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Abstract
This paper presents a mechanism, the use of which greatly facilitates conducting Phase 1 of Quality Function Deployment through the alignment of a Holistic Requirements Model to the structure of the Phase 1 chart. Based upon Systems Thinking, this alignment is also shown to provide a Requirements Architecture for the future phases and charts of Quality Function Deployment. 
A simple case study is presented to illustrate the mechanism and the Requirements Architecture.  


1.0 Introduction
Quality Function Deployment (QFD) presents a prima facia case for being a powerful tool to aid the translation of vague, imprecise Customer Requirements into clear measurable Technical Requirements. Based upon a sequence of matrix charts, QFD provides a logical and systematic methodology for capturing and organizing the requirements translations necessary for effective and efficient new system introduction.  Despite the apparent simplicity of QFD, many organizations frequently find it difficult to apply and discard it in favour of less rigorous approaches. The difficulties experienced are often due to:
· The type of market in which QFD is applied;
· Confusion over requirement categories;
· Problem complexity.
This paper provides a way of overcoming these difficulties through consideration of a Holistic Requirements Model. It is shown that the Holistic Requirements Model greatly facilitates the translation of Customer Requirements to Technical Requirements. It also provides an invaluable insight into how best to populate the First Phase QFD chart.  Furthermore, this insight pervades the other deployment phases of QFD, providing a sound and logical Requirements Architecture for handling the complexity of large and small systems throughout new system introduction.
Section 2 provides a brief review of the classic QFD methodology highlighting the issue of translating vague, ambiguous and subjective Customer Requirements to clear measurable Technical Requirements.

Section 3 introduces the concept of broad and narrow customer markets in order to further elucidate the issue of applying QFD in the case of over-detailed Customer Requirements.

Section 4 introduces the Holistic Requirements Model that is centred on the functionality of the system under consideration.

Section 5 shows how the use of the Holistic Requirements Model can greatly assist in constructing a phase 1 QFD chart. This alignment is also shown to provide a Requirements Architecture for the future phases of QFD.

In the penultimate section, section 6, the approach proposed in the earlier sections is developed into a practical and pragmatic approach that will enable an organization to benefit from clearer, more consistent and complete technical translations of Customer Requirements. This is illustrated with a simple case study.
Finally, section 7 presents the conclusions of this paper.

2.0
Review of the Classic QFD Methodology

2.1 Overview of the Methodology

Texts on QFD such as Clausing 1991 and Arako 1980 describe QFD as a technique for translating Customer Requirements into Company Requirements from the market analysis through to production control. This is achieved in many ways but the most prevalent is through four requirements translation phases as shown in Figure 1, with a QFD chart forming the translation medium.
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Figure 1: The 4 Phases of QFD

Notice that, the overall QFD process looks similar to traditional practice – but it is unique in that the same tool is used to manage each translation. This is a key feature of QFD and ensures the preservation of knowledge and flow-down of requirements giving excellent traceability. As Figure 1 clearly indicates, there are four QFD charts that manage the requirement flow-down through the new product introduction process. Each chart is associated with the corresponding phase. Current custom and practice labels the phases simply as 1 to 4. Whilst this can be a very useful ‘shorthand’, it is not particularly informative. This paper, therefore, will also use the phase terminology given in Table 1.

	Phase Name
	Phase No
	Brief Description

	Definition
	1
	The translation of Customer Requirements into measurable Technical Requirements

	Concept 
	2
	The translation of Technical Requirements into compliant Design Solution (down to part or component) Requirements 

	Realization
	3
	The translation of the Design Solution Requirements into Realization System Requirements

	Delivery
	4
	The translation of the Realization System Requirements into a set of Delivery Requirements



Table 1: Quality Function Deployment phase Terminology
The QFD chart itself is a special form of Matrix Diagram [Mizuno1988] of which the basic format is shown in Figure 2. In essence, the QFD chart comprises two sets (lists) of requirements, List 1 and List 2, plus a relationship matrix that indicates the presence and strength of the relationships that exist between those requirements through a set of three symbols:

· indicates a strong relationship

· indicates a medium

(  indicates a weak relationship
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Figure 2: The Basic Structure of the QFD Type Matrix Diagram
An empty cell in the relationship matrix indicates no relationship. There is a third list that typically provides target values for the requirements in List 2.
The origin of QFD is with manufactured products. However, it can and has been applied to the development of processes and services. QFD is a genuine systems tool but is easiest to explain in terms of product-based systems. For this reason, the following brief overview will be product-based.
In the Definition Phase, List 1 comprises the ‘Customer requirements’ which are often expressed in vague and ambiguous terms. List 2 comprises the set of derived measurable Technical ‘Design Requirements’ for the product under development. The matrix, therefore, is used to show the relationships between the Customer and Design Requirements. Blank or sparse rows or columns within the relationship matrix highlight potential deficiencies in either set of requirements. List 3 is used to set target levels for the measurable Technical Design Requirements in List 2.  

Requirements deployment and traceability is achieved through the transfer of Lists 2 and 3 to the next chart.  So for example, the Concept Phase of QFD starts with transfer of Lists 2 and 3 from QFD 1 to list 1 on the QFD 2 chart. Effort is then expended to determine the design solution to best meet the measurable Technical Design Requirements
. This design solution is entered as a set of Design Solution (Part) Requirements’ as list 2 of the QFD 2 chart. The numerical values/characteristics/targets of the Part Requirements are entered as List 3. 

This process of transferring from one chart to another continues with the Realization Phase. List 2 (Part Requirements) and List 3 (the numerical targets) are transferred to List 1 of the QFD 3 chart. List 2 of the QFD 3 chart contains the manufacturing process steps and key parameters (the ‘Manufacturing Requirements’) that have been selected to realize the new product. Again, the relationship matrix can be constructed to ensure that there are no deficiencies. Also List 3 can be completed to define the target values for the Manufacturing Requirements.

