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Evaluation of Failure Diagnosis in Conceptual Design of
Mechanical Systems

1. Introduction 

In an increasingly more competitive global market place, the 
success of a product depends on that product delivering maximum 
functionality at minimum life cycle cost. A product that meets or 
exceeds the functionality expected by a customer, at low cost, is 
generally considered to be of high quality. Recently it has been 
recognized that much of the quality of a product is determined 
during the design of the product. There has been a tremendous 
amount of research effort directed toward designing quality into a 
product, leading to the concept of concurrent engineering: the 
concurrent consideration, throughout the design process, of all 
aspects of the life cycle of a product. Most of the effort has been 
directed toward the consideration of the manufacturing and assembly 
aspects of a product during the design process. Receiving somewhat 
less attention, particularly for mechanical systems, has been 
consideration of the reliability and maintainability (RAM) of a 
product during the design process. Both reliability and 

maintainability are design actions and are determined in the design 
stage of a product rather than during maintenance or service (DoD, 
1988). The reason for this is because the system designer will 
determine both the reliability of the system and how it is maintained, 
based on the system structure and its components. To accomplish 
this, reliability and maintainability must be incorporated into the 
design of the system or equipment during definition, conceptual 
design, and full scale development (Kraus, 1988). One of the most 
important aspects of RAM is the diagnosability of a product. In 
this paper diagnosability is the measure of the ease of diagnosing 
the cause of any loss of functionality and is a part or subset of 
maintainability. 
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Products are not 100% reliable and will eventually fail in some 
way and require repair. Before a product can be repaired, the cause 
of the failure must be diagnosed to ascertain what corrective action 
is needed. The time required for diagnosis often accounts for a large 
part of the repair cost. One study, on CH-54 helicopters, 
determined that fault isolation required one-third of the average 
corrective maintenance task and that the cost for fault isolation (in 
1980) was $25 per flight hour. (Cook, 1980) Another source 
estimates failure detection and isolation requires 50 percent of the 
repair time (Bozic, 1985). A third source simply states fault 
isolation requires the "preponderance of the repair time" (DoD, 
1988). 

Diagnosability directly affects the quality of a product. "Any 
product that can advertise reduced downtime is a highly desirable 
product. Most customers are willing to pay extra if they are 
convinced it means less maintenance; Sony televisions, Honda 
Accord cars, and IBM 3061 computers attest to this fact." (Raheja, 
1991) Loss of quality results from both the loss of functionality and 
the cost of the diagnostic process. The loss of functionality results 
in the customer not receiving the functionality that is expected from 
the product during the time that the cause of this loss is being 
diagnosed. A study by the Boeing Company showed for a fleet of 
100 commercial aircraft, the cost of technical delays due to fault 
isolation is about $2M per year. This accounts for only the tangibles 
such as direct revenue loss because of passenger transfer, expense 
caused by increased handling of passengers and cargo, and extra 
crew salaries. The cost of maintenance attributable to fault isolation 
alone adds another $4M per year. (Stander, 1982) Because the cost 
of diagnosis is proportional to the effort required, either in time or 
expertise, increased difficulty in diagnosing failures results in higher 
repair costs. As products become more complex, they become 
increasingly more difficult to diagnose, thus the time to diagnose the 
system and the possibility of an incorrect diagnosis both increase. A 
product that was designed with increased diagnosability would 
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benefit in two ways from being easier to diagnose. First, it would 
yield full functionality for a greater portion of its life. Second, it 
would possess a lower life cycle cost. The result would be a product 
with higher quality than one that was not designed for increased 
diagnosability. The interest in maintainability and diagnosability for 
mechanical systems is not new, "It was said that George Washington 
sent an inquiry to England for machines to remove tree stumps, and 
asked that it be borne in mind that what was needed was not the 
cheapest machine, but one that would work reliably and when it 
failed, be capable of being repaired with simple tools by simple 
people;" (Johnston, 1984) however, not much research into how 
mechanical products can be made more diagnosable has been 
performed. 

This paper presents a methodology for increasing the 
diagnosability of mechanical systems in the conceptual design stage. 
The relationship between design and diagnosis will be established in 
Chapter 2. A model of design that can be applied to any system is 
developed from literature. Next, the process of performing 
diagnosis is discussed. These processes have parallel activities, even 
though design occurs before an object becomes a product and 
diagnosis occurs during the service phase of the product life cycle. 
These parallelisms will be presented in the conclusion of Chapter 2. 
Current methods are explored and will be addressed in Chapter 3. 
These will be taken from both other fields of engineering and current 
practice in mechanical engineering. Form-function mapping is 
explored as it applies to design and diagnosis in Chapter 4. In 
addition, the role of concurrent engineering is investigated and 
applied to the concept. Techniques for evaluating and improving 
diagnosability are introduced. Finally, Chapter 5 concludes the 
paper and outlines the work to be done to enhance the concept of 
design for diagnosability. 



4 

2. Relationship of Design and Diagnosis

To understand the relationship between design and diagnosis, each 
must be understood. First a general model of design will be 
outlined. Following that, a discussion of diagnosis is presented. 
Finally, the relationships between design and diagnosis are explored. 

2.1 Model of Design 

A model for design will be outlined that lends itself well to 
establishing a correlation between design actions and diagnosis 
actions. The model is not original but developed from literature and 
seems to be widely accepted as a method for design. 

A well known problem solving method generally known as the 
"engineering method" has evolved in the last 100 years and is 
outlined below (Middendorf, 1986): 

1. Establish a set of specifications. 

2. Develop a design concept. 

3. Use physical and mathematical models to test the design 
concept. 

4. Draw conclusions as to whether or not the design satisfies 
the specifications. 

This method is modified slightly by different authors to fit 
each one's particular tastes or situation. Another example of this 
method, applied to everyday life, is given by Witt. (1983) These 
steps can be used to solve any problem including mechanical design. 
A form of this method according to Ullman (1992) is as follows: 
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1. Establish need or realize there is a problem to be solved. 

2. Understand the problem. 

3. Generate potential solutions for it. 

4. Evaluate the solutions by comparing the potential solutions 
and select the best one. 

Note that there is more emphasis given in the initial stages of 
this problem solving method. Some of the reasoning for this is that 
to solve a problem the "best" way, the problem should be fully 
understood. It is useless to solve the wrong problem because the 
actual need was misunderstood. As W. Edward Demming put it, 
"Working hard will not help you if you don't do the right thing." 
(Raheja, 1991) 

When a need is established in a design problem, that need is 
not for a particular device. The need is for "something" that 
performs a function (F). The object that is created that serves this 
function may be a system or product. Often in design, to satisfy the 
need, the four steps are proceeded through so fast that little is 
considered and the need is filled by some item or system the designer 
is already familiar with. For example, a plant engineer at a paper 
mill might immediately pick schedule 40 stainless steel pipe to 
transport water without considering other alternatives. He does this 
based on "engineering experience"; what has worked in the past. 
This "filling the need with a familiar object" is the type of design 
which "machine design" books such as Shigley (1989) are famous 
for. Much of what this type of machine design concentrates on is 
the engineering analysis that takes place when implementing the 
chosen solution to the problem. The above plant engineer would 
perform the necessary analysis on the pipe to insure it conformed to 
pressure vessel code after he had already chosen to use it. 
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Often however, the device that has satisfied the need or 
function in the past is no longer the best solution or a need for a 
function has arisen that there is no familiar solution to. This is now 
in the realm of "conceptual design." In companies that manufacture 
goods, the "need" often comes from the marketing department. This 
need could be the result of market surveys or other analysis that 
shows the need for a new product. In other situations the need may 
come from a variety of sources. Examples of this could be: 
production, where there is a need for a new process; maintenance, 
where there is a need for a better piece of equipment; and so on. 
Therefore it is often not the engineer who performs the "Establish 
need" step. Throughout the design process however, the engineer 
may establish new needs or problems to solve. If a new device is 
being designed to satisfy the function, the engineer should proceed 
through the above problem solving steps carefully. 

The second step above is to understand the problem. This is 
called the "Problem Appraisal" phase (Ullman, 1992). Referred to 
by Ullman as Phase 1 of the product life cycle. In this step, the 
following is to be accomplished: 

1. Understand design problem 

a. Develop customer's requirements 

b. Competition assessment 

c. Generate engineering requirements 

d. Establish engineering targets 

2. Plan for design 

In performing the steps in understanding the design problem, 
all of the functions or functional requirements (Suh, 1990) must be 
understood. Each of these functions will have a performance 
measure (PM); a measure of function. While the function of an 
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object is described only textually, the performance measures of the 
function will have both numerical quantities and units. The intended 
value of performance with which a product is to perform, would be 
the "design value." In some cases, the design value of performance 
measures will be established by someone other than the engineer as 
was mentioned in the "establish need" step. The separation between 
a textual function and numerical performance measures allows for 
the most general case in a solution neutral environment. For 
example, the function of an automobile is to carry passengers and 
their belongings. Design value of the performance measures related 
to an automobile may be a 130 mph top speed, four passenger 
capacity, and 16.5 cubic feet of luggage space. It should be obvious 
that many different cars can have the same function but their design 
value performance measures will be different. It can also be noted 
that any number of devices may satisfy the same function but have 
different design values for their performance measures. As 

introduced above, a company may have a device that performs the 
same function as the new "need" but its performance measures may 
be different. Often in literature, "Attributes" are used to describe a 
new product (Umeda, 1990). Attributes, however do not separate 
function and performance measures, the importance of which is 
described above. Because of this, "attributes" will not be used in 
this paper. 

It has been stated that this "transformation from a specification 
to a design description is a complicated process which is often made 
worse by the use of natural language specifications (eg. English) 
which bear no relation to the language which is used to describe the 
resulting design." (Elmore, 1985) What Elmore is saying is that the 
generation of performance measures which have numerical values 
from functions which are only abstract and then creating a final 
design based on this is not a simple task. 

Techniques have been developed to make the transformation 
from function to performance measure easier. One of these is 
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"Quality Function Deployment" (QFD); a technique that originated 
in Japan and is now gaining wide acceptance in the United States. 
QFD is a powerful tool that provides a means to thoroughly 
understand the design problem in an easy to use manner that 
incorporates the steps of the problem appraisal phase. Since it is a 
structured method, some designers may consider it a restriction on 
their creativity. If used properly however QFD can allow for more 
creativity. 

The first step in QFD is to determine who the customers are. 
Besides the end user, everyone who deals with the item as it becomes 
a physical entity is also a customer (Ullman, 1992; Hauser, 1988). 
After establishing who the customers are, the customer's 
requirements must be determined'. Customer requirements will 
usually be stated in unmeasurable qualitative statements such as: "the 
car must be fast." It is the engineer's job to turn these qualitative 
customer requirements into quantitative performance measures such 
as: "top speed of 130 mph." Another important aspect of QFD is to 
do competition benchmarking. This allows for a determination of 
the competition's performance measures. Naturally a new design 
should perform better than the competition, therefore this is an easy 
way to establish performance measures. Each function of an item 
will have one or more performance measures attached to it. To 
thoroughly understand the problem, all important performance 
measures must be identified and quantified. 

Steps 3 and 4 in the problem solving process are Phase 2, the 
"Conceptual Design Phase," of the product life cycle. The steps for 
this as outlined by Ullman are: 

'Ullman refers to "customer requirements" while Hauser calls them customer 

"attributes." It is felt that requirements better descibes something the customer 

wants. "Attributes" also incorporates function and performance measure as previously 

discussed, which may cause a poorly defined system. 
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1. Concept Generation 

a. Functional modelling and decomposition 

b. Generating concepts from function 

2. Concept Evaluation 

a. Technology readiness assessment 

b. Go/no-go screening 

c. Decision Matrix 

The first step in concept generation is "functional modeling 
and decomposition". This is the process of taking the function that 
has been described by the need and decomposing it into its individual 
elements. These functional elements or "blocks" will help to more 
fully understand the design problem and allow for the greatest 
number of solutions. All of these functions have performance 
measures related to them. Many of these performance measures 
should have been established in the problem understanding phase. 
Those functions that are new need to have performance measures 
attached to them and values assigned. The result of this step in 
performing design is a functional block diagram (FBD). It will be 
useful later when performing failure mode effects analysis (FMEA). 
Each block in the FBD represents a change or transformation in the 
flow of material, energy, or information. (Ullman, 1992) Since 
there is a flow of something it is obvious that it can be measured, 
hence the performance measure. 

