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An “old” and “new” method for ranking competing alternatives by capturing and 
tracking success criteria at the requirements level is proposed.  The established old method 
of Quality Function Deployment (QFD) is reviewed and examined within the context of 
capturing customer and functional requirements, and cross correlating those requirements 
within a weighted scoring system. This provides a common frame of reference for comparing 
system solutions. Complementing the established method is the newly proposed OPU$ that 
uses prediction markets to track and forecast the relative competitiveness between solutions.  
This is done through market pricing of real options written on functional requirements that 
are directly traceable to product technical characteristics and user needs.  The combination 
of QFD and OPU$ allows visibility, clarity, and continuous tracking of success criteria, and 
reveals the relative competitiveness of solution choices. 

Nomenclature 
DTO =  Design Test Objective 
DMM =  Domain Mapping Matrix 
DSM =  Design Structure Matrix 
MTBF =  Mean Time Between Failure 
OPU$ =  On Prediction, Utility, and Markets ($) 
PERT =  Program Evaluation and Review Technique 
QFD = Quality Function Deployment 

I. Introduction 
LEAR and unambiguous requirements are the cornerstone of any successful project. As with any project, the 
case can be made that project goals are best achieved by conducting management through unbiased project 

analysis.1 Project goals and success criteria become meaningful when clearly captured and communicated (i.e., well-
written “shall” statements) and when having requirements that are traceable back to the customer and system uses.  
Quality Function Deployment (QFD) is a structured method – “old” and established – that can be used to identify, 
capture and map system requirements to user needs.  It captures the “voice of the customer†.” The methodology 
gives weighted values to user needs and maps these to system functional requirements and specifications.  First 
developed in the 1960s, the method is widely used in Japan and is being employed by companies worldwide for new 
and redeveloped products, six sigma process improvement, and ISO 9000 quality management.2 

QFD captures functional requirements at the beginning of a project and holds them as project success criteria.  
These success criteria are generally kept static and unchanged throughout the project.  It is the project manager’s job 
to manage progress towards the end points. The project is inherently dynamic, and for a technology selection 
competition, jostling between competing technologies for ultimate selection is always occurring.  This dynamism is 
captured in the project schedule, risk management, and earned value management for the purpose of projecting 
historical performance into the future and for estimating the impact on the project due to possible future events.   

                                                             
* Systems Analyst, Bioengineering Branch, Mail Stop N239-15. 
† Most QFD descriptions will focus on the “customer” instead of the “user”.  This is because QFD is often used for 
determining the design characteristic of a product to be commercialized; hence the customer is the user.  This paper 
distinguishes between customer and user. The customer is the source that is providing the resources for the project, 
i.e., funding.  The user is the one who actually uses the product. This distinction is made because the requirements of 
the customer may not be the same as that the user.  The focus of QFD+OPU$ is on user needs. 
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OPU$3 is a recently proposed “new” methodology that employs prediction markets to quantify the 
probabilities of realizing future events.  OPU$ implements an options market where options are written on the 
milestones of a project schedule.  The options (also know as event futures) are traded in the market, and the option 
traders (buyers and sellers) are stakeholders in the project.  The market price of any option at any time is indicative 
of the probability that the event will be realized at option expiration (i.e., in the money).  Whereby QFD captures the 
(static) requirements that define project success, OPU$ can be used to predict the probability of achieving project 
success. QFD and OPU$ combined together provide a new tool that complements the common practices used for 
managing projects, such as Gantt charts, PERT, risk analysis, and cost and schedule analysis.   
This paper describes the proposed QFD and OPU$ combined methods and gives an example of its application when 
applied to selecting between competing alternatives.  The example will be a hypothetical use case of a technology 
demonstration and verification project in which several technologies compete for an eventual downselect.  The 
paper will begin with a review of QFD and an explanation of its major components. Next, QFD will be applied to 
the technology downselect use case, and then OPU$ will next be applied to the QFD.  Finally a discussion and 
summary will be presented. 
 

II. QFD + OPU$ 
References with detailed (Ref 2.) and summary4 descriptions of QFD are available.  A main goal of QFD is to 

capture weighted priorities and traceability mapping between user needs, technical characteristics, and functional 
requirements and specifications.  These are captured in a relationship matrix. QFD is also used to capture 
requirements for engineering design, manufacturing processes, and production planning.‡  A tool often used to 
capture the relationships in an organized manner is the House of Quality5 (HoQ).   

