisfying these require-
ments. Equally unhelpful can be the response:

1328 HITS

especidly if there is no indication as to how the query might usefully be modi-
fied. How much more or less should | offer?

There are, in fact, many disadvantages associated with conventional data-
base query languages, and it is useful to identify them. Here are seven:

1. The discretionary user must learn a language. Except for specialist users,
people are not prepared to do this. Even for query languages claimed to be
simple (for example, Query by Example), controlled tests have shown that
even after about an hour's tutelage insufficient familiarity was acquired
(Borgman, 1986).2

2 Borgman (1986) found that after a day's instruction only a quarter o the Stanford
University students she tested could use the library's online query system. Additionally she
found that users tend to make very simple queries and not use the full complexity of
Boolean expressions.

~
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2. Errors are not tolerated. Users are now becoming familiar with systems
which do not permit syntactical errors, and would expect such afeature in
any new tool.

3. Toofew or too many 'hits may occur. Thisis not surprising if the user has
little or no knowledged the database.

4. If there are too few or too many hits, there is no indication d how the query
might beneficially be reformulated. By paying an extra A£50the ‘house d my
dreams' might be available: | would certainly want to be made aware d this.

5. Thereisasignificant time delay between the formulation d a new query and
the delivery d its result. There are two principal reasons. First, the user
must formulate a new query in their mind. Second, they must enter it
without error. A third possible reason may be an inherent delay in
processing the cntcred query. Any delay discourages a 'let's see if . . .’
approach which can efficiently lead to the acquisition d insight into the data
being explored.

6. Useful contextual data is unnecessarily hidden. The importance d context -
d aglobal model within which alocal solution is to be found - has already
been emphasized (see item 4 above).

7. Asaresult d al these drawbacks, it can be difficult for the user to build an
internal model or cognitive map o the data, which is what information
visualizationis al about.

Behind al these drawbacks is the very basis on which a typical command-line
query language is grounded: an assumption that a user knows precisely what
single question needs to be asked and, additionally, knows a great deal about the
database. The regjection d this assumption is fundamental to the developments
we now describe. We first concentrate on the need to formulate a problem, and
hence the need to acquire, by visualization, some idea d the content and char-
acteristics d the database. What will permeate this chapter is the effectiveness
d exploration - and in particular dynamic exploration - in gaining some quali-
tative idead the database content while moving towards a satisfactory solution.

Dynamic queries

Perhaps the most significant recent acknowledgement d the fact that a user for-
mulates a problem concurrently with solving it was the concept d dynamic
queries, first reported by Williamson and Shneiderman (1992). An effectiveillus-
tration (Figure 5.1) is again provided by alay person's search for a house. To the
right d amap are scaleswith adjustable diding limits, each associated with a par-
ticular attribute d a house: Price, number d Bedrooms and Journey time to work
are typical examples. Adjustment d the upper and/or lower acceptable limits to
any d these attributes causes the corresponding selection to be made from all
housesin the database, and the result d that selection immediately displayed by
dots on the map. A significant advantageis that responsive interaction, by which
we mean that an effect occurs within less than about 0.1 seconds o its cause, not
only allows answers to be obtained rapidly but, most importantly, supports
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dynamic exploration, often called the'what if . . .?" activity. Even though no
direct indication d how a query might usefully be modified is given, some indi-
cation can now be obtained manually by exploratory variation d the attribute
limits: any advantage o paying A£E50more is immediately indicated by the
appearance d another dot on the map. The dynamic query technique, in fact,
overcomes most d the seven drawbacks identified in the previous section.

Since the task to which the dynamic homefinder is addressed will be
referred to again, it is useful to state it in generic terms:

Given acollectiond objects, each described by thevaluesassociated with a
set d attributes, find the most acceptable such object or, perhaps, asmall
number d candidate objectsworthy d moredetailed consideration.

5.3.1 To find afilm

The same type d task isinvolved in the selection d a film to watch on video,
for which the Spotfire display o Figure 5.2(a) is relevant (Ahlberg and
Shneiderman, 1994). On the main display each coloured square identifies afilm.
Colour represents type (horror, musical, etc.), horizontal position indicates the
year d production and vertical position indicates duration. On the right, sliders
can be used to specify other attributes such as type, director, actor and other
characteristics d afilm. Scroll bars can be used to confine attention to a partic-
ular span d years and film length, allowing more detail to be displayed and
explored (Figure 5.2(b)).