This process of decomposing the functions into sub-functions 
is often repeated a number of times until the task is at a manageable 
level for a design team or individual designer (Dixon, 1988). The 
more complex the system, the more times the functional 
decomposition must be performed. For example the function of an 
automobile, "to carry passengers and their belongings", must be 
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decomposed many many times in the process of designing an 
automobile. The result could be shown in a diagram such as Suh's 
(1990) "functional hierarchy." 

When designing an automobile the functions can be broken 
down into the major functions that it performs. These could be 
broken down first level as: 

1. Going 

2. Stopping 

3. Cornering 

4. Carrying passengers, etc.

The function "going" could be broken down as:

1.1. Supply stored energy 

1.2. Convert stored energy to kinetic energy 

1.3. Transmission of kinetic energy, etc. 

At this point, physical embodiments are being suggested by the 
functions. This makes generating concepts from functions the next 
logical step. 

"Generating concepts from function" is the step of creating 
forms or "design objects" to accomplish the functions. This is to say 
"form follows function". This is the creative step in design. Here, 
as many ways as possible to accomplish a function must be 
considered. A literature search and patent search are ways to 
discover how this function has been accomplished in the past. For 
example when designing a fuel injector, engineers at GM determined 
one of its functions was to atomize a liquid. They investigated 
several devices that performed this function, including ink jet 
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printers, airless paint sprayers, aerosol cans, and windshield washer 
distributors. (Costello, 1991) 

After generating ideas for design objects to accomplish the 
required functions, they must be evaluated; the "evaluate" step of 
problem solving. If a design object is not well known, the 
functional decomposition of it should be completed prior to its being 
considered as a possible solution. This will familiarize the designer 
with the possible solution and also point out any drawbacks. An 
example of functionally decomposing a concept could be used if 
considering a nuclear propulsion system to accomplish the function 
"convert stored energy to kinetic energy" for an automobile. A 

functional decomposition would show this to be infeasible at this 
time. In other words the technology is not ready yet. A technology 
readiness assessment should be performed for any "new ideas" to 
insure that the concept could be designed and produced with current 
technology. Often times it is unclear if a conceptual device will 
perform the required function successfully. To determine the 
validity of a device, a "functional mock-up" can be built "to prove 
concept." The mock-up does not have to be made of the same 
materials that the finished product will be made of but it does have 
to operate the same. Much can be learned at the functional mock-up 
level of prototyping that can be used later if that idea is chosen. 
Go/no-go screening is used as a yes or no measure of whether the 
idea will work or not. Often it would be used before a functional 
mock-up, but not necessarily. A "decision matrix" is one of the 
methods that can be used to evaluate the conceptual designs and 
determine the best solution. Any of the methods of multi-attribute 
decision theory could be used to do this however. From the 
evaluation step, the best of the potential solutions are selected and 
combined to create an item or system to perform the required 
function. It would be during this evaluation step that competing 
systems would be evaluated against each other for diagnosability. 
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At this point the design has completed some of the mapping 
process from the "functional state" to the "physical state." (Suh, 
1990) After determining the design object to perform a function on 
one functional level, the design object should be further broken 
down into sub-functions if has not been already. This is a reversal 
of the "form follows function" to "function follows form." This is 
the overlapping of the form-function relation that Ullman (1992) 
mentions. This parent-child function relation continues until 
functional decomposition can no longer be accomplished. This could 
become a process of mapping back and forth between the functional 
and physical spaces (Suh, 1990) until the design is complete. Some 

researchers however feel it is best to remain as abstract as possible 
when performing a functional decomposition. (Clark, Woods) The 
main advantage is that it provides for as general a solution as 
possible and gives the designer more freedom. The disadvantage is 
that the decomposition grows rapidly in a tree-like structure in which 
one of several paths could be taken at each level but not all will be 
needed when the item becomes a physical entity. Another important 
aspect pointed out by Suh (1990) is that all the functions should not 
be considered simultaneously but rather as a hierarchy to keep the 
design process manageable. Both of these arguments would agree 
with Dixon (1988) in that the functions should be broken down into 
sub-functions to make the design task more manageable. 

To continue the automobile example, an internal combustion 
engine could be chosen as the item to convert stored energy 
(gasoline) to kinetic energy for an automobile. The functions of the 
internal combustion engine can then be decomposed as follows: 
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1.2.1. Mix fuel with air. 

1.2.2. Deliver fuel to combustion chamber. 

1.2.3. Combust fuel. 

1.2.4. Convert combustion gases to rotational kinetic 
energy. 

Again these functions can suggest design objects that 
accomplish the function. For example, to "mix fuel with air" can be 
accomplished with a fuel injector or a carburetor. Either of these 
design objects function's can be further broken down into the 
following: 

1.2.1.1. Allow engine to idle. 

1.2.1.2. Provide optimum mixture at low RPM. 

1.2.1.3. Provide optimum mixture at high RPM. 

1.2.1.4. Provide extra fuel for acceleration... etc. 

At this point it should be reiterated that each of these 
functions have performance measures. For example the air/fuel 
mixture design value performance measure could be a mass ratio of 
15:1. To accomplish functions 2 and 3 a two barrel carburetor 
design could be chosen so that the function of providing optimal 
mixture at high RPM is satisfied by the "secondary" barrel of the 
carburetor. The function of the secondary barrel of the carburetor is 
to meter fuel in relation to the amount of air entering the barrel. Its 
design value performance measure is a 15:1 mass ratio. Conceptual 
ideas to accomplish this function could be generated and evaluated 
until a concept is finalized. The final concept could be metering the 
fuel using a jet with a venturi creating a differential pressure. The 
jet and the venturi would be the primary design objects to be 
determined in this chain. 



14 

The primary design objects chosen to satisfy the function are 
determined by a number of parameters2 (P). Each of which will 
have some physical measure, ie. length, thickness, diameter; a 

parameter measure3 (PaM). The parameters of the primary design 
objects of any system determine the performance measures of the 
various items that make up the system. 

To continue with the above example, two of the parameters for 
the jet could be diameter and length. The parameter measure of 
"diameter" could be 0.060 inches. This parameter measure has a 
direct bearing on the performance measure of maintaining the 

air/fuel ratio. If the jet is not of the correct diameter or it is 

partially blocked, essentially reducing its diameter, the air/fuel 
mixture is not correct and the automobile is not capable of attaining 
its top speed: a performance measure of the highest level. 

2In literature, some authors (Takeda, 1990; Umeda, 1990) make no distinction 

between parameters and performance measures but collect them into one category 

called "attributes." It is felt the two are very different as discussed. 

3In this paper, parameters are single entities that have a physical measure. Suh 

(1990) uses a heirarchy of functional requirements (FR) and design parameters (DP) in 

a parent-child relationship such that the lowest DP could have several physical 

parameters while higher levels can have DPs themselves. 
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In summary, the steps in the design process are as follows: 

1. Desired functions of the overall design are stated. 

2. These must be transformed into performance measures 
and design values determined. 

3. Functional decomposition is performed to isolate the 
functions. 

4. Concepts are generated from function. 

5. Concepts are evaluated against each other. 

6. Concepts are functionally decomposed. 

7. Performance measures and design values are established 
for the concept functions. 

8. Decomposition and concept generation are continued 
down the hierarchy until functional decomposition is no 
longer possible. (The bottom-level function is reached.) 

9. The bottom-level function is performed by a design 
object that has physical parameters that are measurable. 

10. "Conceptual" design is now complete with a hierarchy of 
functions and performance measures mapped into 
physical objects that satisfy the design requirements 
having given parameters and parameter measures. 

The determination of design values for the parameter measures 
then occurs in the product design or embodiment (Pahl, 1984) phase 
of the design process. After the design of the system is completed, 
the functions, design value performance measures, parameters, and 
parameter measures will form the "design state" of the system. 
Hence, the parameter measures specified by the designer must be at 



16 

the design state for the design value of the performance measures to 
be achieved and the system to function as it should. 

The above example of performance measure hierarchy with the 
fuel/air mixture not being correct and the automobile therefore not 
able to attain its top speed shows the bottom-up relation between 
performance measures. However, if the automobile were already 
designed and in service for awhile and was found incapable of 
reaching its top speed, what then? The top-level performance 
measure design value is not being met. Tests must be performed to 
determine what lower-level performance measures are contributing to 
this. In some instances measurements may be more easily taken on 
the parameters that make up this top-level performance measure. In 
any case the diagnosis process is a top-down procedure that traces 
the same path that was followed to arrive at the design. It is this 
relationship that will be developed further in section 2.3. 

2.2 Discussion of Diagnosis 

In the first part of this section, diagnosis is related to repair. 
Repair is the process of returning the system to its design state, 
satisfying a function, from one where the function is not satisfied. 
Second, methods of performing diagnosis are discussed. These are 
drawn both from literature and personal experience. 
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2.2.1 How Diagnosis is Related to Repair 

Repair is the process of returning an item or system from a 
failed state back to the design state. Normally both the task of 
diagnosing the system faults and correcting them are included in 
"repair." Before an item can be repaired the cause of the problem 
must be isolated. Often times this is the largest part of the repair 
task. "The preponderance of repair time required for any item, 
subsystem, or system normally is a direct function of fault 
isolation." (DoD, 1988) For electronic systems, this has gotten 
even more difficult. "Rapid advances in system complexity have 
aggravated the problem by reducing the effectiveness of conventional 
testing and diagnostic techniques." (DoD, 1988) Since repair costs 
often are based on the total repair time and not just the actual time 
making corrections to faulty equipment, diagnostic time is very 
important. "It may take 20 minutes to change a component, but 
several hours to find out which one has failed." (Heap, 1984) One 

of the goals of design is to create more reliable systems. However 
this is said to hinder system diagnosability when it is performed by 
humans using knowledge based on experience. According to Johnson 
and Malek (1988), "The more reliable the system, the slower the 
service personnel gain experience, and in many cases skill 
deteriorates due to service personnel forgetting their training from 
lack of use." Will (1991) states that error frequency is becoming so 
low that the same failure is not seen twice and therefor technicians 
are unable to become skilled on a system. 
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2.2.2 How Diagnosis is Performed 

Diagnosis is the process of locating the parameter(s) whose 
respective parameter measure(s) is (are) not at the intended design 
state but at some state which causes a failure in the system (loss of 
functionality and performance measures not meeting requirements). 
This is performed mainly as a pattern recognition action (Pau, 
1981). The diagnostician, or automated diagnostics, checks the 
system or component performance and parameter measures against 
expected ones to locate the parameter measure(s) outside the design 
state. Usually this means the diagnostician must have some a priori 
knowledge about the measure. There are two different strategies of 
failure diagnosis, symptomatic and topographic (Toms, 1989). To 
diagnose a system using a symptomatic strategy, system parameters 
are examined based soley on the "symptoms" or lack of functionality 
in the system. In other words, certain parameters only are 
considered suspect based on the symptoms. To use this strategy, 
"possible failures corresponding to the symptoms are accessed via a 
search through a library of abnormal system state parameters." 
(Toms, 1989) "A symptomatic strategy can be demanding on 
memory, inflexible and inadequate in situations in which individuals 
are required to deal with previously unencountered fault-symptom 
combinations." (Toms, 1989) It can also lead to changing one 
parameter that is marginal and have the problem reoccur; the real 
problem was never diagnosed and corrected. If the diagnostician has 
a priori knowledge about the symptoms however, this type of 
diagnosis can be performed more rapidly than the topographic 
strategy. Certain systems have inherent indicators that allow the 
diagnostician to immediately know where the problem is. For 
example, the sound of worn bearings in an automobile water pump 
will alert an experienced mechanic to an impending failure. The 
topographic strategy, on the other hand, uses system structure to 
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infer possible failures. (Toms, 1989). To perform diagnosis using 
this strategy, the system hierarchy is mapped through to locate the 
failure as outlined below: 

1. Some function is not being supplied. In other words a 
failure. 

2. Performance measures are observed to determine which 
performance measures are not at the design state. 

3. A functional decomposition is used to isolate the sub
system that provides the particular performance measure not 
at the design state. 