Figure 1 shows one such HoQ format with 
the blocks of information captured, including 
the Relationship Matrix.  User needs for the 
relationship matrix are first identified and 
captured by communicating directly with users.  
Once captured, the user then rates the needs in 
importance. Technical characteristics that are 
system design criteria are then identified by the 
technical team.  The technical characteristics 
and user needs are correlated on a weighted 
value basis that depends on how closely a 
particular functional requirement can satisfy a 
particular user need. For example, if the 
functional characteristic is important for 
achieving a particular user need, that 
intersection cell in the relationship matrix is 
rated high (say on a 0-9 point scale). The 
functional importance rating corresponding to a 
particular technical characteristic is calculated 
as a product of the weighted value of the user 
need times the matrix cell value. In this manner, 
engineering and technical design criteria are 
directly and proportionally mapped to the user 
needs.  Traceability is also captured. Functional 
requirements and specifications are then determined for each characteristic.  These become the competitive 
benchmarks that the various technologies are compared against.  In this way the relationship matrix captures and 
maps the functional requirements and functional characteristics with a weighted ranking that is traceable to user 
needs. 

The Interaction Matrix (top of HoQ) is used to identify relationships between the technical elements.  The 
interaction matrix is a Design Structure Matrix6 (DSM) that can help to find clusters and the dependencies between 
technical characteristics.  For example, a positive relation is present if a favorable change in one product 

                                                             
‡ This paper will focus only on user and product requirements. 
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characteristic results in a favorable change in another, e.g., a decrease in power requirement results in a decrease in 
equivalent system mass (ESM), or an increase in mean time between failure (MTBF) results in a decrease in crew 
maintenance time.  A negative relation would be the opposite and might necessitate a trade study.  The relation can 
be recorded in the corresponding cell by either a “+” or “-”, or the strength of the relation can be recorded, e.g., “-3” 
to “+3”. DSM clustering methods can be used to find related technical characteristics that can be grouped into 
subsystems.  Using strength values for relationships is helpful for identifying highly conflicting product 
characteristics that would benefit from a trade study or through the exploration of novel technical solutions.  

The last two blocks contain assessment evaluations of the competing system solutions.  The first is the User 
Competitive Assessment that is an evaluation by the users of the system solutions relative to user needs.  The second 
is the Technical Competitive Assessment that is a ranking by designers and engineers of the system solutions relative 
to the technical characteristics and functional requirements.  The technical and customer rankings that are evaluated 
separately can be combined into an aggregate value and displayed in the Overall Assessment block.   

The relationship matrix, user needs, technical characteristics, and functional requirements are expected to be 
relatively static. In contrast, the assessments and relative rankings between the competing system solutions are very 
dynamic.  As the project evolves and a better understanding of the various solutions becomes available – either 
through research, analysis, testing or simply progress toward goals – the relative rankings will change as the 
different solutions jostle for position. This leads to the competitive assessments lending themselves nicely to an 
OPU$ prediction market evaluation (Ref. 2).  The principle behind a prediction market is to introduce event futures 
in the form of real options into a marketplace whereby project participants and stakeholders can trade (buy and sell) 
the options.  The options can be written on technical characteristics, or the functional requirements, or the system 
solutions themselves.  The options are written as contracts that specify what are to be delivered and when it is to be 
delivered.  Options can thus be written on milestones (or deliverables). The market price of any particular option is 
indicative of the probability that the option will be realized at expiration, e.g., whether the milestone will be realized.  
If the milestones are directly related to achieving the functional requirements, then the prediction market and the 
option prices will be indicative of the probability of whether the requirement will be satisfied.  Likewise, if options 
are written on system solutions, the option market price is the probability that a particular system solution will be 
selected. 

III. Example 
An example of QFD + OPU$ is presented and is modeled as a technology selection project for the recovery of 

water from brine. The example involves five competing system solutions that are assessed on their performance 
against functional requirement benchmarks. The functional requirements correspond to functional characteristics 
that are themselves derived from user needs.  An application of this use case might be for a technology flight 
demonstration project, such as a selection of competing brine dewatering technologies for a Development Test 
Objective (DTO) flight project on the International Space Station (ISS) 

A. Relationship Matrix 
Figure 2 shows the relationship matrix7 between the user needs and technical characteristics. To the left of the 

relationship matrix is user needs.  The users rate each need in importance, and the relative weighting factors are 
calculated.  Examples of user needs are easy handling of brine, high water recovery, low energy use, and safety. 
Across the top of the matrix are technical characteristics that are expected to be addressed by any particular system 
solution.  Examples of technical characteristics are: TRL; amount of water recovered; mass, power, volume; and 
maintainability.   User needs and technical characteristics are problem specific and may be different than for this 
example water recovery from brine case – a QFD for an exercise machine for example. 