The visualization tool shown in Figure 5.2 also contains an effectiveway o
compactly making a selection from a particular class d menu, called alphaslid-
ers (Figure 5.3). The alphaslider technique, first proposed by Osada et al.
(1993), and described in detail by Ahlberg (1996) allows users to scan rapidly
through, and select items from, lists d alphabetic data. The essential compo-
nents d the alphaslider shown in Figure 5.3 are a slide area, a dider thumb, a
text output and, running underneath the dider, an index d the elements over
which the slider operates. Guided by the user's view d the index and knowledge
d the required initial letter, a mouse-click on the slider causes the thumb to
move appropriately and the selected text item to appear. In Figure 5.3 the user,
wishing to examine film titles beginning with 'H' has clicked the dlide area just
abovethe'H' displayedin the index, whereupon the thumb has repositioned and
the output 'Hunt for Red October’ has appeared. If thistitle was not the one
sought, gentle direct manipulation (for example, by mouse drag) d the thumb
alows exploration. Not al the letters d the alphabet need appear in the index: a
combination d the most popular and a reasonable spread could be best. An
improved alphaslider shown in Figure 5.4 allows a choice o fine and coarse
tuning.

Dynamic queries

FIGURE 5.1
The dynamic
homefinder
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FIGURE
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5.3.2 Discovery

The dynamic queries concept has more general application than finding one or
more desirable objects within a group. The illustration o Figure 5.5, for exam-
ple, relates to demographic studies d Sweden, and in particular to the
distribution o pollutants. Control panels on the right-hand side d the display
alow the selection d the year involved (1975 and 1985 in the illustration) and,

© Spotfire Pro - env_sis - [The deposit of heavy metals over Sweden]

/6] B £t View Tods Window tep e
|0 8 nanme JEdddd & E |
»
[
<
The deposit of heavy metals
Sweden
This wiev shows the heav.
downfall over Sweden acc
to
measurements made 1975
and 1965,
[ | Color by Year
[ 75 w80 (185
| Sice by Lead
17 1300
) = e ||| K1 {
77 272) Fvw— 11482 out of 2298 records visible (64.49 %), Omarked

FIGURE 5.3

An alphaslider

FIGURE 5.4
An improved
alphaslider

FIGURE 5.5 (a)
A display of
heavy metal
deposits in
Sweden

Source: Spotfire AB



76 Chapter 5 Dynamic Exploration

FIGURE 5.5 (b)

FIGURE 5.6
An dphadider
feature
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ingengtivity to
limit variation
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via the dliders, the thresholds above which a given heavy metal is to be dis-
played on the map. It is not difficult to appreciate that the technique o dynamic
queries can support discovery and the formulation o hypotheses leading to a
rearrangement o relevant data (Figure 5.5(b)).

5.3.3

An interesting feature (Figure 5.6) can be associated with the sliders in Figure
5.5. Within each dider, agray areaindicates that range within which no objects
are to be found as a result o other limits placed on other attributes. Thus, if a
limit placed on Price is such that al 1-, 2- and 3-bedroom houses are thereby
excluded, then thisfact is registered on the Bedrooms scale, as shown in Figure
5.6. It follows that the selection is now insensitive to movement o the lower
limit on Bedrooms as far up as 4 bedrooms. Such information can be o consid-
erable value to the user.

Insensitivity

Number d bedrooms
I 2 3 4 5 6
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The Attribute Explorer

A drawback to the dynamic queries concept as proposed by Williamson and
Shneiderman (1992) is that data is disclosed only when it satisfies the query. In
other words, only those objects are identified whose attribute values satisfy all
limits. At first this sounds reasonable, especially in those cases where the dis-
play would otherwise be crowded. Nevertheless, as we shall now show, there are
situationsin which the display d all data provides contextual infor mation yield-
ing extremely valuable guidance for exploration.