4. Parameter measures for that sub-system are observed. 

5. Items containing the parameters are replaced or parameters 
are adjusted to return the parameter measures to their 
design state. 

Because this strategy is based on function, only a sub-set of the 
entire system must be diagnosed. This makes the topographic 
strategy more usable for larger systems. 

Whether a symptomatic or topographic strategy is being 

employed, there are a number of methods that have been used in the 
past for fault isolation. According to Smith (1973) there are four 
different methods that can be employed. They are (in Smith's 
terminology): 

1. Stimulus-response. The response to changes of one or 
more parameters is observed and compared to the 

expected response. 

2. Parameter checks. Parameters are observed at displays 
and check points and compared to expected values. 
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3. Signal injection. A given pulse of frequency is applied 
to a particular point in the system and the signal 
observed at various points in order to detect where it 
incorrectly processed or where it is lost. 

4. Functional isolation. Signals or parameters are checked 
at various points in a sequence designed to eliminate the 
existence of the fault before or after each point. In this 
manner the location of the fault may be narrowed down 
by a process of systematic elimination. 

An example of the stimulus-response method of failure 
diagnosis would be the correction of an idle mixture fault of a 
carburetor. The idle mixture screw would be adjusted and the idle 
condition observed. If the idle condition did not change with this 
adjustment, it could be assumed that the idle mixture screw was not 
the cause of the idle mixture fault. If the idle was corrected, this 
method suggests that the idle mixture was set incorrectly. This 

method has some serious drawbacks. First, if the parameter being 
changed was not at fault but could be used to correct another 
parameter that was at fault, the true fault would not be isolated and 
subsequently corrected. Second, if the parameter being changed was 
not at fault and it did not correct the situation, the adjustment of it 
could put another fault into the system. This would only lead to the 
complication of the failure diagnosis process and therefore increase 
the candidate space of faults. The best use of this method is to 
perform other types of diagnosis first to determine which parameter 
is causing the failure and then perform any adjustments. It is the 
author's experience that diagnosticians who perform this type of 
diagnosis are poorly trained and often are noted for poor quality 
work. Usually the result of use of this method is cause grief for the 
next technician who has to diagnose faults or make repairs because 
none of the adjustments are at their design value. 
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The method which Smith calls "parameter checks" would be 
called both performance measure tests and parameter measure tests in 
the vocabulary used in this paper. Basically performance measures 
would be observed at outputs provided by the designer. An example 
of this are the many rows of indicators in a power plant, whether it 
be a nuclear plant, or one that is fueled by metropolitan solid waste. 
Other examples could be as simple as the oil pressure or fuel level 
gauges in an automobile or the "power on" light of a coffee maker. 
Parameter measure tests on the other hand would be a process of 
taking physical measurements to determine if the parameter measures 
were at their design state. Examples of this are: the length of a 
turbine blade in the above mentioned power plants, the diameter of a 
fuel jet in a carburetor, or the diameter or continuity of the wire in 
the heating element of the above mentioned coffee maker. To use 
performance measures to determine which parameters to test was 
suggested in the above discussion on the topographic strategy. 

The method of signal injection can be used to isolate faults in 
many varied applications. A common use of this technique is in the 
field of digital electronics. A signal or set of signals is put into the 
system, digital highs and lows for example, and the signal observed 
at various points with a logic probe to determine where it is 

incorrectly processed or lost (as above). Another, very different use 
of this type of diagnosis is the determination if a piece of equipment 
has a crack in it. A common example of this is rapping a baseball 
bat to determine if it is cracked. If it is not cracked it will "ring" 
true. If it produces some kind of other sound, such as a "vzzzz" or 
dull thud, it is suspected to have a crack in it and should not be 
used. If it were used, it may fail catastrophically when hitting a 
baseball. An industrial use of this same technique is to determine if 
the base of a piece of machinery is cracked. The base could be hit 
with a hammer and the output sound listened for. A sophisticated 
use of this particular method is employed by General Motors' 
"Project Charley" (Williams, 1988); an "artificial intelligence" 
program, which combines experiential knowledge with vibrational 
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analysis to troubleshoot problems with machine tools. During a 
diagnostic session, the program may ask the diagnostician to hit the 
machine base with a hammer so that the vibrations generated can be 
analyzed for possible faults. The method of signal injection is 
testing certain parameter measures in the system. Some knowledge 
that these parameters could be causing the failure in the system must 
be known a priori. 

The method of functional isolation is probably the method of 
diagnosis most widely in use and is suggested by the topographic 
strategy above. This method also has much in common with the 
model of design discussed earlier in this paper. One form of using 
this method is for the diagnostician to determine what sub-functions 
must be performed at their design value performance measures so 
that the intended function of the system is performed at its design 
value performance measure. In other words the diagnostician 
performs a functional decomposition just like the designer did when 
designing the system. In performing this functional decomposition, 
specific components or major assemblies can be identified as the 
source of the trouble. In some instances it is possible to remove 
these assemblies from the system and test them separately. In other 
cases it is possible to by-pass a component and maintain the desired 
overall function. If the system with the sub assembly by-passed 
operates correctly, the fault is suspected in the sub assembly which 
was by-passed. This is often a useful technique when diagnosing 
faults in safety components or interlocks. In other circumstances it 
is possible to test certain components in a system while still 
connected but because of their connectivity hierarchy the functions 
have been isolated. In this case, a stimulus, as mentioned above, 
can be put into the system above a certain point. This stimulus may 
simulate the input of all the components below the point of the 
inserted stimulus. The performance measure output or "response" of 
the system above the stimulus can then be compared to the design 
performance measure. An example of this is the calibration of a 
motor truck scale with a mechanical dial type indicator. Weights can 
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be placed on the rod below the dial to simulate the weight pull as if 
a truck were on the scale. By using the known ratio of the dial, the 
diagnostician can compare the reading (a performance measure) to 
what it is supposed to be (the design state performance measure). 

An example of the functional isolation method of diagnosis 
using a topographic strategy is the troubleshooting of why an 
internal combustion engine will not run. Even the must uneducated 
auto mechanic knows that for a gasoline fueled engine to run it must 
have fuel, air, and "spark" (ignition). In other words he has 
performed functional decomposition and isolated three separate 
functions (provide air, provide fuel, provide ignition source). The 
next step for the mechanic would be to test these functions to see if 
they are at the design performance measure or possibly if they even 
function at all. The function "provide air" is the easiest to check. 
Removing the air cleaner immediately isolates any obstructions above 
the carburetor. Next, he may remove a spark-plug (the physical 
entity that performs the "provide spark" to the combustion chamber 
function) from the engine and tape it, with adhesive tape, to a 
"grounded" piece of the engine and attempt to start the engine. If a 
spark is observed jumping the electrode gap of the spark-plug he has 
verified that the ignition system is working. This go/no-go test has 
not however checked all the performance measures of the ignition 
system; more sophisticated tests would be required to do this but 
they may not be necessary. In many instances however this simple a 
test may be enough to rule out what is not causing a failure. In 
other words the existence of a fault at this point has been eliminated. 
From this the other sub-functions that make-up the overall function 
must be tested in a similar manner. For instance, to test the 
"provide fuel" function, the mechanic may disconnect the fuel line at 
the carburetor. Again he will attempt to start the engine. If no fuel 
comes out of the fuel line then he can determine that fuel is not 
being supplied to the carburetor. This lack of function (failure) 
must then be traced further by continued systematic elimination until 
the fault is isolated. 
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In actual practice a combination of the above methods would 
be used. Often to perform a set of tests the methods are used 
simultaneously. The use of each method would be determined by the 
following: 

1. The amount of information the system outputs at 
performance measure test points. 

2. The ease at which functions may be decomposed, 
isolated, and tested. 

3. The interaction of parameters, and the logical order 
which parameter measures and adjustments of parameters 
can be made. 

4. The ease of signal injection and information gained from 
it and the usefulness of the subsequent information. 

All of these factors are determined by the designer of the 
system. Therefore the system designer has initial control of the 
diagnosability of the system. 

An example of the use of the combination of methods could be 
the automobile mechanic performing diagnosis on why an engine will 
not start. (Assume the starter functions correctly and the engine 
"turns over.") The functional decomposition of provide fuel and 
provide spark was quite easy. The first thing he might check though 
is a performance measure provided by the designer; the fuel gauge. 
This will tell him if there is fuel in the tank to provide. If there is 
no fuel, failure diagnosis is suspended until this failure, lack of fuel, 
is corrected. If the performance measure test provided by the fuel 
gauge is OK, then failure diagnosis may proceed with the functional 
isolation technique as described above. If he finds that the spark is 
OK and the carburetor is getting fuel, then the fault may lie in the 
function of "mix fuel with air." This leads to a number of 
performance measure tests. In doing this testing, it must be 
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determined that something is not providing a function it should not. 
For example a vacuum line providing air to the base of the 
carburetor instead of vacuum to some other system. If after this 
testing the fault is isolated to the carburetor, performance measure 
tests may be made on it. One of these may be a test of the amount 
of air provided by the idle mixture screw. Unfortunately the 
carburetor designer did not provide a specific test of this for the 
mechanic. This leads to a need to perform a parameter measure test 
or possibly a stimulus-response test. For example the mechanic 
checks the idle mixture screw on the carburetor and he finds it to be 
adjusted all the way in. From experience or a service manual the 
mechanic knows that a certain number of turns out (a parameter 
measure) will provide the necessary amount of air for approximate 
correct idle mixture (a performance measure). If after this 
adjustment the engine starts and runs, the idle mixture screw can be 
adjusted further (stimulus) to obtain the correct idle mixture and 
hence idle performance (response). 

A very important part of failure diagnosis of mechanical 
systems is sensory inspection or observation. This method relies on 
the diagnostician's senses to perform diagnosis. Though DoD (1988) 
states that inspection is performed primarily by sight or touch, all 
senses can be used for fault isolation. In the above example, the 
adjusting screw was found to be incorrectly adjusted based on touch, 
while the final idle mixture would have been set based on the sound 
of the engine as heard by the mechanic. In mechanical systems 
usually the first test of individual components is a visual inspection. 
Often the problem is so obvious, broken teeth on a gear for example, 
that no actual measurements must be made. For dynamic machinery 
often the visual inspection is best made while the machinery is 
operating. An auditory or cutaneous inspection of dynamic 
machinery is often very helpful too. An imbalance in rotating 
machinery can be felt very easily by touching the housing of such 
equipment. A bearing that is about to fail or has failed can be heard 
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and diagnosed by many a mechanic. An automobile water pump 
immediately comes to mind. 

Sensory inspection also has limited use in electronic fault 
diagnosis. For example a technician might make a visual inspection 
of a printed circuit board prior to testing it. If he sees a burned 
component then his job is so much the easier. If he were replacing 
to the circuit board (card) level he knows the board with the burned 
component is bad. However, he must determine if what caused the 
component on the board to burn because just replacing the board may 
cause the next one to fail also. It is also possible the burned 
component produced a smell that led him to that particular circuit 
board in the first place. 