The Delivery Phase of QFD involves transferring the Manufacturing Requirements (list 2 of QFD 3) and the associated target values (list 3 of QFD 3) to list 1 of QFD 4. List 2 of QFD 4 contains the Delivery Requirements (the ‘Production Requirements’) for ensuring the manufacturing system will deliver consistent product. 

This overall requirements transfer process is shown in Figure 3.
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Figure 3: Overall QFD Transfer Process

Figure 3 also indicates another benefit of QFD; the traceability of requirements from production back to the original source Customer Requirements.  
The QFD charts are similar in structure and construction. Figure 4 shows the basic structure of a QFD chart, which comprises a number of boxes or ‘rooms’.
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Figure 4: The Basic Room Structure of a QFD chart.

The following will describe the principles used in constructing a QFD chart by focusing on the first phase – the Definition Phase. This is convenient since many of the problems that arise from using QFD start with the first chart.  Constructing a chart is accomplished ‘room by room’ according to the meta-process shown in Figure 5, which has been annotated to reflect the construction of a QFD 1 chart.
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Figure 5: Meta-Process for constructing a QFD chart annotated with phase 1 specific activity. 

Before discussing the detail, it is important to recognize that the process of constructing the QFD 1 chart mirrors the process of defining the Technical Requirements of a system. In other words, the QFD tool is an integrated part of the process -the process is reliant upon the tool, and the tool is reliant upon the process. Many organizations fail to recognize this and simply attempt to apply QFD as a tool without integrating it within their processes.
2.2 Constructing a QFD 1 Chart: the Process for Defining Technical Requirements
Step 1: Listening to the Voice of the Customer

The first step is to elicit and capture the basic needs and requirements of the customer - or WHAT is it that the customer wants. This step can take several weeks or months and there are a number of tools that can help to ensure the capture of unbiased and consistent customer views. It is perhaps important to remember that the customer may state their needs and requirements in vague and ambiguous terms and that these should be captured unadulterated. The Japanese call this step ‘listening to the voice of customer’. To help manage the volume of requirements, it is typical to structure into primary, secondary and third level requirements, as appropriate.  Furthermore, it is also typical to ascertain from the customer the relative importance of the customer wants on a 1 to 5 scale.

Step 2: Translating For Action

It is important to remember that the output from the first step is a structured list of requirements that may be vague and ambiguous. For example, customer Requirements may be:



Easy to use,



Nice looking,



Comfortable,



Etc
These are common and reflect what the customer wants. The purpose of the second step is to refine the vague ambiguous Customer Requirements into specific and measurable Technical Requirements, with the emphasis is on requirements and not design solutions. It is generally assumed that Customer Requirements are:

· General;
· Ambiguous, and
· Un-measurable.
On the other hand, Technical (Design) Requirements are:

· Specific;
· Precise, and

· Measurable.

Achieving this translation is not easy and, as will be explained in section 5, it requires a clear understanding of requirement classification.

For each customer WHAT the associated Technical Requirements (the HOWs) of the product are determined and recorded along the top of the ‘relationship matrix’
Step 3: Determine Relationships

The mapping between the Customer Requirements (WHATs) and the Technical Requirements (HOWS) is likely to be many-to-many. This is captured using the ‘relationship matrix’ and is accomplished using a set of symbols to indicate the presence and strength of the relationship. The symbols are:

· Strong relationship;
· Medium relationship;
(  Weak relationship.
This matrix checks that all the Customer Requirements are being met and that there are no redundant Technical Requirements. The relationship matrix is, in effect, a compliance matrix between the Market (Customer) Requirements and the Design (Technical) Requirements. In this way, the relationship matrix can provide assurance that a set of measurable Technical Requirements has been defined that, if met, will deliver a product that meets the Customer Requirements. 
Step 4: How Much Is Enough


For each measurable Technical Requirement (HOW) the necessary target values should be determined and entered on the chart (HOW MUCH).  This step defines the design targets which, if achieved, will ensure customer satisfaction. The complex relationships described by the relationship matrix provide the way in which vague and un-measurable Customer Requirements (WHATs) can be measured through a combination of the Technical Requirements (HOWs and HOW MUCHs). 

Bells and Whistles

The description of QFD so far has been limited to its fundamental core. Indeed, the description above presents QFD in its original form. As a methodology, QFD has developed a number of additional elements to help handle practical issues. Whilst these can be important and very valuable, their inclusion here is likely to detract from the messages that this paper aims to present. However, a brief summary of these ‘bells and whistles’ can be found in Appendix A.
2.3 Common Difficulties Experienced is applying the first phase of QFD
At face value the Definition Phase of QFD appears to be relatively simple to accomplish. However, difficulties are often experienced in two main areas:

1. Most writers on QFD implicitly assume that the customer will express vague and ambiguous requirements such as ‘look good’ and ‘easy to use’. This is typical of certain market situations but there are exceptions (defence and the power generation industry, for example) where the customer has considerable technical knowledge about what they require and will provide this in copious detail. This detail can frustrate any attempts to apply the process described in section 2.2.
2. Undertaking the ‘Translating for Action’ is not always as writers on QFD would suggest. The advice given by most authors is to ‘brainstorm’ the Technical Requirements from the Customer Requirements. Given that the ‘voice of the customer’ step should aim to capture the expressed vague and ambiguous Customer Requirements, brainstorming the Technical Requirements is not at all easy. Moreover, completeness of the translation is difficult to verify. Consequently, errors made in QFD Phase 1 can be permeated through phases 2, 3 and 4 engendering a false confidence of completeness. 

This paper explores these two difficulties and offers practical approaches on how to deal with them. Both require the understanding of market types and the categories of requirements.

3.0   Requirements and Broad and Narrow Markets

Requirements are defined as a ‘specific need or want’ and there are many ways in which requirements can be categorised. The process for the Definition Phase of applying QFD described in section 2.2 implies two distinct categories with the counter attributes as shown in Figure 6.