To illustrate the value d contextual information we return to the house-
hunting scenario where there is a (usually large) collection o objects, each
described by a number o attributes, and where the task is that which was
stated earlier:

Givenacollectiond objects, each described by the valuesassociated with a
set d attributes, find the most acceptable such object or, perhaps, asmall
number d candidate objectsworthy d moredetailed consideration.

As originally pointed out in Chapter 3, the data associated with an attribute
can conveniently be displayed (Figure 5.7) in the form o a histogram com-
posed d rectangles, each associated with one d the housesin the collection. A
mouse-hit on the histogram can reveal, as shown in the figure, the value d the
attribute for that house. Below the histogram is a scale whose extremities indi-
cate the range o attribute values associated with the objects. Located on the
scale are two limits which can be adjusted interactively (Figure 5.8) to specify
arange d acceptable attribute values, and hence a subset d the collection d
objects. This subset can be encoded with colour, as shown in Figure 5.8. It is,
nevertheless, often valuable - as in Figure 5.8 - to retain the (white) display d
the unselected objects since, as will soon be apparent, they provide valuable
contextual information.

i i Price i i
I5040 1037

70,126

7

FIGURE 5.7
A histogram of
house prices
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FI QJRE 58
Placement of
lower and
upper limits to
identify a set of
houses

FIGURE 5.9

A selected Price
range is
brushed over
the Bedrooms
and Garden
Size histograms

Usually, many attributeswill be d& concern to the user, but in the interests of
space we shall consider only three: Price, number of Bedrooms and Garden
size. Figure 5.9 shows the corresponding attribute histograms, but with the
same limits on Price as in Figure 5.8. Each house appears once on each his-
togram. The effect shown isthat o ‘brushing' discussed in Chapter 3, in that the
objects selected according to the Price limits are encoded green not only in the
Price histogram but additionally in the remaining histograms. Such linking
between histograms now allows the interrelation between the three attributes to
be easily explored. It isfor this reason that a set o interactive linked attribute
histograms such as that o Figure 5.9 is caled the Attribute Explorer (Spence
and Tweedie, 1998).

A rapid way d gaininginitial insight into the interrelations is to use the fact
that the 'bar’ between the limits on each attribute scale can itself be located
manually (Figure 5.10): a quick movement d the Price bar up and down the
scale, for example, and simultaneous observation d the green components on
the other two histograms, might reveal that cheaper houses tend to have smaller
gardens (but perhaps, at the same time, indicate interesting exceptions such as
cheap houses with large gardens).

What makes the Attribute Explorer especially valuableis the fact that the set
d objects encoded by colour on al the histograms can be determined by limits
placed on all attribute values, as shown in Figure 5.11, making it possible for a
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Garden_Size

I

user to explore the interrel ations between attributes very thoroughly.® Stated
formally, the object selection shown in green is the result o performing a
Boolean AND operation on the objects identified by the separate attribute
ranges. Figure 5.12 provides a reminder that latitude and longitude form an
interesting pair d attributes that can be handled together, alowing the user to

The colour-coded rectangles representing houses in the histogram are continuously 'lower
justified", for the following reason. If alimit on priceis changed it may render unacceptable
a house in the Bedrooms histogram, represented perhaps by a rectangle below which there
are acceptable houses. Such a change is difficult to follow, so it is arranged that in all
columns d al histogramsthe ordering (starting at the bottom) is green, black, dark gray,
light gray and so on.
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FIGURE 5.10
A barona
histogram scale
can be moved
as a single
entity

FIGURE 5.11
In the Attribute
Explorer
separate limits
on three
attributes
combine to
identify houses
that satisfy all
limits



80 Chapter5 Dynamic Exploration

FIGURE 5.12
Latitude and
longitude are
attributes that
can usefully be
combined to
allow the
selection of an
area on amap
Source: Keim
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I Longitude ]

select a particular area d the map. Thereisno limit to the number (N) d attrib-
utes that can be handled, the number d histograms required being no more
than N: recall that a scatterplot matrix increasesin size as N(N-1)/2.