Though there may exist other methods of diagnosing faults in 
mechanical equipment most of them are discussed here. As stated 
above, usually a combination of methods is used to determine the 
fault of a mechanical system. 

2.3 How Diagnosis is Related to Design 

From the outline of the diagnostic steps above and the model 
of design developed in section 2.1, the actions of designing a 
product and diagnosing it for failures after it is in service have 
parallel actions. For example, step 3 of diagnosis as outlined in 
section 2.2.2 is to perform a functional decomposition. This is the 
same functional decomposition the designer performed when 

designing the system. A good service manual that comes with a 
system will contain a functional block diagram that will provide a 
logical illustration of the checking sequence (Smith, 1973) to assist 
the repair person with the diagnosis. The functional block diagram 
was something the system designer created during the conceptual 
stages of design. The process of observing the performance 
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measures the designer provided with the system is another example 
of this relationship. The diagnostician relies on the designer to 
incorporate performance measure outputs into the design to aid 

diagnosis. Further isolation of failures is again a functional 
mapping from overall function to sub-function just as the designer 
did during creation of the physical entity. Finally, performance 
measures and parameter measure tests are performed to verify the 
system is at the design state. 

2.4 Summary 

The actions of designing a product and later diagnosing it for 
failures as outlined in this chapter are nearly parallel actions. In 

both cases, some function must be supplied. The designer must 
create parameters that supply that function and establish values for 
those parameters. The diagnostician must determine which of the 
parameters are not at the design state specified by the designer but at 
some other state which causes the system to fail to perform its 
intended function. Once this has been determined by the 
diagnostician, a repair must be made to return the parameters to 
their design state to get the system to function as it was intended. In 

both cases, the diagnostician and the designer map through the same 
hierarchy of functions, performance measures, and parameters. This 
relationship is the basis for the consideration of diagnosis during the 
conceptual phase of design. 
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3. Current Methods

The idea of creating a system that is more diagnosable is not 
new. Other fields of engineering have already done so. For 
mechanical systems the approach has been to add diagnosis to the 
system or borrow concepts from other areas of engineering. 
Incorporating diagnosis into the conceptual design of mechanical 
systems has received little attention. 

At present it is very rare for the diagnosability of a product to 
be considered in the early stages of conceptual design. Present 
methodologies focus on the reliability of a design through the 
identification of failure modes and critical parameters, and 
determination of system failure sensitivities. This information also 
provides a foundation for analyzing the diagnosability of a product. 
There have been some cases, however where maintainability of a 
product was considered early in the design phase. M.F. Reid (1984) 
of Ford Europe, Inc. states "It was recognized also that simply to 
add 'must be easy to maintain' at the end of the product specification 
would not achieve the required results: it would be necessary to 
analyze every aspect of the design, set objectives, and monitor them 
through the programme development period up to production 
launch." British Aerospace, as another example had to demonstrate 
a number of maintenance features against time on the Harrier jet for 
contractual purposes. The total maintenance man-hours are of the 
same order as that of an older aircraft, the Hunter, but the Harrier is 
far more complex. A newer aircraft, the Hawk, is under even more 
detailed specifications as to maintenance (Waugh, 1984). 
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3.1 Literature Aided Diagnostics 

As an aid to human performed diagnostics, service manuals are 
provided with most systems. Often these are outlined in symptom
cause-remedy format; a symptomatic strategy approach. The manual 
will list the possible failure mode; observed effect of the fault; 
suggest possible failures and recommend corrections. Newer service 
manuals may have diagnostic methods arraigned in a flow chart. 
These often also start with symptoms, progress to which performance 
measures to test and end by suggesting which parameter measures to 
perform based on the state of the performance measures. Many 
service manuals also contain a functional block diagram (FBD), as 
recommended by Smith (1973). The FBD would have been created 
in the conceptual design stage and refined as the design matured if 
the previous model of design were followed. One drawback in 
complex systems is the interrelation between all of the functions of 
the system and their affects on one another. This leads to volumes 
of material to fully cover the subject or manuals that are too brief. 
In one study (Cook, 1980) approximately two-thirds of the symptoms 
found were not covered in the troubleshooting tables. In addition, 
only two-thirds of the symptoms covered by the troubleshooting 
tables were actually experienced. This shows that some faults while 
anticipated actually do not occur, or the resultant failure mode is 
different than that which the engineer anticipated. 

From the above discussion, providing technical manuals alone 
does not solve the problem. One proposed improvement to service 
manuals is Fault Isolation Analysis Technique (FIAT) (Cook, 1980). 
The procedure for this involves the following: 

1. A system functional analysis 

2. A system failure modes analysis 
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3. Description of fault isolation tasks candidates 

4. Review, consolidation, and editing 

Step 1 above should have been performed by the engineers 
when designing the system. Step 2 would be an application of 
failure mode and effects analysis (FMEA), which will be discussed 
in section 3.4. Step 3 would be the creation of a database for the 
observed failure mode while Step 4 would be the culmination step. 

The application of this technique creates a system that would 
help diagnosticians but does not influence designers to improve 
diagnostics. 

3.2 Work in Other Engineering Fields 

The disciplines of electrical engineering and software engineering 
have both incorporated diagnosis into systems. Very large scale 
integrated (VLSI) circuits are designed to be both "fault tolerant" 
and "self-diagnostic" (Avizienis, 1986; Chen, 1988; Jou, 1986; Liu, 
1989). Current software design also has these capabilities. 
Considerable research effort has been expended toward "design for 
testability" in electronic systems. A number of design guidelines 
and "checklists" are available for electronic systems. (Jones, 1988; 
DoD, 1988) Additionally, research in design for testability has been 
applied to VLSI design (Wu, 1988). Testability is a super-set of 
diagnosability, as described in this paper, since it includes not only 
diagnosis (operational testing) but also production testing (ensuring 
the system meets functional performance criteria, therefore ensuring 
production quality). 

In the field of chemical engineering, models have been 
developed to provide failure diagnosis based on generalized balance 



31 

equations. (Gertler, 1989) For these models to be implemented in 
actual plants, multiple sensors, limit sensors, noise and vibration 
sensors, and vibrational analysis must be incorporated. Research in 
the field of manufacturing engineering has led to fault-tolerant 
heterarchically controlled manufacturing systems (Duffie, 1988). 
Again, this type of system is very reliant upon sensors and computer 
interfacing to achieve this. 

3.3 Sensor Based Diagnosis for Mechanical Systems 

Examples of the development of mechanical systems that 
perform self-diagnosis in the same way as electronic systems are 
rare. Most of the work in diagnosis of mechanical systems has been 
in the area of automated sensor based systems. This is often 
referred to as built in test (BIT), and is performed by built in test 
equipment (BITE) or automatic test equipment (ATE). The 
diagnosability of a system is increased by adding sensors to the 
system, or extracting more information out of the existing sensors. 
Examples of this can be found in DoD (1988) and Ribbens (1990). 
Other examples of sensor based diagnosis can be seen in use in 
photocopying machines and in automobiles. The sensors in copy 
machines tell the operator what its internal fault is. Usually to 
correct the fault, the front panel must be opened. Inside, one finds 
a number of handles and levers that are brightly colored plastic and 
often a fault indicator light next to them. These levers and handles 
have arrows and numbers either nearby or on them. Even if one has 
not read any service manual about the copier, this combination of 
bright colors, arrows, and numbers and the fault or error message 
leads one to be able to diagnose and remedy the trouble. In this 
case, the diagnosis has been made without the diagnostician needing 
to make any performance or parameter measures. Through its system 
of sensors, the copy machine was able to query its performance 
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measures and lead the operator to the trouble. For a number of 
years, automobiles have had a connector plug to allow the mechanic 
to connect a computer to the vehicle that will run quite a number of 
diagnostic checks. Again, the performance measures are checked by 
machine and the actual repair is done by the human. 

Another area that uses sensors but in a slightly different 
manner is the engine condition monitoring (ECM) system on jet 
aircraft. This type of system not only allows for easier diagnosis 
after failure, but can be used to predict failure and allow 
preventative maintenance to keep it from occurring. This same 
sensor based strategy has also been applied to diesel engines 
(O'Conner, 1992). 

Often times BIT will be applied to the control circuits of 
mechanical systems. In this manner, mechatronic systems can also 
incorporate fault tolerance (Lockner, 1990; deBenito, 1990; Umeda, 
1991). BITE or ATE are added onto the system however rather than 
being "designed in" as in electronic systems. 

As the systems to be diagnosed become larger and more 
complex, the trend has been toward automated diagnosis through 
knowledge based (or expert) techniques in general (Harmon, 1985), 
and model-based techniques in particular (deKleer, 1987; Fink, 
1987, Genesereth, 1982, Paasch, 1991; Scarl, 1987; Wing, 1990). 
A classic model-based diagnosis system utilizes a compiled pattern 
matching system through some amount of functional reasoning or 
functional knowledge (Milne, 1987). A current research area is the 
development of automated sensor based diagnostic systems. Previous 
research has treated diagnosis as an inversion of causal mapping, and 
categorized three levels of diagnostic reasoning (Milne, 1987): 

Compiled Based on experiential knowledge. These are rule 
based diagnostic systems such as those being 
developed for medical use. 
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Behavioral -Based on system behavior and function, can utilize 
evidential reasoning. 

Structural Based on system structure and failure propagation, 
a failure sensitivity analysis is an indirect result 
of determining structural dependencies. 

Fink (1987) and Scarl (1987) discuss diagnostic systems based upon 
structure and function. Fink (1987) refers to knowledge about 
structure and function as "fundamental" knowledge, a deeper model-
oriented knowledge a diagnostician would learn early in training. In 
both cases because the diagnostic expert system is based on 
fundamental knowledge, the system is more efficient. The system 
developed by Fink (1987) however, utilizes compiled reasoning first 
in an attempt to quickly locate the problem and allows the 
"fundamental expert" to "watch" and take over if the fault is not 
found. The diagnostic system developed by Scarl (1987) diagnoses 
system faults from sensor data using model-based knowledge of 
structure and function to find the expected states of all system 
objects, including sensors. Scarl considers sensors as system 
components, so that sensor validation becomes a subset of the 
general diagnostic process. Another example of using multiple 
schemes is a diagnostic system utilizing both structural and 
behavioral reasoning in a two step process developed for a large 
scale nuclear physics detector (Paasch, 1991). An expert system that 
combines compiled knowledge with behavioral reasoning is General 
Motor's "Project Charley" (Williams, 1988) which was mentioned in 
section 2.2.2. The expert knowledge is that of Charley Amble, a 
maintenance engineer with 20 years of experience while the 
behavioral reasoning is facilitated by vibrational analysis. Much 
work remains in developing a general framework integrating 
compiled and additional structural and behavioral knowledge in an 
automated sensor based diagnostic system utilizing evidential 
reasoning methodologies. Although research in this area has shown 
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substantial progress in understanding the diagnostic process, it 
generally deals with adding automated diagnosis to existing systems. 

Since automated diagnostics or built in test equipment (BITE) 
are equipment that is added onto the system, total system costs are 
increased. Naturally these costs would be related to the complexity 
of the BITE. The other major drawback of adding equipment to a 
system is its reduction in reliability. The reliability of the added 
BITE must also be now included in the reliability of the system. The 
result could be reduced reliability of the entire system. In one study 
of a system incorporating BITE, fifty percent of the failures were 
caused by the BITE itself. (Cook, 1980) Adding BITE can therefore 
reduce the reliability of some systems and increase its diagnostic 
complexity (Bozic, 1985). 

3.4 Application of Reliability and Maintainability Engineering 

There exists a considerable body of research work in the area 
of reliability and maintainability (RAM), particularly as applied to 
military systems (Bordelon, 1991). The reason for this is that the 
U.S. government contracts these efforts as a part of a development 
program and pays up front for the desired results (Jones, 1988). 
This includes the above mentioned work in fault tolerant design, 
BITE, and testability, as well as the related areas of knowledge 
based systems for reliability assessment (Harbater, 1988) and others. 