After the elements of the user and technical domains are identified, the relationship matrix is then completed by 
determining the degree to which technical characteristics influence user needs.  The relationship matrix is a many-
to-many matrix and ideally should be relatively sparse.  The strength of the relationship between user needs and 
technical characteristics are represented as symbols contained in the corresponding cells.  The symbols correspond 
to values and are shown in the insert of Figure 2 where values are skewed towards strong relationships (strong = 9, 
medium = 3, weak = 1). A skewed scoring system and a sparse matrix will focus attention on the most important 
relations without having them drowned out with numerous other smaller less important relations.  The technical 
characteristic importance rating for each individual technical characteristic is then calculated as Σi(user   need  
relative  weight)x(relationship  matrix   strength)x100  over all i where i is a user need.  In this way the relationship 
strength between user needs and technical characteristics are captured, along with simple traceability.   Engineers 
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then rate technical characteristics in importance and then relative weights between the individual technical 
characteristics are calculated and displayed. 

 
Figure 2. Relationship Matrix cross correlating User Needs with Technical Characteristics. 

 
 
The relationship matrix maps elements between the different domains of user needs and technical characteristics 

thereby capturing not only simple traceability between user functional requirements but also capturing the strength 
of the relation between elements. The relationship matrix is a rectangular matrix that maps elements between 
different domains.  It is a Domain Mapping Matrix8 (DMM), which is different from the DSM of the interaction 
matrix that maps elements within a single domain as a square matrix.  Both domain matrices can be analyzed for 
element dependencies and clustering which can lead to a rearrangement of the columns and rows for visual grouping 
and taxonomy. 

B. Interaction Matrix 
Technical characteristics are broad engineering categories that the system is designed towards. Functional 

requirements and specifications are needed to further define and quantify requirements that are verifiable.  
Requirements can also be written as benchmarks in order to define minimum performance standards.  Figure 3 
shows the Interaction Matrix with the functional requirements9 that correspond to the product characteristics. 
Visibility of functional requirements and specifications gives greater clarity as to what is to be achieved. And with 
definitive specifications it is easy to understand the direction of improvement for each product characteristic. For 
example, Equivalent System Mass (ESM) has a decreasing direction of improvement (decreasing ESM is 
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beneficial); or the amount of water recovered has an increasing direction of improvement (increasing amount of 
water recovered is beneficial). 

Often technical characteristics conflict with 
one another. For example, lowering system 
mass would tend to increase the cost of 
development.  This is a conflicting relationship 
that would require a trade study. In contrast, 
decreasing maintainability (crew time) would 
decrease ESM, which is a beneficial 
relationship. However, further examination may 
show that in order to decrease maintainability 
will require the processing rate to increase 
(desirable), but increasing rate requires more 
system mass and power (undesirable).  There 
could be numerous positive and negative 
relationships that are difficult to grasp 
altogether.  With this in mind, the technical 
characteristics (with corresponding functional 
requirements) of the interaction matrix 
(pyramid of Fig. 3) can be treated as a DSM.  
One can use the methods and techniques of 
DSM to gain an understanding of the 
relationships between different functional 
requirements in order to understand where the 
engineering and design effort should be 
focused. 

 

C. Competitive Analysis 
The user competitive assessment ranks the competing technologies as to the degree (scale 1-5) users believe the 

system solutions satisfy their needs. Likewise for the technical competitive assessment where engineers rate the 
competing technologies as to how well they believe the system solutions can satisfy the functional requirements.  
Figure 4 shows the QFD for a completed HoQ.  Subtotals for the user competitive assessment are relative weight-
based and are calculated as Σi(user  need  relative  weight)x(user  competitive  rating)x100 over all technologies i. In a 
similar fashion, Σi(technical   characteristic   relative   weight)x(technical   competitive   rating)x100 is used for the 
technical competitive assessment. Subtotals for each assessment and for combined assessments are shown in the 
overall assessment (green block).  This method for comparison attempts to objectively compare the different 
solutions strictly on the basis of functional requirements and performance benchmarks traceable to user needs. 

The assessment rankings will not be static, particularly if the system solutions are not mature and have not been 
demonstrated to a level that meets the functional requirements.  If technology development is still underway during 
the evaluation period that the QFD covers, the rankings can be expected to change over time as new data is obtained 
and examined, and as perceptions change.  As mentioned previously, changes in perception and beliefs due to new 
information lends itself well to a prediction market.  

D. Prediction Market Assessment 
A prediction market can be used to discover which technologies have the highest chance of being selected.  A 

prediction market, in the context of this paper, is an online marketplace that is used to buy and sell options. The 
options are written on future events. In this example, options are written on whether a particular technology will be 
selected at a given future date.  For example, the option contract for Technology 1 would read something like, 
“Technology 1 will score highest in overall rating by Dec. 31, 2014 as determined by a majority vote of the 
technology selection committee.” The market price of the Technology 1 option at any time would be indicative of 
the probability that the option will be realized at the expiration date.  One can compare the option price between 
technologies to gain insight as to which technology is most likely expected to satisfy the selection criteria. 