[image: image5.wmf]Customer 

Requirements

Technical

Requirements

Specific

Precise

Measurable

General

Ambiguous

Un

-

measurable


Figure 6: Definition Phase of QFD: Implied Requirements Categories and Attributes
In practice, however, customers can - and do - specify specific, precise and measurable requirements. That is, customers often provide and include Technical Requirements as part of their ‘Customer Requirements’. In other words the Customer Requirement and Technical Requirements sets overlap - as shown in Figure 7.
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Figure 7: Customers Can and Do Specify Technical Requirements.

The degree to which they overlap depends upon the market type, of which there are two extremes:
· The Broad Market

· The Narrow Market

Broad Markets are typified by mass produced products/services. These include motor vehicle and consumer products and services, such as banking. With potentially vast numbers of customers, attempting to satisfy every customer fully is likely to be difficult, if not impossible. A compromise requirement that satisfies the majority of customers is the most that can usually be achieved. However, the best compromise must be sought. Where a product/service is intended to meet the demands of a broad market, the producer will generate the requirement after consultations with a large number of potential customers. Indeed, companies that sell in Board Markets normally establish a Marketing Function to determine Customer Requirements. This group of people:

· Determine the need for a product/service;
· Accurately define the market sector and demand, since doing so will determine the grade, quantity, price and timing for the product/service;
· Accurately determine Customers Requirements by reviewing previous products/services and market needs. One of the difficult tasks here is to identify any un-stated expectations or biases held by customers;
· Communicate Customer Requirements clearly and accurately to other parts of the organization.
Note here that these activities align themselves readily and neatly to step 1 of the QFD process.  In a ‘pure’ broad market, the requirements collected from the customer will be general, vague and un-measurable, as shown in Figure 6.
Narrow Markets are typified by products such as military equipment and public services etc. In the case of the Narrow Market the requirements are generated by the customers who often have considerable technical knowledge about what they believe they require. Because of the nature of the desired system (military equipment, public services, etc) risk is often perceived as being very high and, accordingly, the customer uses their technical knowledge to ‘tightly specify’ their requirements in order to minimise risk. The consequence of risk minimisation is requirements inflation leading to over-specification and exceedingly large requirements sets. These are more like Technical Requirements and lead to a large degree of overlap as shown in Figure 8.
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Figure 8:  Narrow Market Customers Tightly Specify to Reduce Risk

Note here that the collected (or given) Customer Requirements do not align themselves to the process outlined in section 2.2. In fact, if this process is followed blindly with a set of Narrow Market Requirements it will lead to confusion, duplication, loss of traceability, frustration and, finally, the dismissal of QFD as a useful tool. What has to be recognized is that QFD is applicable in both situations if it is known which requirements go where? That is to say customer specified Technical Requirements belong in the HOW room and not in the WHAT room.

4.0 The Holistic Requirements Model:  
QFD can be applied in both broad and narrow market situations (and any shade of grey between). It is, however, almost universally described and explained from a narrow market perspective. Actually, one of the strengths of QFD is its ability to capture the vague statements, often articulated by customers of Broad Markets. However, this can also be its downfall if the customer has provided any detailed requirements, particularly if these requirements have a ‘performance’ measure and target. Indeed, it is quite easy to imagine the customer of a motorcar asking for a specific fuel consumption or acceleration. In the extreme the Customer Requirements set is dominated by detailed requirements particularly when looking at Narrow Market requirements. In such situations where it is a Narrow Market and the customer provides a detailed set of requirements, it is important to recognise that these will span the complete QFD chart. If this feature is not recognised, as noted above, slavishly following the process introduced above will lead to unnecessary complexity, duplication and ultimately confusion.  Key to understanding how to apply QFD comes from a systems approach to understanding requirements. Applying systems thinking to the requirements of a system leads to the Holistic Requirements Model shown in Figure 9.
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Figure 9: The Holistic Requirements Model

The Holistic Requirements Model is so-called because it provides a complete and consistent model for classifying and describing any set of requirements of a system. Furthermore, it is only truly understandable as a whole, and isolated consideration of the component requirement types is ephemeral.
The model comprises three basic requirements types:

· Operational Requirements

· Functional Requirement

· Non-Functional Requirements
With a further sub-classification of the Non-Functional Requirements set

· Non-Functional Performance Requirements

· Non-Functional System Requirements

· Non-Functional Implementations Requirements 

The following defines the various requirement categories.
Operational Requirements define the major purpose of a system (i.e. what it fundamentally does; its capability) together with the key overarching constraints (that define the context of the system)
For example:

	System
	Operational Requirement

	Toaster
	To toast bread products safely.

	Dish Washer
	To clean eating and cooking utensils without damage.

	Civil Aircraft
	To transfer passengers and their baggage from one point to another safely.


The Operational Requirement(s) is a succinct clear and unambiguous statement as to what the system fundamentally does with the key constraints.  It cannot be emphasized enough how important the Operational Requirements of a system are – all systems will have them – but they may not be written down. Experience has shown that customers rarely specify Operational Requirements because they believe it is obvious. They are not always obvious and it is important to expend effort in developing Operational Requirements that all parties are happy with. There are three reasons for this:
1. Operational Requirements provide precise direction for the system development team. Without an Operational Requirement(s) individual team members will develop their own internal version and, although these may be similar, they will still be ‘different’ and those differences will obviate any collective focus.
2. The Operational Requirements will demand certain system functionality that forms the basis of the Functional Requirements.  

3. The Operational Requirement defines the prime system and thereby anchors the remainder of the model.
Functional Requirements, therefore, specify what the system has to do in order to achieve the Operational Requirements. 