The broad definition of maintainability would include 
diagnosability, but the majority of RAM work deals with reliability, 
readiness assessment, and other forms of analysis of existing systems 
rather than evaluation for the purposes of design improvement, 
particularly at the conceptual design phase. Present methodologies 
for maintainability analysis are usually applied "after the fact." 
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Examples of this are fault tree analysis (FTA), and failure modes 
effects analysis (FMEA) or failure modes effects and criticality 
analysis (FMECA). (Bellinger, 1988; Kapur, 1988; Middendorf, 
1986; Raheja, 1991; Smith, 1973) FTA is a top-down method using 
a graphical representation of the system and Boolean logic. A 

system failure is represented as the top event, and the cause is 
traced down through the system of basic failures, called primary 
events, using Boolean operators. Its use is restricted because each 
fault tree is specific only to the identification of system elements and 
events that lead to one desired event (Kapur, 1988). It can be used 
however when evaluating systems for diagnosability as applied in 
section 4.4. FMEA/FMECA on the other hand is a bottom-up 
method that starts at each individual system component. The steps 
for FMECA include: 

1. Analysis of potential failure modes (a system state that 
will cause failure) for each component. 

2. Identification of the cause or "failure mechanism" for 
each failure mode. 

3. Analysis of the effects of each failure. (At this point 
traditional FMEA is complete.) 

4. If FMECA is being performed, assessment of the 
criticality of each failure is listed. 

After these steps have been completed, a recommendation for 
system improvement can also be incorporated (Raheja, 1991). This 
is a rather recent attempt at incorporating FMECA into design. 
Though currently only applied to systems in the embodiment phase of 
design, FMECA has potential for application in the conceptual 
design phase as well; especially when performed for individual 
parameters. FMEA has also recently been getting attention in 
industry. It is part of the "new 'culture' that arrived when Chrysler 
and GM created New Venture Gear in February of 1990." (Lynch, 
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1991) New Venture is using FMEA for both design and process 
evaluation. 

FMECA could be used as a means to analyze both reliability 
and maintainability of a system during the conceptual stages by 
applying it to the functional block diagram of the system. This 
could be done prior to any form to function mapping. This will alert 
the designer to both potential problems arising from required 
functions and critical functions that will need more consideration for 
diagnosability. In addition, if a functional mock-up is used to test 
concepts before design selection, an FMECA could be applied to the 
functional mock-up to locate problem areas also. At the present 
time, it would be difficult to perform this type of analysis on 
Computer Aided Design (CAD) models because much human input 
and analysis would be required. 

There are a few design guidelines resulting from RAM 
research that can potentially be applied to diagnosability. Included 
in these are: simplification, modularity, and accessibility. Presently 
however, these guidelines tend to be too general to be of use in 
improving diagnosability. In addition, because of the heavy reliance 
on electronic control of mechanical systems in military applications, 
references such as Jones (1988) consider mechanical design to be the 
packaging and the connections of electronic hardware. 

3.5 Summary 

As discussed in this chapter, the current method for improving 
diagnosability of mechanical systems is to consider diagnosis after 
the system is designed. For most systems, service manuals are 
written after the system becomes a product. Other diagnostic aids 
have been developed which combine expert knowledge and model 
based reasoning utilizing human-computer interfaces. These are also 
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applied to already designed systems. Mechanical systems which have 
diagnostics designed-in utilize sensors to compare current system 
state to the design state. This is often referred to as built in test 
(BIT) and is performed by built in test equipment (BITE) or 
Automatic test equipment (ATE). Again, this is usually added after 
the mechanical functions of the systems have been accomplished with 
physical embodiments. To apply BIT to the control circuits of 
mechanical systems, a mechatronic system which incorporates fault 
tolerance in much the same way as electronic systems do can be 
accomplished. 

The disciplines of electrical engineering and software 
engineering on the other hand, have both incorporated diagnosis into 
systems. Very large scale integrated (VLSI) circuits are designed to 
be both "fault tolerant" and "self-diagnostic." Current software 
design also has these capabilities. The field of chemical engineering 
has accomplished failure diagnosis based on generalized balance 
equations. 

Reliability and maintainability (RAM) engineering is an 

interdisciplinary field that has developed methods such as failure 
modes and effects analysis (FMEA) and fault tree analysis (FTA) 
which can be used to analyze the effects of failures on a system or 
determine the events leading to a failure. Again, these methods are 
applied to a system after it has reached the physical embodiment 
stage. There are a few design guidelines resulting from RAM 
research that can be potentially applied to diagnosability. Included 
in these are: simplification, modularity, and accessibility. 
Presently, however these tend to be very general in nature and are 
not developed in literature. 
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4. Design for Diagnosability

Whether diagnosis is automated or done manually, the faster it 
can be completed and the system returned to its design function the 
higher the perceived quality of the system. A number of concepts 
that will enable systems to be more diagnosable will be introduced. 
Interaction with other design philosophies is discussed. The service 
philosophy of the company producing the system plays a major role 
in some portions of designing for diagnosability. The nature of this 
role will be discussed. Finally qualitative and quantitative measures 
of diagnosability and its improvement are developed. 

During the discussion a number of hypothetical systems are 
introduced. These systems will be represented by a diagram showing 
the function/performance measure-parameter hierarchy. All of these 
systems are deterministic with one-hundred percent dependance in 
the hierarchy. The failure modes are also Boolean or near-Boolean 
such that a parameter outside the design state definitely causes a 
performance measure to be outside the design state; hence the 
parameter measures are considered either good or bad. Typically 
mechanical systems have a hierarchy of functions and performance 
measures several levels deep. For simplicity only two levels of 
function/performance measures will be shown. 

4.1 Design by Function 

The model of design outlined in section 2.1 utilized a 

philosophy of design that satisfies a specific function or set of 
functions. When performing this type of design, a functional 
decomposition is often performed. This action creates sub-functions 
that are satisfied by a design object containing a specific group of 
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parameters. If the function-parameter sets are kept independent of 
one another, then the diagnostician can trace down the hierarchy to 
easily locate the failure. A diagram of this type of system is shown 
in Figure 1. In Figure 1 the system functions (Fs) are satisfied by 
sub-system functions (F). Each F has a performance measure (PM). 
These Fs are satisfied by design objects containing parameters (P). 
Each function maps to a unique set of parameters. Diagnosis of this 
type of system is relatively easy. This follows the logic that humans 
often solve problems by factoring them into smaller subproblems. 
For this to hold true however, the diagnostician must know which 
design object performs each function and the sub-systems must have 
only a few parameters. To diagnose this type of system, the 
topographic strategy of section 2.2.2 can be used. For the system of 
Figure 1, three performance measures would be taken to locate the 
sub-system outside the design state. After that, the three parameters 
contributing to that performance measure would have to be 

measured. If multiple sub-systems were at fault, each of their 
parameters would have to be tested. This type of design, 
maintaining the independence of parameters that satisfy one function, 
is what Suh (1990) refers to as "ideal" design. 

Figure 1: System Hierarchy with Function-Parameter Set 
Independence. 
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If a system were designed such that each of the parameters 
contributed to each of the functions, this system would be 
represented by the diagram in Figure 2. With a system such as this, 
taking performance measures to determine which sub-system had 
failed would be useless. The only way this system could be 
diagnosed is to take a parameter measure of each parameter. The 
system of Figure 2 would require nine parameter measures to be 
taken, while the system of Figure 1 would require only six total 
measurements; three performance measurements and three parameter 
measurements. In many systems, performance measurements are 
already built-in, in the form of gauges, indicator lights, and meter 
readings. Many performance measures can be taken without 
disassembling the system. Parameter measures on the other hand, 
often require the system to be shut down and disassembled. If the 
failed sub-assembly is identified, less disassembly is required and 
diagnosis time is reduced. In summary, systems that maintain 
independence of the parameters that satisfy individual functions are 
more diagnosable than those that do not. 

Figure 2: System Hierarchy with Complete Interdependence of 
Function-Parameter Sets. 
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4.2 Effects of Concurrent Engineering 

The use of concurrent engineering philosophy will have an 
effect upon how any system is designed. All of the individual 
elements of concurrent engineering will affect how the parameters of 
the design object are created. They will also affect each other, 
diagnosability included. The concurrent engineering philosophy is to 
consider all aspects of the system's life cycle as early as possible in 
the design process. The result is what some refer to as "design fors" 
or "ilities." These include design for manufacturability (DFM), 
design for reliability, availability, maintainability and durability 
(RAM-D), and a new ecological philosophy, design for disassembly 
(DFD) (intended to allow the system to be recycled at retirement). 
These must be incorporated "up front" as part of the specification or 
"needs statement" of the system. The various elements of concurrent 
engineering to be considered for the design should also be included 
in Quality Function Deployment (QFD), if it is used. All of these 
elements are functions of the system and have performance 
measures. Like all other functions, the physical parameters of the 
system generate the performance measures of concurrent engineering. 
For example, to design a bearing for reliability, the hardness of the 
steel it is made of must be specified. This is a parameter of the 
bearing. (Hardness can be physically measured using a hardness 
tester.) The mean time to failure (MTTF), a performance measure of 
reliability, is dependant upon the parameter "hardness." 

Each of the elements of concurrent engineering contain 
subsets, for example: 
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1. Assembly is a subset of manufacturability. 
2. Some consider maintainability a subset of reliability. 
3. Maintainability has multiple subsets, including: 

a. accessibility 
b. repairability 
c. serviceability 
d. testability 
e. diagnosability 

Testability is the ease with which the system state can be 
found whether in the factory or during operation. Diagnosability is a 
subset of testability since it only includes operational testing. To 

design for testability, one would include "test points" to allow as 
much information about the system to be gathered. Test points at all 
performance measures would be ideal. Test points or indicators at 
certain critical parameters would also improve testability. 

The elements of concurrent engineering will interact with each 
other and will affect the system throughout its life cycle. For 
example, a system that is more reliable may have lower 
maintainability because the service personnel have less experience 
working on it. (Johnson, 1988; Will, 1991) An important part of 
diagnosability and testability of mechanical systems is accessibility. 
To observe parameter measures, an inspection must be made. 
Inspection is primarily performed by sight or touch (DoD, 1988). 
This often means the diagnostician must disassemble part of the 
system simply to make parameter measures. To be able to make 
parameter measures, access must be easy to accomplish. It is also 
advantageous for the system to be fully observable while in 
operation. This allows easier diagnosis of faults that occur only in 
the dynamic state of the system. For example a sight gage in a gear 
box will allow the oil level to be monitored while the machinery is 
running, a dipstick usually would not (Raheja, 1991). Accessibility 
is thoroughly discussed in DoD (1988) and others. A system that is 
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more accessible is more testable, diagnosable, and repairable. Since 

it is more diagnosable and repairable it is more maintainable. 

Design for manufacturability (DFM) has a significant effect on 
diagnosability. The philosophy under which a system is 
manufactured and assembled will determine a large part of how the 
system will be diagnosed for failure. Often times a design object 
that is part of a system will fulfill one function, as was discussed in 
section 4.1. This was diagramed in Figure 1. If the parameters are 
incorporated into one design object, then it can be replaced as a 
unit. This would create a "field replaceable unit" or "FRU." If 
each FRU performs a given function, and that function is missing, 
the fault can be traced to that FRU. Following DFM principles 
however, one would combine as many functions as possible into one 
design object. This would reduce part count and decrease assembly 
time (Boothroyd, 1983). Examples of how part count is reduced and 
functions are combined are given in Boothroyd (1983) and Ullman 
(1992). A system designed according to DFM rules would appear as 
Figure 3. A single design object satisfies all the system functions 
(Fs) and performance measures (PMs). If the functions were not 
satisfied, the design object would simply be replaced. 