Figure 3.  Interaction Matrix showing interrelation 
between technical characteristics. 
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Figure 4. Completed House of Quality 
 
 
Prediction markets are both effective and efficient in aggregating the collective wisdom of all individuals.  They 

are effective because they use market mechanics to average the diverse opinions of many individuals, and are 
efficient because they enable immediate updates in response to any new information at low cost and effort.  They are 
very useful in that the market price is a quantitative value with real meaning that can directly be used in forecasting 
tools. The numeric values are probabilities that can be used for programmatic and systems engineering analysis, 
such as for project schedules, PERT Monte Carlo calculations, or by risk management tools.   

The idea of a prediction market greatly contrasts from the standard practice of using only a few number of 
“experts” to determine relative competitiveness. Can a small group of experts be expected to hold sufficient 
knowledge and understanding of every aspect of all competing technologies down to the lowest level of technical 
and programmatic detail?  Information aggregation by each individual expert is inefficient – it is time consuming, 
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mentally taxing, and it cannot be expected that experts will know everything about everything at all times. Experts 
rely on the quality of data and information delivered from workers and technicians, engineers, analyst, 
administrators, contractors, etc.; and this data and information is generated in great quantities.  Using small groups is 
a common practice and is based on the hope that only a few experts are needed to adequately and equitably cover the 
entire evaluation and selection criteria trade space.  Prediction markets work differently in that they are efficient 
mechanisms for aggregating the collective knowledge of many individuals, indeed, all stakeholders, including those 
that have limited broad knowledge but detailed subject matter knowledge; and those with extensive broad 
knowledge but limited detailed knowledge. 

As previously mentioned, options can be written on the final state to determine which technology is most likely 
to be selected.  Additionally, options can be written at lower levels on whether a technology will meet each 
functional requirements and/or benchmarks. This would reveal greater detail as to the expected performance and 
technical characteristics of each technology. Options written on functional requirements can easily be displayed in 
the HoQ as subtotals that, in turn, can be computed as overall system solution probabilities.  Figure 5 shows how the 
ranking may look when a prediction market is used in this manner.  Options written on each requirement are 
captured and displayed as probabilities.  The weighted product of probabilities over all functional requirements is 
the probability that all requirements will be achieved.  These are listed in the green cells where one can readily 
compare the competitiveness between each technology.  Since the market is always open, the probabilities are 
dynamic and continuously reflect the current state and progress of each technology’s chance of achieving each 
requirement. Comparing this method with the method of writing options on the system solutions themselves should 
ideally result in the same values. Any disparities between the two can be thought of as an arbitrage which, when 
investigated, could lead to new information discovery.  

A means to incorporate a prediction market with the HoQ within an overall project schedule is to write options 
on project milestones that are tied to progress towards functional requirements. This limits the ambiguity of using 
the customer and technical competitive assessment where evaluations can be biased. Using criteria as defined from 
the functional requirements and a prediction market is much more objective since it is much more a broad averaged 
perspective from all stakeholders. If the requirements are well written – clear, unambiguous, verifiable, traceable, 
etc.10 – then an argument can be made to base the technology selection on how well each technology achieves the 
functional requirements. Using a prediction market with options written on functional requirements is a means for 
 
 

 
 

Figure 5.  Prediction Market display of probable outcomes for achieving requirements (yellow 
cells) and for achieving all requirements (green cells) for each competing technology. 
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gaining insight into the progress and competitiveness of each technology as the project proceeds.  The information is 
continuously updated without lag, and so can be used to immediately expose hidden issues that may warrant further 
examination.  The option market price is a forward-looking indicator that can be used to keep the project and the 
development of technologies on track. 

IV. Summary 
QFD is a useful method for mapping and capturing weighted valuations between user needs and system 

functional requirements. This methodology enables an objective means for selecting between competing alternatives 
by establishing success criteria that are directly tied to functional requirements at the beginning of a technology 
selection project.  QFD and HoQ capture the relationships in matrices.  This allows for DSM and DMM analysis to 
be used for identifying element clusters and high return system trade-offs. 

The use of OPU$ and prediction markets provides a new means of evaluating competing alternatives that 
aggregates all stakeholders including users, engineers, customers, technicians, managers, and decision makers.  This 
gives a broader and more unbiased view than the usual QFD methods of evaluation that are restricted to only 
managers and that does not include the opinions and beliefs of users and engineers.  Success criteria are based on 
requirements, and requirements define the contract terms of the options. This forces decision makers to be explicit in 
their underlying assumptions, as market participants will demand clarity when purchasing option contracts. 
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