The fact that each house contributesto each histogram suggests an alter-
native presentation d histograms, as shown in Figure 5.13. Here, lines
(‘house-lines) join the contribution of each house to four attribute scales, lead-
ing to a presentation similar to Inselberg's parallel coordinate plots (Chapter 3).
Animated enhancement d each line (that is, house) in turn can sometimes be
helpful in gaining understanding d thedisplayed data (Tweedieet al , 1994).

54.1 Senstivity information

A magjor disadvantaged both the dynamic queriesinterface (Figure5.1) and the
illustrative example d a command-line query system is the absence d any
direct guidance as to how a query might be modified to lead to more useful
information. That guidance is especially required when a 'zero hit' or a 'too
many hits' situation is encountered. Such a disadvantage can be markedly
reduced by 'additive encoding’ in which colour coding is applied, not only to
those houses satisfying all attribute limits but, additionally and separately, to
those failing one, two, three or more such limits. Thus, in the illustration o
Figure5.11, green indicates houses satisfying al limits, black those houses that
fail one limit, dark gray those that fail two limits, and so on. It is now apparent
how alimit may be usefully changed: a limit extended to include a black house
will cause it to turn green. Even (Figure 5.14) for a query which identifies no
acceptable (green) houses (that is, the 'zero hit’ condition), the additional
colour coding shows how limits can be relaxed to discover an acceptable house.
Such information, shown by gray-scale encoding, is called sensitivity informa-
tion, since it indicates the reduction in the number o violated limits achieved
by the movement d alimit. The sensitivity informationis an excellent example
d thevaue d context: if only the green houses were displayed, no sensitivity
information would be available and no guidance provided concerning possibly
beneficial exploration.
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5.4.2 Summaryinformation

It is not always easy, during exploration, to interpret a dynamic alteration d the
color d the separate elements d a histogram. To aid such interpretation, sum-
mary information can be made available in the form d a yellow circle (Figure
5.15) positioned on the scale at the average o the attribute values o the
selected group d objects. Now, when the range d Price is quickly moved up and
down the corresponding scale, the yellow average circles on the Bedrooms and
Journey time scales move correspondingly, alowing the relation between these
attributes to be more readily discerned. Properties such as variance could simi-
larly be encoded for easy understanding (Eick, 1994). In some circumstances,

where display areais at a premium (see Chapter 9) the scale alone, without the
associated histogram, might suffice

e

S

Sl seee e L

.

: ;

"’ i e R e A i
AR |

B maEEE

e
e
—_—

T ;

— B
L
.

i
-
R

»»»»»»»»»»»»»»»»»

S
|

5.4.3 Dimensionality

A fundamental advantage of the concurrent display of histograms in the
Attribute Explorer is that it provides a satisfactory solution to the problem o
high dimensionality: the existence o more attributes simply requires the use o
a proportionate number of histograms. This consistent use d a histogram places
equal perceptual and presentational weight on each attribute, an essential prop-

erty that would be virtually impossible to achieve by other means except for
parallel coordinate plots.

5.4.4 Booleanoperations

The facility illustrated in Figure 5.11 allowed the user to identify (in green)
those houses which satisfied concurrent limits on Pri ce AND Bedrooms AND
Garden size. We emphasize the Boolean AND operation because, in fact, a wide
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variety d Boolean operations can be performed on the raw data. To render the
Attribute Explorer more flexiblefor those who may wish to explore some other
Boolean operations, the concept d the InfoCrystal (Spoerri, 1993) is relevant.

The basis d the InfoCrystal issimply illustrated for the case d three attrib-
utesA, B and C in Figure 5.16, which shows how the InfoCrystal is devel oped
from the familiar Venn diagram. Thus, the 'topmost’ diamond in the InfoCrystal
identifies the operation ‘A and (not B) and (not C)'. In the context o the
Attribute Explorer, Tweedie (1997) has renamed the InfoCrystal as the Link
Crystal to emphasize the fact that the Boolean operation links the limits on a
number d histograms. The Link Crystal identifying the simple AND operation
over al limits, and with sensitivity information additionally shown by the black
and dark gray encoding d Figure 5.11, is shown in Figure 5.17. More complex
queries can be constructed: the histograms and Link Crystal shown in Figure
5.18, for example, identify by yellow encoding those houses which fail the price
limits but no others.