Figure 3: Hierarchy of System Designed for Manufacturability
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DFM principles lead to what is termed "simplification" by 
those in reliability and maintainability research. DoD handbook 791 
(1988) states "Consolidation of functions is probably the most 
important design technique for simplification." Simplification and 
reduction in part count leads to easier maintenance and hence failure 
diagnosis is improved. Fewer parts reduces the "candidate space" 
when performing diagnosis. Simplification also contributes to 
reliability improvement by reducing the number of failure modes. 
"A common approach is called component integration, which is the 
use of a single part to perform multiple functions." (Kapur, 1988) 
The result is that the level of DFM applied to the system dictates the 
depth to which one must diagnose a failed component. If the system 
were designed according to DFM principles the depth of failure 
diagnosis is reduced. Since the design object performs several 
functions, if any of these are missing or its performance measures 
are outside the design state, it can be assumed that it has failed and 
will be replaced as a FRU. DFM philosophy also recommends 
eliminating adjustments. This results in the need to replace an item 
if the performance measure is outside the design state. It may be 
easier and faster to replace a failed component than it is to make 
parameter measurements and adjustments. Mean time to repair 
(MTTR), which is a combination of diagnostic time and active repair 
time could therefor be reduced if the product is designed for 
manufacturability. However, if the design object is not replaceable 
as a FRU, but instead is composed of parameters that are 
individually replaceable or adjustable, then the DFM philosophy will 
decrease diagnosability because independence of function-parameters 
sets is lost. 

The manufacturing philosophy also affects what is known as 
the service philosophy (which diagnosis is also a part of); the level 
that service personnel are expected to repair to. The primary effect 
is on the FRU level. The FRU level is the entity level that field 
personnel are expected to diagnose to. Once a fault is diagnosed to 
a specific FRU, that entity, whether discrete component or assembly, 
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is replaced to correct the fault. A benefit of a system designed for 
manufacturability is that "modular" FRUs which encompass more 
functions are created. When a modular FRU is replaced, all the 
parameters that make up these functions will be reset to the design 
state. Doing this will also increase system reliability. An example 
of this would be as follows. If a gear in a gear-box were to fail, and 
the entire gear-box were considered a FRU it would simply be 
replaced. There would be no time required to diagnose which gear 
had failed since the entire gear-box would be a FRU. By replacing 
the entire gear-box, all of the gears and bearings would now be new; 
resetting this part of the system to having zero operating time. The 
result would be an increase in mean time between failures (MTBF) 
since each time any item in the gear-box failed, all items would be 
replaced with new. If on the other hand, only the failed gear were 
replaced, because all of the other gears have some amount of wear 
on them, they would begin failing with varying frequency. This 
would cause several repairs to be required over a shorter period of 
time than if the entire gear-box were replaced, hence a lower MTBF. 
Modular FRUs are recommended as a method of improving 
maintainability and reducing diagnosis time by a number of sources. 
(Crow, 1990; DoD, 1988; Jones, 1988; Raheja, 1991) 

The quantity to be made and the manufacturing method that is 
to be chosen for each component will also affect the maintainability 
and hence diagnosability of a system. Often times a designer will 
know how a part will be made even before he knows what it will 
look like. This will be driven by the type of machinery it is, the 
type of loads it has to withstand, and the numbers to be produced. 
Parts with high volumes and light loads for example could be molded 
plastic. Low volume parts that must withstand heavy loads could be 
machined steel or sand-cast iron. How the part is made affects cost 
and design, which will drive repair/replace decisions when it fails. 
A system with more expensive components will most likely have 
fewer functions incorporated into each FRU. The result will be 
more FRUs and a need for deeper levels of diagnosis. This would 
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tend to drive design towards that suggested in section 4.1. The 
diagnosability of systems with lower cost components on the other 
hand will benefit from application of DFM principles. 

4.3 Application of Diagnosability to Systems with Various Levels 
of Interrelationships 

Often in realistic systems, the ability to maintain independence 
of parameters as suggested in section 4.1 is not possible. For 
example, an automobile heater gets the energy used to heat the 
passenger compartment of the car from the cooling system of the 
engine. If automobile heaters were designed as described in section 
4.1, they would convert stored energy to heat independent of the 
engine. To improve diagnosability of this type of system additional 
techniques must be utilized. 

4.3.1 Information Requirement 

For any type of system to be diagnosable, the performance 
measures at the interfaces must be known. The interfaces are any 
point where there is some flow of energy, material, or information. 
According to Ullman (1992), "... for the most part, functions occur 
at interfaces between components." These components are made-up 
of the parameters that create the functions and performance measures 
which the component supplies when it interacts with something else. 
Information gathered at the interface of this component will provide 
knowledge about its state. Because there is a flow of something at 
any interface, a performance measure can be obtainable. In the 
conceptual stages of design the requirement of providing 
performance measures or a way to test them at each interface should 
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be considered. It would also improve diagnosis if it were possible 
to functionally isolate sub-systems at these interfaces. By knowing 
the performance measures at the interfaces, or be able to functionally 
isolate a sub-system, a judgement of the sub-system performance 
measures can be made. Since components may supply more than one 
function, a performance measure of each of its functions should be 
obtainable. This will provide information about the parameters that 
make up each function. 

During diagnosis, if the performance measure tests are within 
the design state and the system is designed as represented by Figures 
1 or 3, then sub-system performance measures and their associated 
parameters can be assumed to be within the design state. When the 
performance measure at an interface is not within the design state, 
the sub-system performance measures must also be tested. Once the 
sub-system performance measure that is outside the design state is 
determined, the parameters associated with it must be tested. To do 
this, the performance measure-parameter hierarchy must be known. 
Some diagnostic aid must provide this type of information to the 
diagnostician. Typically it is done by service manuals but with 
simplified diagnosis, a schematic attached to each assembly may 
provide enough information. 

For systems designed as represented by Figure 2, a 

performance measure will not give an indication of the condition of a 
subsystem or particular design object. In addition, the interaction of 
parameters may produce false readings, in this case "two wrongs 
(may) make a right." For a system designed with some parameters 
satisfying multiple functions and performance measures, such as 
Figure 4, diagnosis may be improved or reduced depending upon the 
system. Taking performance measures to determine which 
parameters are outside the design state can increase or decrease the 
number of candidate parameters. In this case performance measures 
taken at interfaces will yield information about multiple design 
objects. This is used to advantage by Wang (1991) in determining 
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which parameters to measure first in a diagnostic algorithm. 
Examples using this technique are discussed in section 4.4. If two 
performance measures are not at the design state and they have a 
common design object or parameter, those parameters are measured 
first. 

Figure 4: System with Various levels of Function/Performance 
Measure-Parameter set Interdependence. 

Figure 4 represents a system in which parameters (Pi) are 
difficult to isolate. Parameters in a system such as this do not map 
uniquely to a particular performance measure (PMi). This type of 
system is more realistic for present mechanical systems. 

4.3.2 Direct Indicators and Functional Isolation 

Many systems are designed so that the performance measures 
at the interfaces are not readily measurable, in other words, the flow 
of energy, material or information cannot be measured. An example 
of this is the amount of oil reaching the bearings in an internal 
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combustion engine. Other performance measures can be used to 
infer a performance measure. For example, an oil pressure gauge on 
an internal combustion engine gives a performance measure of the oil 
pump, the distribution of oil to the engine is then inferred. The 
pressure measured by the gauge is determined by the resistance to 
flow of the rest of the system. If there were a blockage between the 
oil pump and the bearings, it may not seem like anything was wrong. 
In this case, making an inference about one performance measure 
based on another leads to a poor assumption. In cases such as this, a 
"direct indicator" would be one way of determining parameter 
measures. A direct indicator of an oil film not coating the bearings 
would be a grinding noise followed by seizing of the engine. This 
brings to mind an auto mechanic who asks, "What kind of a noise 
did it make before it quit?" The parameter being measured is the 
thickness of the film of oil between the journal bearing and the 
crankshaft. 

Direct indicators, often used for failure prevention, are 
currently being designed into some products. Disc brakes on some 
cars have wear indicators that make a squealing noise when the brake 
pad reaches some minimum thickness. Tires have "wear bars" 
molded into the tread to determine when the tread depth is less than 
3/32". Some direct indicators actually have not been designed-in but 
their use has become common in diagnosis or failure prevention. 
The smell of anti-freeze in automobile exhaust indicates the 
probability of a "blown" head gasket. The rattling sound made by 
worn water pump bearings is another direct indicator of impending 
failure. Also on water pumps, a "weep hole" indicates the failure of 
the bearing seal and the entry of water into the bearings. If a system 
can be designed with such direct indicators, some failures may be 
able to be prevented as well as made easier to diagnose. 

Some direct indicators are actually performance measures that 
are not critical to system performance. For example the temperature 
of the bearings on a piece of machinery has no effect on the 
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performance until they reach a critical temperature and fail. Engine 
condition monitoring of jet aircraft is a very sophisticated and 
expensive version of this type of indicator. However, some added 
equipment is very simple and low cost. For example, adhesive 
backed temperature indicator labels that utilize a color change can be 
applied. If the temperature history of some systems is available, 
diagnosis can be made easier. One manufacturer of uninterruptible 
power supplies uses these as a "troubleshooting guide" for all high 
ambient temperature installations. (Metroke) Other systems can be 
designed so that there is a very simple way of determining system 
state. A clear fuel bowl in a carburetor for example can measure 
both the performance of the fuel pump and the float level setting. 
Direct indicators then, are a simple way of designing-in a way to 
determine system state and increase diagnosability. 

Another method of determining performance measures that are 
not readily available is functional isolation. This is similar to the 
philosophy of section 4.2. In this case, if the sub-systems can be 
removed or isolated and tested by themselves, diagnosability is also 
improved. This method is often used when diagnosing failures in 
electronic systems. Functional isolation may involve having to 
design some way to simulate certain inputs to the sub-system or 
replace parameters supplied by other sub-systems. Because the 
suspect sub-system is being removed from the system, its actual 
performance measure is not required to be known. Functional 
isolation is especially useful when the sub-system is replaced as 
module. Removing the oil pump of the above example from the 
engine and simulating the mechanical input to determine the 
pressure it develops would be a use of a system designed in this 
manner. Another method of functional isolation is designing to 
allow sub-systems to be by-passed. If the system operates correctly 
without the sub-system in place, the by-passed system is at fault. 
An example of this technique would be to design so that a filter can 
be by-passed to test if it is clogged. 
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The major drawback of these methods is that the diagnostician 
has to have prior knowledge or training on the system. For direct 
indicators, he must know what they mean. For functional isolation, 
the diagnostician must have a working knowledge of the functions of 
each sub-system or component of the system. Therefor, the a priori 
knowledge for this type of failure diagnosis is greater. If the 
diagnostician has this knowledge however, isolating the parameter at 
fault becomes faster. One way to be able to supply this would be to 
include instructions directly on the component. For example the 
instructions next to a temperature indicating label may read: "If this 
dot is black, replace bearing." A functional block diagram could 
also be displayed on the system. 

4.3.3 FRU Choices and Improved Diagnosability 

For a system in which failed parameters are difficult to 

isolate, such as represented by Figure 4, diagnosability can be 
improved by studying the parameter relationships and determining 
which ones make up which functions. The parameters which are 
difficult to isolate may be able to be incorporated together as a FRU. 
This will allow them to be changed together as a module. They also 
may be able to be isolated in such a manner that a direct indicator 
can be used to determine their state. For the system represented by 
Figure 4, a qualitative evaluation of diagnosability shows that there 
are three diagnostic problems inherent in the design: 

1. Parameters 8, 9, 10 all affect the exact same performance 
measures, (PM4 and PM5). Fault isolation for the case of both 
PM4 and PM5 not at the design state would be difficult. 
Making these three parameters (P8, P9, P10) a FRU eliminates 
the need to discriminate between these parameters during fault 
isolation. 
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2. Assuming that for reasons of manufacturability, the decision 
has been made to combine parameters 1, 2, and 3 onto one 
component as represented in Figure 5. This solves the problem 
of isolation between P1 and P2, but a fault in P3 would affect 
PM2 and PM3 as would a fault in P4. A performance measure 
added to enhance diagnosability (Pp) on the FRU would 
discriminate between these two failures. 