For example, some of the Functional Requirements of a civil aircraft are:

Navigate from one point to another;
Control flight;
Store passengers;
Control cabin environment;
Communicate with other aircraft and ATC;
Etc
There are several points to note about Functional Requirements:

1. A Functional Requirement defines what has to be done – not how it is done or how well it is done. A Functional Requirement is a function of the system

2. A Functional Requirement is therefore a verb or verb phrase = Verb-noun: 

· No verb – not a function – noun-verb –not a function;
· A phrase can have a verb but not be a function! For example. “easy to use” has a verb but this is not a function, The statement “the system does easy to use” does not make sense, but “the system has to be easy to use” does make sense – a property or attribute. The best verbs are active regular verbs as opposed to passive irregular verbs. Therefore, having a verb in a requirement is a necessary but not sufficient condition for a Functional Requirement;
3. There are many levels of functions in a system. All of them should be determined;
4. Functions often transform inputs into outputs;
5. When identifying Functional Requirements the ‘system of interest’ should be clear;
6. When defining Functional Requirements performance qualifiers should be avoided. For example 
· Toast bread quickly;
· Even toasting of bread.
7. Functional Requirements should be implementation independent (The choice of the expression “store passengers” is deliberate to avoid the use of “seat passengers” which clearly infers the solution.)
Non-Functional Requirements are constraints on the system and fall into three categories:

· Non-Functional Performance Requirements are associated with corresponding Functional Requirements and define how well a particular function has to perform – they are the constraints on that function. For example:
	 System
	Function
	Non-Functional Performance Requirement

	Toaster
	Generate Heat
	Heat density 5.75kw/m2 +/-0.10kw/m2 within 1 minute

	Aircraft
	Navigate Aircraft
	Accurate to ±1 mile in 3,000      Frequency of update 1 every 10 seconds

	Dish Washer
	Heat Water
	±1oC of set value                                          within 10 minutes


· Non-Functional System Requirements define the constraints that affect the whole system and include:
· Physical Attributes

· Style

· Size

· Weight

· Etc

· The ‘-ilities’
· Reliability

· Maintainability

· Interoperability

· Deployability

· etc

· System Performance

· Cost

· Speed

· Manoeuvrability

· etc

· Contractual/Commercial Requirements. For example, the system must be ready for trials by a particular date. Such requirements are equally important to capture and understand as they may affect the design and technology to be adopted. Indeed, it may be appropriate to separate this type of Non-Functional System Requirement into its own contractual/commercial category. The danger of doing this, however, is that they can be forgotten.
It is important to note that there are two categories of Performance Requirements - those that are associated with a specific function (Non-Functional Performance Requirements) and those that are associated with the whole system (Non-Functional System Requirements). It is important (but sometimes difficult) to distinguish between them. In the early stages of system development, particularly if the system is unprecedented, it may not be clear if a particular Performance Requirements is at the Functional or System level. If this is the case, it should be categorized wherever suitable but subject to constant review.
· Non-Functional Implementation Requirements define how a system is to be built in terms of specific technology. These may be specific requirements from the customer about a solution that they require or they may be legislative requirements. 
	System
	Function
	Non-Functional Implementation Requirement

	Toaster
	Receive Power
	UK domestic 13 amp plug to BS 1363

	Dishwasher
	Remove Waste
	Electric pump

	Civil Aircraft
	Communicate …
	Phillips A/C 1267 VHF radio


These requirement types allow for the construction of the Holistic Requirements Model (HRM) shown in Figure 9. This model is driven by the Operational Requirements and contains the Functional Requirements at its heart. It is through the provision of the functionality that the Operational Requirement(s) is delivered. The Non-Functional Requirements describe the expectation levels of the customer and constrain the functionality. 
At this point, it is very important to understand that the HRM is applicable to any system at any level. This makes the HRM very powerful in that it is universally applicable. But this power comes at price, which is that care must be exercised when transferring requirements between system levels. Systems Theory [Checkland] states that a system comprises sub-systems, and that a system is a sub-system of a bigger system. Relating this concept to the HRM indicates that system functions are sub-systems particularly at high levels of generality. Consider a domestic washing machine which can be considered as a system and which can be defined by a HRM. One of the functions of a domestic washing machine is to “drain water”. The “drain water” function can be treated as a sub-system of the washing machine system. If the drain water function is considered in isolation it is a system in its own right and can be defined its own HRM. Clearly the two HRMs are different but must be related.  The relationship is two-fold:
1. The appropriate Functional Requirement of the system becomes the purpose element of the Operational Requirement of the sub-system.
2. The Non-Functional Performance Requirements of the function of the system become Non-Functional System Requirements of the sub-system, some of which (the critical ones) complete the Operational Requirement of the sub-system.
This can be illustrated with the domestic washing machine example. Figure 10 shows a partially completed HRM for the washing machine.
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Figure 10: Partial HRM for the Washing Machine

Figure 10 shows the washing machine system having an Operational Requirement that demands ‘Drain Water’ functionality which is constrained by the Non-Functional Performance Requirement of < 2 minutes.

Figure 11 shows a partially complete HRM for the ‘Drain Water’ sub-system.
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Figure 11: Partial HRM for the Drain Water Sub-System (Function)

Figure 11 shows how the washing machine Functional Requirement to ‘Drain Water’ becomes part of the Operational Requirement of the HRM for the ‘Drain Water’ sub-system. Furthermore, Figure 11 shows how the Non-Functional Performance Requirement of draining in < 2 minutes is a Non-Functional System Requirement for the ‘Drain Water’ sub-system. This performance is also included in the Operational Requirement of the ‘Drain Water’ sub-system.  
Figure 12 summarises these relationships between system levels and the Holistic Requirements Model.
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Figure 12: Relationship between System Level and Associated HRMs