A ad C ad (notB)

-

Price

o

Bedrooms Garden size

Garden_Size

@ | Price Bedrooms
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FIGURE 5.16
The develop-
ment leading
from a Venn
diagram to the
Link Crystal

FIGURE 5.17
The Link
Crystal
corresponding
to the Attribute
Explorer display
of Figure 5.1 1

FIGURE

The Link
Crystal and
Attribute
Explorer display
for houses
failing only the
Price limit
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5.45 Fuzziness

The reader may be tempted to point out that mathematical techniques exist
which can handle the concept d fuzziness, that others are capable d optimiza
tion, and that these should play a major part in performing tasks such as the
search for an acceptable house. Such techniques do exist, and have been devel-
oped to afine art over decades, so it is useful to examine why they are not
awaysideal for the task d problem formulation and solution.

The underlying reason, stated at the start o this chapter, is that a user's
problem is rarely formulated with precision, and that the first objective isto
alow the user to gain knowledge d what is available. By contrast, an optimiza
tion program requires a user to specify in complete, precise and mathematical
detail, what is being sought, as well as many other parameters such as the
importance d getting the required number d bedrooms compared with that o
keeping within a price limit. The program then returns a single solution without
explanation; there is no indication, for example, o any trade-offs that were
encountered. Overall, the user isleft uninformed. If optimization techniques are
to be employed, then very careful attention needs to be paid to the manner in
which a user's knowledge and expertise can complement the power d the pro-
gram: an example is provided by Colgan et al. (1995). With regard to fuzziness,
the human brain is probably the best fuzzy computer around, especially when it
is concurrently dealing with activities such as searching and exploring.

Very large databases

While there is no fundamental limit — except display area - to the number o
objects that can be handled by the Attribute Explorer, it is useful to be aware d
other visualization techniques that can also handle a large number d objects.
One such technique is embodied in a visualization tool called VisDB (Keim et
al., 1993), specifically designed to handle very large collections o data and to
explore the limit in which asingle pixel represents an object.

The principle underlying VisDB can be explained concisely by reference to
an illustrative display (Figure 5.19). In the right-hand window are three vertical
scales, each associated with an attribute. On each d these scales are two hori-
zontal bars that can be positioned interactively by a user to indicate preferred
lower and upper limits to the attribute's value. The number d objects thereby
identified is indicated (1758 for Attribute 1) and the scale between the limits is
coloured yellow. Since the satisfaction  all attribute limits by an object is d
interest, and because many objects may fail to satisfy one or two limits, there is
afacility for assigning a numerical 'weight' to each attribute to indicate the
importance d satisfyingthelimits.

Together, the attribute limits and weights allow al objects to be placed in an
order reflecting the extent to which each object satisfies the user's require-
ments. The question as to how the result can most usefully be displayed has
been answered by ordering pixels (or sets o pixels) in a spiral pattern (Figure
5.20), with the 'best’ objects at the center, and with colour coding to indicate
the degree to which the objects satisfy requirements. Ydlow denotes that all
limits are satisfied, while other colours indicated on the left o the right-hand
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window show how the remainder are ordered in the spiral display. The result d
forming these spiral displays is shown in the left-hand window in Figure 5.19.
The top-left display is associated with the overall satisfaction d all limits accord-
ing to the assigned weights, while the other three, based on the same ordering,
show the extent to which the limits on each attribute are satisfied.

Such a display raises interesting questions as to desirable interaction mech-
anisms that can enhance the VisDB principle for particular applications.
Nevertheless, it isimportant to note that, like the Attribute Explorer, VisDB
offers no convenient mechanism for the display d imagesassociated with attrib-
utes. Such a display (though for just a few objects), as well as other desirable
features, is a characteristic o the Neighbourhood Explorer, to be discussed next.