3. Parameters 6 and 7 (P6, P7) both affect only one performance 
measure (PM4). The discrimination between P6 and P7 is 
impossible without additional information. A direct indicator 
(DI) on parameter 6 would resolve this problem. 

Figure 5 shows how this is done for the system represented by 
Figure 4. What was a very difficult system to diagnose is much 
improved. 

Figure 5: System of Figure 4 Redesigned for Improved 
Diagnosability. 
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4.4 Measuring Diagnosability of Competing Systems During 
Conceptual Design 

During the product life cycle as discussed in section 2.1, phase 
1 was to understand the design problem and plan for design. Phase 2 
is to generate concepts which satisfy the functional requirements and 
evaluate these concepts against one another or some benchmark. It 
is during this evaluation step that the diagnosability of the concept 
systems is to be considered. In this section, four competing 
concepts for a hypothetical system, which accomplish the same 
functions, will be evaluated for diagnosability. A methodology for 
evaluating competing systems is developed and applied to the 
example systems. The systems are also further discussed as to their 
diagnosability. 

The four systems are represented by Figures 6 a, b, c, and d. 
Figure 6a is the same as Figure 4. Figures 6b and 6c accomplish the 
same number of functions with the same number of parameters and 
the same number of function/performance measure-parameter 
relationships. The system represented by Figure 6d accomplishes the 
same number of functions/performance measures but maintains the 
independence of performance measure-parameter hierarchy as 
discussed in section 4.1. The result is that the system of Figure 6d 
requires 21 parameters to provide the same number of functions the 
other systems required only 10 to accomplish. This is representative 
of the fact that to maintain the independence, parameters that 
contribute to different performance measures cannot interact and 
therefor some parameters which could be combined in other systems 
are not. 
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Figure 6a: A System with Figure 6b: A system with a 
Various Levels of Greater Number of 
Function/ Function/ 
Performance Performance 
Measure-Parameter Measure-Parameter 
Interrelationships. Inter-relationships. 

Figure 6c: A System with a Figure 6d: A System with 
Limited Number of Independence of 
Function/ Function/ 
Performance Performance 
Measure-Parameter Measure-Parameter 
Inter-relationships. Relationships. 

Figure 6: Four systems which accomplish the same functions 
with different function/performance measure-
parameter hierarchies. 
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4.4.1 Analysis of Diagnosability 

To truly consider the diagnosability of the systems, a diagnosis 
must be performed. This will be accomplished similar to a fault 
tree analysis (FTA) but will also incorporate the effects of the failed 
parameter, such as done in failure modes and effects analysis 
(FMEA), to determine the interaction effects from the performance 
measure-parameter relationships. FTA is used to identify the 
parameters (P) causing the performance measure (PM) to be outside 
the design value. FMEA is used to identify the other performance 
measures that are affected by the potentially failed parameters. The 
steps performed at this point can be used later as the basis for FMEA 
or FTA once the design reaches the product stage. Because the 
physical embodiment of the conceptual design affects the outcome of 
FMEA and FTA, these techniques must be reapplied once the design 
becomes a physical entity. The analysis will begin with a 

performance measure which is outside its design state. Other 
performance measures with parameters common to the performance 
measure outside the design state are considered and the candidate 
parameters are isolated to determine the number of parameters that 
must be measured to locate the failed parameter. Throughout the 
analysis, it is assumed the performance measures are readily 
available and the "cost" of performance measures is negligible 
compared to that of parameter measures for a couple of reasons. In 
real systems usually some disassembly is required to make a 
parameter measure and once the parameter is made accessible, test 
equipment external to the system must be used to make the 
measurement. The "cost" of each of the parameter measures is 
assumed to be equal even though in real systems this is often not the 
case. Different parameters will require different equipment to 
measure them and the accessibility often varies substantially. The 
analysis is as follows: 
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If PM1 is bad: 
System a: Then PM2 and PM3 must also be bad. 

P1 and P2 are candidates. 

Total candidates: 2 

System b: And if PM2, PM3 and PM4 are also bad, 
Then P3 is the candidate. 

Total candidates: 1 

Else if only PM2 and PM3 are also bad, 
Then P2 is the candidate. 

Total candidates: 1 

Else P1 is the candidate. 
Total candidates: 1 

System c: Then PMs is also bad no additional 

information is gained, 
P1 and P2 are the candidates. 

Total candidates: 2 

System d: P1 ,P2,P3,P4 are the candidates. 
Total candidates: 4 
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If PM2 is bad: 
System a: And if PM1 and PM3 are also bad. 

Then P1 and P2 are candidates. 
Total candidates: 2 

Else if PM3 only is also bad, 
Then P3 and P4 are candidates. 

Total candidates: 2 

Else if PM3 and PM5 are both bad, 
Then P5 is the candidate. 

Total candidates: 1 

System b: And if PM1 is also bad (PM3 would also be 
bad but no information would be gained), 
Then P2 and P3 are candidates. 

Total candidates: 2 

Else if PM3 only is also bad. 
Then P4 is the candidate. 

Total candidates: 1 

Else if PM5 is also bad. 
Then P5 is the candidate. 

Total candidates: 1 

System c: And if PM4 is also bad.
Then P4 is the candidate.

Total candidates: 1 

Else P4 is at fault.
Total candidates: 1
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PM5 will also be bad.

No additional information is gained.

System d: P5 , P6, P7, P8 are the candidates. 
Total candidates: 4 

If PM3 is bad: 
System a: And if PM1 and PM2 are both bad, 

Then P1 and P2 are candidates. 

Total candidates: 2 

Else if PM2 only is also bad, 
Then P3 and P4 are candidates. 

Total candidates: 2 

Else if PM2 and PM4 are also bad, 
Then P5 is the candidate. 

Total candidates: 1 

System b: And if PM1 and PM2 (but not PM4) are also 
bad. 
Then P2 is the candidate. 

Total candidates: 1 

Else if only PM2 is also bad. 
Then P4 is the candidate. 

Total candidates: 1 

Else if both PM4 and PM5 are also bad. 
Then P6 is the candidate. 

Total candidates: 1 
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Else if only PM5 is also bad. 
Then P9 is a candidate. 

Total candidates: 1 

System C: P5 and P6 are the candidates. 
Total candidates: 2 

PM4 and PM5 will also be bad. 

No additional information is gained. 

System d: P9 , P109 P11, P12 are the candidates. 

Total candidates: 4 

If PM4 is bad: 
System a: And if PM2 is also bad (PM3 would also be 

bad but would not provide additional 
information), 
Then P5 is the candidate. 

Total candidates: 1 

Else if PM5 is also bad, 
Then P8 , P9 , and P10 are candidates. 

Total candidates: 3 

Else P6 and P7 are candidates. 

Total candidates: 2 

System b: And if PM1 is also bad (PM2, PM3 would 

also be bad but not provide any additional 
information), 
Then P3 is the candidate. 

Total candidates: 1 
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If PM3 and PM5 are also bad.
Then P6 is the candidate.

Total candidates: 1

Else if PM5 is also bad,
Then P8 is the candidate.

Total candidates: 1

Else if no other PMs are also bad, 
Then P7 is the candidate. 

Total candidates: 1 

System c: And if PM2 is also bad. 
Then P4 is the candidate. 

Total candidates: 1 

Else if PM3 is also bad. 
Then P5 and P6 are the candidates. 

Total candidates: 2 

PM5 will also be bad in all cases. 
No additional information is gained. 

Else if no other PMs (except PM5) are also
bad.
Then P7 and P8 are candidates.

System d: P13 , P14, P15, P16 are the candidates. 

Total candidates: 4 
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If PM5 is bad: 
System a: And if PM4 is also bad, 

Then P8 , P9 , and P10 are the candidates 
(No additional information was gained.). 

Total candidates: 3 

System b: And if PM2 is also bad, 
Then P5 is the candidate. 

Total candidates: 1 

Else if PM3 and PM4 are also bad. 
Then P6 is the candidate. 

Total candidates: 1 

Else if PM3 is also bad, 
Then P9 is the candidate. 

Total candidates: 1 

Else if PM4 is also bad, 
Then P8 is the candidate. 

Total candidates: 1 

Else if no other PMs are also bad, 
Then 1110 is the candidate. 

Total candidates: 1 

System c: And if PM, is also bad. 
Then P1 and P2 are the candidates. 

Total candidates: 2 

Else if PM2 , only is also bad. 
Then P3 is the candidate. 

Total candidates: 1 
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Else if PM2 and PM4 are also bad. 
Then P4 is the candidate. 

Total candidates: 1 

Else if PM3 and PM4 are also bad. 
Then P5 and P6 are the candidates. 

Total candidates: 2 

Else if PM4 only is also bad. 
Then P7 and P8 are the candidates. 

Total candidates: 2 

Else if no other PMs are also bad, 
Then P9 and P10 are the candidates. 

System d: P17 , P18, P19, P20, P21 are the candidates. 
Total candidates: 5 

This analysis can be summarized more compactly as follows 
however: 

For System a: 
If PM1, PM2, and PM3 are outside the design state then 
P1 and P2 are candidates. 
If PM2 and PM3 are outside the design state then P3 and 
P4 are candidates. 
If PM2, PM3, and PM4 are outside the design state then 
P5 is at fault. 
If PM4 only is outside the design state then P6 and P7 
are candidates.
If PM4 and PM5 are outside the design state then P8, P9,
and P10 are candidates.
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For System b: 
If PM1 only is outside the design state then P1 is at 
fault. 
If PM1, PM2, and PM3 (but not PM4) are outside the 
design state then P2 is at fault. 
If PM1 and PM4 are outside the design state then P3 is 
at fault. (PM2 and PM3 do not provide any additional 
information.) 
If PM2 and PM3 are outside the design state then P4 is at 
fault. 
If PM2 and PM5 are outside the design state then P5 is at 
fault. 
If PM3, PM4, and PM5 are outside the design state then 
P6 is at fault. 
If PM4 only is outside the design state then P7 is at 
fault. 
If PM4 and PM5 are outside the design state then P8 is at 
fault. 
If PM3 and PM5 are outside the design state then P9 is at 
fault.
If PM5 only is outside the design state then P10 is at
fault.

For System c: 
If PM1 and PM5 are outside the design state then P1 and 
P2 are candidates. 
If PM2 is outside the design state then P3 is at fault. 
If PM2 and PM4 are outside the design state then P4 is at 
fault. 
If PM3 is outside the design state then P5 and P6 are 
candidates. (For PM3, PM4, and PM5 to be outside the 
design state provides no additional information that P5 
and P6 are candidates.) 
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If PM4 is outside the design state then P7 and P8 are 
candidates.
If PM5 is outside the design state then P9, and P10 are
candidates.
(In all cases if any parameter has failed, PM5 will be 
outside the design state.) 

For System d: 
If PM1 is outside the design state then P1 , P2, P3, and 
P4 are candidates. 
If PM2 is outside the design state then P5 , P6, P7, and 
P8 are candidates.
If PM3 is outside the design state then P9 , P10, P11, and
P12 are candidates. 
If PM4 is outside the design state then P13 , P14, P15, 
and P16 are candidates. 
If PM5 is outside the design state then P17 , P18, P19, 
P20, and P21 are candidates. 