5.0
Using the Holistic Requirements Model to Construct QFD 1 Charts

Three threads have been introduced in this paper:
· QFD

· Broad and Narrow Markets

· Holistic Requirements Model

This section will integrate these into an approach for constructing a QFD Phase 1 chart and thereby providing a Requirements Architecture for the future phases and charts.
When Customer Requirements are examined using the Holistic Requirements Model as a classification framework some extremely interesting features emerge.
· In both Broad and Narrow Markets, customers tend not to require functionality. Instead they imply functionality through the Non-Functional Requirements. This is not surprising really as most customers are not interested in how something is done but in how well it is done. However, customers so sometimes express their need for functionality especially if they want an existing product to do something new. Once that functionality has been provided, the customer will then start to imply its need by specifying a performance level. 
· In Broad Market situations customers generally have no technical knowledge of the system and the requirements are general and vague in nature and relate to the whole of the desired system. For example the customer requirements for a motorcar, a typical broad market product, could include:

· Nice shape;
· Comfortable ride;
· Long life;
· Good visibility;
· Etc

These are Non-Functional System Requirements. 
· Narrow Market customers are significantly more adverse to risk due to the long time scales, high cost and system complexity. To mitigate these risks, Narrow Market customers employ experts to help express their requirements in a measurable, precise way.  For example, the Customer Requirements for a commercial aircraft, a narrow market product, could include:

· GPS based navigation system;
· Airworthy to FAA and BAA requirements;
· Specific fuel consumption < XXX
· Etc

These requirements are Non-Functional Implementation, Non-Functional Performance Requirements and Non-Functional System Requirements.

In other words, there are some similarities between narrow and broad market requirements (few if any Function Requirements expressed), but there are also significant differences (Narrow Market Requirements contain many more Non-Functional Implementation and Non-Functional Performance Requirements). It is these differences that cause the overlap between the Customer Requirements and Technical Requirements described in section 3.0  Indeed, the Holistic Requirements Model can be aligned to the assumed QFD requirement categories as shown in Figure 13.
Figure 13 presents the ideal situation as diagrammatical shown in Figure 6. In practice, customers will include some Technical Requirements as part of their expressed requirements set. In Broad Market situations these will be very few as indicated by Figure 7. However, in Narrow Market situations the expressed Customer Requirements set will be dominated by Technical Requirements specifically the Non-Functional Implementation and Non-Functional Performance Requirements. The consequence of this is a large overlap between the QFD assumed requirement categories as shown in Figure 8. 
	QFD Requirement Categories
	
	Holistic Requirements Model Categories

	Customer Requirements
	
	Operational Requirement

Non-Functional System Requirements

	Technical Requirements
	
	Functional Requirements

Non-Functional Implementation Requirements

Non-Functional Performance Requirements


Figure 13: Alignment of Holistic Requirements Model to the Assumed QFD Categories 
This alignment between the Holistic Requirement Model categories and the QFD Phase 1 structure can be taken further as shown in Figure 14.
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Figure 14: The Alignment of the Holistic Requirements Model to the Define (Phase 1) QFD Chart Structure

Figure 14 shows this alignment to be:

The WHAT requirements are the Operational and Non-functional System Requirements. In effect, what a customer wants is the Operational Requirements – what the system actually does – and overall system constraints. 

The HOW requirements are a translation of the WHAT requirements into specific measurable requirements. These are the Functional Requirements since by definition a function is always measurable and is also specific. In the ideal world the HOW requirements should only be the Functional Requirements, but in practice customers often couch their expressed requirements as solutions. They will ask for ‘door mirrors’ on a motorcar rather than the function of ‘see behind’. Solutions are Non-functional Implementation Requirements and hence they are included as part of the HOW requirements
. 

The HOW MUCH requirements are the Non-Functional Performance Requirements simply because the HOWs are the Functional Requirements. This particular alignment is rather useful in clarifying what constitutes a Non-Functional Performance Requirement and how these relate to Functional Requirements. Text book QFD as described in section 2.0 reports that a HOW MUCH is the “necessary target value” for the “measurable technical requirement”. This is achievable by considering the performance measures or metrics for a particular function. A key point to note here is that there many be several performance measures for a particular function as shown in figure 15.
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Figure 15: Holistic Requirements Definition of a Technical Requirement
It follows from the definition given by Figure 12 that if a Functional Requirement is a function of the system, a Non-Functional Performance Requirement is an attribute or property measure of the function together with target value. This is shown in Figure 16 followed by an example, in Figure 17, for the navigation function of the airliner system.
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Figure 16: Refined Definition of a Technical Requirement
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Figure 17: Example of Holistic Requirements Model Based Definition of a Technical Requirement.

This definition of a technical requirement also sheds light on why step 2 of the classic approach to ‘Translating for Action’ is often found to be difficult and frustrating. In effect, the classic QFD approach is asking for the identification of all the attributes or properties of the whole system directly. Experience shows that this is not easy - even a reasonably small system could have several hundred measurable attributes or properties. Construction of Relationship Matrix will show where there are deficiencies but it is no guarantee of completeness. Moreover, the traditional approach makes it difficult to flow down high-level requirements, like cost and reliability, which impact on every element of a system. Consideration of the system functionality avoids these issues and provides a way of “divide and rule” that can handle any level of complexity. 
Handling large systems - or even systems-of-systems - can be achieved by exploiting the system-sub-system relationships of the Holistic Requirements Model outlined in section 4. In fact, in such instances using the system-sub-system relationships can make the use of QFD more tractable and controllable. Figure 18 shows how the requirements of a “large” system of system of systems can be managed using two levels of QFD Phase 1.
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Figure 18: Levelled QFD Phase 1 to Manage the Requirements of Large System
In Figure 18 it is assumed that the left-hand QFD chart captures the requirements of a system-of-systems, comprising three systems A, B and C (This could equally be a large system comprising a relative small number of large sub-systems). The WHATS room of this chart should be populated with the Operational Requirement together with the Non-functional System Requirements of the system-of-systems. The HOWs room is populated with the systems that comprise the system-of -systems – these are the functions of the system-of-systems. The final element of this chart is the Non-Functional Performance Requirements for the systems A, B and C. Hence this QFD Phase 1 chart is used to define the system of systems. It is important to strike a balance between sufficient and too much detail. If there were only three systems in the system-of-systems then it would be beneficial in the first chart to include some of the high level sub-systems.
The right-hand charts in Figure 18 represent the next level of decomposition for each of the systems in isolation. Functionality of each system is expanded from that flowed-down from the left-hand chart. The WHATs room of the right-hand chart is a flow-down of the corresponding system’s Non-Functional Performance Requirements that become Non-Functional System Requirements in the system chart.