The Neighbourhood Explorer

There are many circumstances in which only a relatively small set d datais
involved. In house-hunting, for example, it would be quite unusual for a person
to consider seriously houses in a very wide price range, such as A£50,00to
A£200,000Usually, as a search approaches a conclusion, one is principally

FIGURE 5.19
The VisDB
visualization
tool

Source: Keim

FI GURE 5.20
The spiral
arrangement of
pixels adopted
in the VisDB
visualization
tool
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involved in the comparison o a relatively small number o houses, each o
which is a relatively close neighbour - in the sense d attributes - d the others.
In such a situation a simple rearrangement d the Attribute Explorer, as shown
in Figure 5.21, positions houses relative to each other with regard to attributes
such as Price, number d Rooms and distancefrom vineyard. Such attributes
are associated with radial scales, with the currently examined house at the
center: it also allows images to be associated with each house. Within a given
sample set o housesit is the ordering o items which determines their relation-
ships, rather than their attribute values, though a continuous linear scale might
be adopted to emphasize, for example, relative prices. Exploration is achieved
by dragging the image d a house which isd interest along its axis to the center,
whereupon all o the axes are automatically realigned around this new origin.

FIGURE 5.3

Appearance

of the

Neighbourhood

Explorer
Distance -
from
vineyard

Charente — £75,000

Character single storey house
and attached barn with superb
distant views and within walking
distance of vineyard. |.25 acres.
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It will be noticed from Figure 5.21, and especially from the house images,
that a particular house is repeated on all scales. It is expected that such repeti-
tion will help the user to determine which house is'closest' in some sense to the
'ideal’. To facilitate this process it is possible to include within the Explorer a
virtual 'ideal house' to see how a currently examined house departs from that
ideal (Figure 5.22). An added advantage is that the user is free to assign one
dimension to the collection o examined houses in the sequence d their exami-
nation: that dimension is 'historical time' and again is not necessarily linear
(Figure 5.23).

Area Rooms

Distance
from

vineyard Price
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FIGURE 5.22
Incorporation
of an ideal
house in the
Neighbourhood
Explorer
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FIGURE 5.23
U d an adis
d the
Neighbourhood
Explorer to
record
potentidly
interesting
housss
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Musical visualization and composition

A memorable quotation from Bertrand Russell(1922) is that:

A good notation has a subtlety and suggestivenessthat makesit seem, at
times, likealive teacher.

There are many fields which benefit from notation: mathematics, chemistry,
choreography and others easily come to mind. So, d course, does musical nota-
tion. Conventional musical notation is reasonably familiar to most, but that
familiarity has to be extremely intimate if it is to be used as a tool for composi-
tion. For most people, the sight or creation d alined musical notation does not
immediately lead to the visualization d how the corresponding tune will sound.
To bring the power d composition closer to the lay person, experimental musi-
cal instruments have been devised whose output is not only aural - as one would
expect - but also visual, and where changes made by direct manipulation within
the externalization d the relevant datais either immediately or quickly heard.

The form d one such instrument is sketched in Figure 5.24; the metaphor
on which it is based is the planetary system. In the center is the sun, and a col-
lection d available planetsislocated at lower right. Each planet is associated
with a given note, which appears as a label on the planet. f a planet is dragged
within the circular areait comes under the 'gravitational influence' d the sun
and, upon release, moves around it in an elliptical orbit. The user can also posi-
tion an 'ear' somewhere in the planetary system. As a planet approaches and
then recedes from the vicinity d the ear the 'sound' d that planet can be heard
at a volume determined by how close the planet is to the ear. The effect d
having a number o planets concurrently in orbit is reminiscent d a simple
organ. Those with a knowledged music can easily suggest collections d planets
alternative to the pentatonic scale shown in Figure 5.24 and other effects such
as chords or arpeggios. Though a simple interface, it proved in practice to be
remarkably successful with users having no conventional musical skills, and the
results d compositions by such people were pleasant to listen to. Basically, the
success d the instrument is a result d its instantaneous response to manual
changes in planet positions, and the simultaneity d the visual and aural presen-
tation and hence the ease d exploration. An aural awareness d an unsuitable
sound can immediately be correlated visually with the planet responsible, and
the necessary corrective action to take quite easily deduced.
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FIGURE 5.24
A musical
instrument
based on a
'planetary’
metaphor
X The Model Maker
An important task in engineering design is to find a mathematical relation
(model) between the performances and parameters o an artefact, for the
simple reason that the performance of that artefact for any chosen parameter
values can then be predicted inexpensively before the costly process d manu-
facture. Suppose, for example, that someone has manufactured four samples o
a gearbox, each with a different axle diameter, and has measured, for four
different axle diameters (X), the torque (Y) that it can transmit before damage
occurs (Figure 5.25(a)). A simple mathematical relation somehow ‘fitted' to
the data (Figure 5.25(b)) can then be used (Figure 5.25(c)) with some confi-
dence to calculate the effect o other diameters, and obviate the need for
additional - and usually expensive — measurements. While the value d such a
model is clear, its derivation can be difficult. It is here that information visual-
ization can help.
y FI QURE 5.25
- L The derivation
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mathematical