The use of functionality also greatly assists in deploying requirements through the other QFD phases. The next stage is to flow-down the system Functional Requirements and their associated Non-Functional Performance Requirements to the concept phase of QFD as shown in Figure 19.
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Figure 19 Part 1: QFD Flow-Down using the Holistic Requirements Model
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Figure 19 Part 2: QFD Flow-Down using the Holistic Requirements Model
Figure 19 shows the QFD Phase 1 to Phase 2 translation to comprise the transfer of the system Functional Requirements and associated Non-Functional Performance Requirements to the WHATs room of the QFD Phase 2 chart. The HOWs room contains the solutions to those Functional Requirements. Depending on the size of the system the solutions may be at sub-system level or part level. The assumption in Figure 19 is that the solutions are at the sub-system level
Note that in terms of the HRM, a functional solution is a Non-Functional Implementation Requirement. Indeed, if the source Customer Requirements include solutions (Non-Functional implementation Requirements) these should entered at this stage, having derived their functionality for the earlier charts.
The HOW MUCHs are a flow-down of the Non-Functional System Requirements for the system to appropriate Non-Functional Performance Requirements at the sub-system level.

Figure 19 also shows a second level of QFD Phase 2 with the sub-system solutions flowed-down to another level. The aim is to get down to individual parts and the characteristics of those parts. The HRM is still preserved at this level since a part must have functionality and, therefore, it is possible to define the parting terms of its Non-Functional Performance Requirements.

These requirements are flowed down to the third QFD phase - the Realization Phase. In classic QFD the third phase is concerned with determining the manufacturing process and associated settings that will realize the parts requirements. Effectively, QFD 3 performs a similar task for the manufacturing system as QFD 1 does for the product in the classic approach. The parts requirements are the Customer Requirements which from the manufacturing system’s viewpoint are Non-Functional System Requirements. The HOWs room is populated with the functionality of the manufacturing system for a particular part or sub-assembly of parts. It is very important that common sense prevails at this point. Just as with classic QFD, not every part and part characteristic is flowed-down to QFD 3 level, only those that are critical are transferred.
Once again, Figure 19 Part 2 shows the potential for levels of QFD 3. The first level identifies process steps (functions) and the second level identifies process parameters and targets values.
The final translation makes the process parameters from the QFD Phase 3 charts the WHATS on the Phase 4 chart for which methods of control (solutions or Non-Functional Implementation Requirements at a process level) are identified.

6.0
A Practical Approach to using QFD in the New System Introduction Process
The following section will present a practical and pragmatic way of undertaking the Define Phase of QFD. In doing this it is assumed that a set of Customer Requirements has been collected in whatever way was seen fit for the system and market. This means that the Customer Requirements could occupy a single page or several hundred pages. In all cases it is necessary to segregate the expressed requirements into the categories of the Holistic Requirements Model. This can either be done directly or via a Systemic Textual Analysis pro-forma. This device is shown in Figure 20. 
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Figure 20: Systemic Textual Analysis Pro-Forma
Once a set of expressed Customer Requirements have be sorted into the Holistic Requirements Model categories using the Systemic Textual Analysis pro-forma, they can be transferred to the QFD 1 chart as shown in Figure 21
There is a further benefit from using the Systemic Textual Analysis pro-forma in that it encourages the undertaking of the textual analysis. This will allow unexpressed requirements to be derived. For further information on Systemic Textual Analysis see [Burge 2006a]. 

It must be remembered that any set of expressed Customer Requirements will not contain all the Functional Requirements of the desired system and so these requirements will have to be derived. Systemic Textual Analysis [Burge 2006a] can assist in this derivation, but there are several other tools that are highly useful at this point. These include:

· Viewpoint Analysis [Burge 2006b];
· Functional Flow Diagramming [Burge 2006c];
· Functional Failure Mode and Effect Analysis [Burge 2006d].
The Define Phase of Quality Function Deployment will also contribute to deriving the desired system functionality by effectively checking that there is appropriate functionality to deliver the Customer Requirements.
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Figure 21: How the Systemic Textual Analysis Provides the Requirements for Phase 1 QFD.
There will also be gaps in the HOW MUCHs since it is highly unlikely that the customer will provide every Non-Functional Performance Requirement. Indeed, many of the Non-Functional Performance Requirements are the responsibility of the system designer to specify based upon the expectations of the customer’s expressed Non-Functional System Requirements. The generation of these can be approached in a systematic way, function by function. For each Functional Requirement, it will be necessary to identify the attributes of properties that contribute to the performance/measurement of the function. This can be approached in two ways. Firstly, the function can be isolated and a team of experts used to brainstorm the attributes or properties. The second approach involves examining which Customer Requirements (WHAT requirements) are related to a particular Functional Requirement and devising attributes or properties at the functional level that relate to the Customer Requirement. This illustrated in Figure 22, which shows a partial QFD 1 chart.
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Figure 22: Partial QFD Phase 1 for an Intelligent Washing Machine Showing the use of the Relations to Derive Technical Requirements

Figure 22 shows a partial QFD Phase 1 for an Intelligent Washing Machine. The expressed customer requirements where subject to Systemic Textual Analysis from which the Non-Functional System Requirements and the Operational Requirement where extracted to form the WHATs. Viewpoint Analysis [Burge 2006b] was used to supplement the Functional Requirements which have been recorded as HOWs. The relationships were determined by a small team of experienced personnel.  Examining the ‘Drain Water’ function shows it is related to the following customer requirements:


Dry Performance

Wash Performance



Purchase Cost

Reliability

To complete the Technical Requirement for the ‘Drain Water’ function requires the identification of suitable attributes or properties and their associated targets that must relate or contribute to these requirements. Some suitable choices are shown in Figure 23 which reflects the attributes and values recorded in Figure 22.

	Customer Requirements
	
	HOW MUCH Technical Requirements for the Drain Water Function

	
	
	Attribute
	Target

	Dry Performance
	
	Drain Water
	< 2minutes

	Wash Performance

	
	
	

	Purchase Cost
	
	Design to Unit Production Cost (DTUPC)
	<£8

	Reliability
	
	First Year Failure Rate
	<2%


Figure 23: Suitable HOW MUCH Technical Requirements for the Drain Water Function.
It must be remembered, however, that these HOW MUCH Technical Requirements are an ephemeral measure of the related customer requirements. The next stage in applying QFD is to transfer requirements from QFD 1 to QFD 2. This is shown in Figure 24.
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Figure 24: Translation of Functional and Non-Functional Performance Requirements to QFD Phase 2

Figure 24 shows the QFD Phase 1 to Phase 2 translation to comprise the transfer of the system Functional Requirements and associated Non-Functional Performance Requirements to the WHATs room of the QFD Phase 2 chart.

The HOWs room contains the solutions to those functions. These solutions can be arrived at by several methods, however, the use of Function Mean Analysis [Burge 207 e] and Pugh matrices [Pugh] to down-select concepts is recommended since both preserve that functional orientation. It is at this stage that the transferred Non-Function Performance Requirements are flowed-down into more specific solution based Non-Function Performance Requirements. This can be seen in Figure 25 following the selection of a reciprocating pump as the solution to the ‘Drain Water’ function.
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Figure 25: Flow-Down of Non-Functional Performance Requirement for the ‘Drain Water’ Function to Specific Solution Related Non-Functional Performance Requirements
Figure 26 shows this flow-down 

	QFD 1HOW MUCH Technical Requirements for the Drain Water Function
	
	QFD 2 HOW MUCH Technical Requirements for the pump solution to the Drain Water Function

	
	
	

	< 2 minutes
	
	10 litres/min ( 1 litre

	
	
	

	DTUPC < £8


	
	<£8

	FYFR < 2%


	
	<2%


Figure 26: Flow-Down of the Technical Requirements for the Drain Water Function

Since the Intelligent Washing Machine is quite a large system a single QFD 2 would be too unwieldy to complete the translation down to part characteristics. Accordingly, as shown in section 5, a second level of QFD charts can be employed. Figure 27 shows the transfer of the reciprocating pump requirements to a second level QFD phase 2 chart. Again note that the Non-Function Performance Requirements on the level 1 QFD 2 chart become Non-Functional System Requirements on the level 2 QFD 2 chart.
The Level 2 Phase 2 QFD chart is used to help manage the part characteristics and their associated target values. Arriving at these values may not be straightforward and, in this example,  it required some significant engineering effort, which is hidden by the chart. The major tool used in this example is Robust Design [Phadke].
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Figure 27: Flow-Down of Requirement to a Second QFD Phase 2 level
It is worthwhile reflecting on what this series of QFD charts has provided. Vague and ambiguously expressed Customer Requirements, such as ‘good wash performance’ has been translated into a set of dimensional targets for specific parts of a system. If those dimensional targets can be met, this aspect of the system will help to deliver the good wash performance desired. (It must of course, be remembered that the drain water and reciprocating pump solution are not the only contributors to good wash performance).

In this example, meeting the dimensional targets is a manufacturing system problem and is the point at which the third phase of QFD applies. Figure 28 shows the QFD Phase 2 to Phase 3 transfer for the reciprocating pump.
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Figure 28: QFD phase 2 to Phase 3 Transfer for the Reciprocating Pump.

To complete the series, Figure 29 presents the QFD Phase 3 to 4 transfer for the reciprocating pump.
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Figure 29: QFD Phase 3 to Phase 4 Transfer for the Reciprocating Pump
7.0
Conclusions
This paper has provided an approach to overcome difficulties often experience when attempting to apply Quality Function Deployment to large systems or system-of-systems. This has been achieved through the consideration of a Holistic Requirements Model based on systems concepts. It has been shown that the Holistic Requirements Model greatly facilitates the translation of vague, general ambiguous Customer Requirements to precise, specific measurable Technical Requirements. Moreover, the Holistic Requirements Model has provides a valuable insight into how best to populate the first phase of QFD.  Furthermore, it has been shown that this insight pervades the other deployment phases of QFD, thus providing a sound and logical Requirements Architecture for handling the complexity of large and small systems throughout new system introduction. This has been illustrated with a simple case study.
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Appendix A: The “Bells and Whistles” of QFD

The QFD process fundamentally comprises 4 steps, as described earlier. There are, however, several other additional steps that can enhance and supplement a basic QFD Phase 1 Chart. (Some actually flow down into subsequent phase charts.) These additional steps in the usual order of completion are:

· Step 5 Correlation Matrix;
· Step 6 Importance Ratings;

· Step 7 Competitive Assessments;
· Step 8 Organisational Difficulty;
· Step 9 Historic Performance;
The following provides a brief overview of these additional QFD elements.
Step 5 Correlation Matrix

Correlation matrices were not in the original version of QFD, but are now a standard element. There are two possible correlation matrices, one considering the relationships between the HOWs and the other for the WHATs. Both are triangular tables, as shown in Figure 30.
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Figure 30: The WHAT and HOW Correlation Matrices

As with the RELATIONSHIP MATRIX symbols are used to describe the strength of the relationship.
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The HOW correlation matrix establishes the relationship between each HOW item. The purpose of this ‘roof’ is to identify those design requirements that potentially support each other or those that are in conflict.  Those that are found to be in conflict indicate areas where ‘trade-off’ decisions and further research may be required. If there are no negative correlations, there has probably been an error. A well-optimised system will almost always be the result of some trade-off. Care must be exercised, because:

· The aim is to satisfy all the Customer Requirements;




· The response to a negative correlation should be to seek a way to make the trade-off go away. This may require innovation or some research and could lead to a competitive advantage
;





· Some negative correlations will indicate conditions in which design requirements and physics are in conflict. No matter how good the system design is, it cannot change the laws of physics!