° model
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FIGURE 5.26

Typicaly, the type o relation fitted to available data is a polynomial of
theform:

Performance (P) = at+ bx, tcx, +dxx, +ex 2+ fx,2 +. .. (5.1)

where, in thisillustrative example, there are two parameters (x; and x,) and one
performance (P) d interest.* Thefitting task is then the selection d appropriate
values d the coefficientsa, b, c and so on. There are two components d the fit-
ting task. One is to choose which terms (for example, dx,x,) to include in the
model. The next is to find the appropriate numerical valuesd their coefficients
(for example, d for the term dx x,).

The person carrying out the 'fitting' has two conflicting requirements. They
want to keep the relation as simple as possible, but they also want the relation
to be sufficiently accurate. The solution is to present them with a display which
allowsthem to choose whether or not to include a particular term in the polyno-
mial, but which additionally offers support by showing the estimated accuracy d
the resulting model. The freedom to choose which term to next include in the
model resultsin there being alarge number d possibilities, so an essential prop-
erty d any supportive visualization tool is to display the currently proposed
model in the context d al possible models'one step away'.

An interface called the Moddl Maker (Tweedie et al., 1998) is shown in
Figure 5.26. Each square represents a single term in the polynomial being fitted
to measured data, and has one d the three possible appearances shown in
Figure 5.27. A black inscribed circle denotes a term already included in the
model, whereas white circles are associated with terms that are not yet
included. The size d those circles provides a measure d how useful the term is
(black) or how useful it can be if included in the model (white). A white back-
ground indicates that the term can be added or removed on its own, whereas a
gray background indicates that, for heuristic mathematical reasons, the term's
inclusion requires other terms to be included at the same time. The modeler

The interface to the Model Maker

4 The need to consider four or many more performances and a similar number of parameters

would not be regarded as unusual in engineering design.
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A black circle indicates A white circle indicates A white circle indicates
aterm already included aterm not yet included aterm not yet included
in the model in the model in the model
The term is moderately Circle size indicatesthat Circle size indicatesthat
valuable (medium size it would be very valuable it would be moderately
circle) (large circle) valuable (medium circle)
The term is statistically The term is statistically The term cannot be
legal (white background)  legal (white background) included on its own
(gray background)

might start by looking at the single (‘first-order') terms, such as bx, and cx,,
each represented by a square, and by searching for the largest interior circle:
thisis, by definition (Figure 5.27), the one whose inclusion is likely to be most
beneficial to agood fit'. Itsinclusion in the model (with a coefficient cal culated
by a background algorithm) is achieved by a single mouse-click on the selected
square, whereupon the circle will turn black to confirm its inclusion.
Concurrently, avalue d a'goodness d fit' d the current model is updated. The
modeler then continues the process, including more terms and possibly higher
order ones, until a satisfactory balance is achieved between goodness o fit and
the model's simplicity. The basic fitting actions just described are comple-
mented by many other facilities in the actual Model Maker. An example d a
fitted polynomial is provided as Equation 9.1in Chapter 9.

The principal motivation for the development o the Model Maker is the
generaly low level d statistical knowledge possessed by design engineers, cou-
pled with the typical absence o domain knowledge possessed by statisticians.
The interfacc described is a visualization tool like all others described in this
chapter in that it allows dynamic exploration among a large number d possi-
ble outcomes, but differsin the sense that considerable computation proceeds
in the background to compute the sensitivity information (the sizes d the
interior circles), the corresponding coefficients (that is, a, b, c, d, etc.) and the
goodness d fit.

FIGURE 5.27
Representation
of the three
possible states
of atermina
mathematical
model