· Many trade-offs are resolved by adjusting the HOW MUCH’s;
· Some trade-offs require high level decisions. Early resolution of these is essential.
The last bullet point is very important. Too many systems are designed and built in such a way that they require a late concession by the customer due to fundamental conflicts that were not identified early enough. More often than not, if these are highlighted to the customer early on in the process, the customer will accept the necessary trade off. 

This type of conflict also occurs with the Customer Requirements. A good example is the conflict in motorcar design between a good ride and handling. Both are difficult to achieve simultaneously. The WHAT correlation matrix, therefore, performs a similar task for the Customer Requirements. The purpose here is to identify those Customer Requirements that are conflicting, again with the purpose of informing the customer or undertaking research to overcome the conflict.

Step 6 Importance Ratings 
In order to quantify the relationships between the WHATs and the HOWs an IMPORTANCE RATING is often calculated. This is useful in prioritising efforts and in making trade-off decisions. The WHAT IMPORTANCE RATING is determined from an assessment of the WHATS. Each WHAT is assigned an importance rating, typically expressed using a relative scale of 1-5 or 1-10 with higher numbers indicating a greater importance to the customer. It is important that the ratings reflect the values of the customer and NOT internal organizational beliefs. Indeed, these ratings should be identified when capturing the customer WHATS in step 1.

Since actions only come from the HOWs, they require an importance rating.  This is calculated from the RELATIONSHIP Symbols:
( - STRONG relationship = 9

( - MEDIUM relationship = 3

(  - WEAK relationship = 1

For each HOW, the WHAT importance value is multiplied by the symbol weight, to produce a value for each RELATIONSHIP.  Summing these values vertically gives the HOW importance rating as shown in Figure 31.
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Figure 31: Importance Ratings.
The IMPORTANCE RATING for the HOWs provides a relative measure of each HOW in achieving the collective WHATs. These ratings can be useful in making trade-off decisions. If two HOWs are deemed to be in conflict from the HOW CORRELATION matrix and the proposed strategy is to adjust the respective HOW MUCHs, the importance ratings can provide guidance as to direction and magnitude of the trade off. 

Step 7: Competitive Assessments

QFD charts often contain COMPETITIVE ASSESSMENTs. These are two graphs that depict item by item how competitive systems compare with current or proposed systems. This is done for the WHATs and the HOWs. The competitive assessments can be useful in establishing the values of the HOW MUCHs by selecting values which are competitive for each of the most important areas.  They can also be useful for:
· Maintaining current strengths;
· Identifying current areas of weakness relative to competitors;
· Identifying areas where competitive advantage could be gained by research and development. 

The two competitive assessments are shown in Figure 32.
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Figure 32: Competitive Assessments

Customer Competitive Assessment

The COMPETITIVE ASSESSMENT of the WHATs is often called a Customer Competitive Assessment, and should use customer-oriented information. It should not be done by Engineers since they add too much technical bias. It is extremely important to understand the customer’s perceptions relative to the competition.

Technical Competitive Assessment

The COMPETITIVE ASSESSMENT of the HOWs is called a Technical Competitive Assessment and should be done by Engineers to analyse competing products.
Step 8: Organizational Difficulty

The ORGANIZATIONAL DIFFICULTY is an additional row in which it is possible to evaluate how difficult it is currently for the organization to achieve a particular HOW MUCH. This is performed again on a relative scale where 5 implies ‘difficult’ and 1 ‘relatively easy’. The ORGANIZATIONAL DIFFICULTY row provides a crude risk assessment. A row of 1s would suggests that the system requirements as expressed by the HOWs and HOW MUCHs are not particularly demanding. Equally, a row of 5s would suggest a set of over-demanding requirements. 

Step 9: Historic Performance

Since most systems are evolutionary, an attempt should be made to capture historic performance on the QFD to help ensure that “the same mistakes are not designed in again”. QFD charts can be used to capture historic performance data, like warranty claims and customer complaints, etc, such that the design requirements can embody these. This is achieved by annotating the various elements as appropriate to capture this useful information. 




Copyright and IPR Notice: Copyright and IPR exists and is held by BHW  


 and the Systems Engineering Company. This work must not be copied, 


  distributed or otherwise used without the express permission of BHW








Aligns





Aligns





� EMBED Word.Picture.8  ���








� Finding the ‘best’ design solution can take many weeks or months! It is an important point to note that completing a QFD chart can take a considerable amount of time. What the QFD chart can provide, therefore, is a visual and powerful method for monitoring the maturity of system development.


� This requirements model has its origins in the work performed by BAe (Now BAE SYSTEMS) in defining a software/systems tools called CORE [Curwen]. 





� Not wishing to detract from how the Holistic Requirements Model aligns to the Phase 1 QFD chart structure it is important to note the danger of blindly putting the Non-Functional Implementation Requirements in the HOWs room. While customer may require a specific solution (for example for commonality with other systems) they often express requirements as solutions because they know of no other way to articulate their needs. If a customer does express a Non-Functional Implementation Requirement, it is worth capturing it and its underlying functionality. 
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