4.4.2 Rating Competing Systems on the Basis of Diagnosability 

A rating system can be developed to take advantage of this 
analysis to determine which system has better diagnosability. The 
total number of "If" statements or "rules" relating performance 
measures to parameter interactions is evaluated and referred to as the 
"System Interaction Complexity." This will be used as a basis for a 
quantitative rating for the interaction complexity of the system. The 
number of parameter measures required to diagnose each system also 
provides a rating for the system. To obtain a "Parameter Measure 
Cost" for a system, the total number of parameters needing to be 
measured after the rules are applied is summed. Finally, for some 
competing systems, the maximum number of parameter measures 
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needed must be considered. The results of the analysis for the 
systems shown in Figure 6 are shown in Table 1. 

System System Parameter Maximum Number 
Interaction Measure Cost of Parameter 
Complexity Measures 

a 5 10 3 

b 10 10 1 

c 6 10 2 

d 5 21 5 

Table 1: Results of Comparing the Systems of Figure 6. 

The System Interaction Complexity measure is used to 

determine how much rule information about the system the 
diagnostician, whether human or computer, must have beforehand to 
be able to immediately isolate the parameter not within the design 
state. As can be seen from the above system analysis, the 
performance measures in the system represented by Figure 6b will 
uniquely isolate the parameter which is causing the system to be 
outside the design state. However, much a priori knowledge of both 
the system and the function/performance measure-parameter 
hierarchy must be known. This is shown by the high value of system 
Interaction Complexity. The system represented by Figure 6d on the 
other hand would require much less a priori knowledge of the system 
because there are no interactions between function/performance 
measure-parameter sets; hence, the System Interaction Complexity is 
low. The only rules required would state which parameter set makes 
up each performance-measure. This information must be known and 
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the parameter measure cost for this type of system is much greater. 
Which type of system to choose will be discussed in section 4.4.3. 

The Parameter Measure Cost is a rating based on the sum of 
the total number of parameters needing to be measured after the 
rules are applied. This number is however simply equal to the 
number of parameters in the system. To determine a Parameter 
Measure Cost one only need to determine the number of parameters 
in the system. Calculating Parameter Measure Cost based on the 
rules does take into account both the number of parameters needing 
to be measured for each rule and the number of occurrences of this 
number. For example, the Parameter Measure Cost for the system of 
Figure 6a could be calculated as follows: 

If PM1, PM2, and PM3 are outside the 
design state then P1 and P2 are candidates. Total candidates: 2 

If PM2 and PM3 are outside the design 
state then P3 and P4 are candidates. Total candidates: 2 

If PM2, PM3, and PM4 are outside the 
design state then P5 is at fault. Total candidates: 1 

If PM4 only is outside the design state 
then P6 and P7 are candidates. Total candidates: 2 

If PM4 and PM5 are outside the design 
state then P8, P9, and P10 are candidates. Total candidates: 3 

Parameter Measure Cost = Sum of Total candidates: 10 

To make a parameter measure, usually some system 
disassembly must be performed. This means for each parameter 
measure there usually is system shutdown time, parameter access 
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time, and actual parameter measure time. These factors are all 
dependent on the individual system. For this evaluation, they are 
considered equal and are the costs contained in the Parameter 
Measure Cost. 

For two or more systems that have the same Parameter 
Measure Cost, the maximum number of parameter measures must be 
considered to rate the system. This occurs for the systems 
represented by Figures 6a, 6b, and 6c because they have the same 
number of parameters. The system represented by 6b however, 
uniquely identifies the failed parameter based on performance 
measures. Because of this, the maximum number of parameter 
measures is one and the system should be favored over the system of 
Figure 6c. This is identified by the "Maximum Number of 
Parameter Measures" in Table 6. 

4.4.3 Choosing a System on the Basis of Diagnosability 

To choose which system to develop into a product from a 
diagnosis standpoint, the method of diagnosis, the manufacturing 
philosophy, and the FRU level requirements from the service 
philosophy must all be taken into account. Section 4.2 discussed 
how manufacturing and service philosophy are taken into account. 
This section considers system selection based on the method of 
diagnosis and recaps FRU level selection. 

To design any mechanical system, the "customer" must be 
considered. Of these "customers", the diagnostician is one of them. 
For a system to be designed for diagnosability, the abilities of the 
diagnostician must be considered. The amount of knowledge the 
diagnostician has about the system is also very important. This 
knowledge could range from total ignorance to expert level. 
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To design a system for a non-expert diagnostician, the simpler 
the system the better. The category of non-expert diagnostician 
includes do-it yourselfers, "transparent" technicians (ones that must 
deal with many types of systems yet not receive full training on each 
system), novice diagnosticians, and other diagnosticians who lack 
full training or access to service manuals. Maintaining independence 
of function improves simplicity. From the systems of Figure 6, only 
system "d" accomplishes this. This also creates a system for which 
the diagnostic strategy is the most topographic. Because failures are 
easily inferred on the basis of structure, only a sub-set of the entire 
system would need to be considered. Unfortunately however, once a 
technician has located the sub-system which contains the failed 
parameter, diagnosis often is performed by removing and replacing 
each parameter or component that contains that parameter until the 
problem is resolved. The technician usually will not reinstall the 
other, non-failed, components, but assume they were bad anyhow. 
This is partly because in some service industries, (automotive in 
particular) mechanics work on "commission" and "flat rate." They 
get paid for replacing parts and do not get paid for the time they 
take to reinstall non-failed components; the more parts they replace 
the higher the pay. Because the tendency is to replace all candidate 
parameters, it might be best to combine all parameters that 
contribute to the performance measure in each sub-system of a 
system such as represented by Figure 6b into a single FRU. The 
result is a system in which no parameter measures would be required 
as was suggested in section 4.2. This is illustrated in Figure 7. The 
System Interaction Complexity would remain the same as it was for 
the system of Figure 6d but the Parameter Measure Cost would be 
zero. Reducing or eliminating the need to take parameter measures 
reduces diagnostic time. Without having to take parameter 
measures, there would be no need to disassemble the system below 
the FRU level. The time required for measurement of parameters 
and their possible adjustment would also be eliminated. A system 
designed for manufacturability reduces the number of replaceable 
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components and therefor the required number of parameter 
measurements. For the novice diagnostician, when choosing between 
competing systems, the system with the lowest System Interaction 
Complexity should be chosen and if possible, the parameters 
combined into FRUs. This would create a system with a low System 
Interaction Complexity and a Parameter Measure Cost of zero. 

Systen
Fs, PMs 

4114Plo PI, Apo 4110 4400 
Iff (01 (11" 1'1* 

'11 

1i41, fe, is, et, 40 0 0 0 0 0 

FRU FRU FRU FRU 

Figure 7: A System with Independence of Function/Performance 
Measure-Parameter Relationships Incorporating 
Modular FRUs. 

To design for an expert diagnostician the system could be quite 
different. The category of "expert" diagnostician could include 
highly trained technicians with access to full service manuals or 
computer aided diagnostics and fully automated "artificial 
intelligence" based expert systems which continuously monitor a 
system for failures. To design a system for an expert diagnostician, 
the inter-relationships between the function/performance measure-
parameter hierarchies could be used to speed diagnostics. An 

illustration of this was given by the analysis of the system of Figure 
6b; the parameter at fault was determined simply by considering the 
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state of the performance measures. Though the diagnosis of the 
system represented by Figure 6b is based on structure, to locate the 
failed parameter a set of rules must be applied. However, because 
the rules are based on structure, additional experiential knowledge, 
such as rules to indicate which parameter to test first, is not needed. 
To take advantage of a system designed such that the failed 
parameter is uniquely identifiable based on performance measures the 
system would have to be fully documented, otherwise this 
information would be lost and diagnosis would be very difficult. 
One common way this type of information is provided in service 
manuals is with a flow chart. The flow chart could also be 
automated into an expert diagnostic system to provide either 
computer aided diagnostics or an automated diagnostic expert 
system. In this case, the evaluation of the system should first be 
based on Parameter Measure Cost and second on Maximum Number 
of Parameter Measures. For both units of measure, the most 
desirable system when comparing competing systems would be the 
one with the lowest number. This would allow a structure based 
rule-set to locate the failed parameters with the least amount of 
ambiguity. 

If an untrained diagnostician were to attempt to diagnose the 
system of Figure 6b however, it would be difficult without some 
training or troubleshooting guide. To diagnose this system, the rule 
based approach that would be used could create the same kind of 
complexity as a symptomatic strategy, even though the rules are 
based on the hierarchy of system structure. Recalling Toms' (1989) 
statement, "A symptomatic strategy can be demanding on memory, 
inflexible and inadequate in situations in which individuals are 
required to deal with previously unencountered fault-symptom 
combinations." The result would be for the diagnostician to attempt 
system diagnosis based soley on personal judgement. Often when 
untrained diagnosticians see several performance measures in a 

system outside the design state they assume the entire system has 
failed rather than applying good diagnostic techniques. In the case 
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of system 6b, if parameter 3 were to be outside the design state, 
performance measures 1, 2, 3, and 4 would all be outside the design 
state. With four-fifths of the performance measures outside the 
design state it can easily be seen why total system failure could be 
assumed. 

There are many levels of expertise among any group of 
diagnosticians. The level which the system is to be designed for 
must be considered. The amount of common knowledge about 
systems can also be taken into account. The level of system 
complexity and cost will affect the number of inter-relationships 
required. Most systems today have some amount of both 
independence and inter-relationships in the function/performance 
measure-parameter hierarchy. The ability to diagnose a system 
depends both on system design and diagnostician ability. 

The size of the system must also be considered when choosing 
among competing systems for the best diagnosability. For large 
systems the number of rules required to uniquely identify the failed 
parameter would be too great for human diagnosticians; computer 
aided diagnostics would be required. To allow for human performed 
diagnosis, the functions would need to be divided into sub-functions 
performed by subsystems to provide a manageable rule level. These 
subsystems need to maintain independence so that the rules can be 
applied to each of the subsystems independently. In other words 
independence at some level of the function/performance measure 
hierarchy should be maintained. 

To choose a system based on diagnosability, the allowable 
FRU level, the intended diagnostician, and the cost of downtime 
must all be considered. For systems with high downtime cost each 
function/performance measure could be supplied by a FRU allowing 
for fast diagnosis by any level diagnostician. For non-experts, it 
would be best to maintain as much independence of function as 
possible and incorporate FRUs performing higher level functions. 
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For moderate downtime costs with experts (human or computer) 
available, the scheme of diagnosis could take advantage of system 
interactions to identify failed parameters on the basis of performance 
measures. The result could be a system designed with a minimum 
number of parameters and a high level of diagnosability. The result 
would be a system with reduced life-cycle costs compared to one 
designed for non-expert diagnosticians. These savings would come 
from two specific areas. First, reducing the number of parameters 
the system would require to accomplish a function should reduce 
manufacturing costs. Second, because diagnosis time is reduced, the 
cost of locating failed parameters causing system failure is lowered. 
The cost of system downtime, failure diagnosis costs, and system 
manufacturing costs would need to be optimized for each individual 
system to create the lowest life-cycle cost system. 

4.4.4 Application of Analysis to Redesign of Systems 

Another use of this analysis would be to apply the information 
gained to redesign one of the competing systems for improved 
diagnosability. This could be done using the best of parameter inter
relationships from each of the systems to create a system with the 
most desirable diagnosability characteristics for the intended 
diagnostician. Since the design is still in the conceptual stages, the 
system layout is still easy to change. Also, after performing an 
analysis of competing systems as outlined above, the system designer 
will have a better understanding of the diagnosability of systems 
which perform the system and sub-system functions. If after 
redesigning the layout of the system, the system is still difficult to 
diagnose, direct indicators or diagnostic performance measures could 
be added to the system as suggested in section 4.3.3. 
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4.5 Considerations During Conceptual Design for Product Design 

At the conceptual phase of design, considerations can be made 
on how diagnosis might be made easier when the system has reached 
the product design stage. The design for diagnosability that was 
started in the conceptual design stage needs to be carried through to 
the product stage. Accessibility to parameter measures must be 
considered during product design. In addition, methods of making 
the parameter measures easier to locate should also be incorporated. 
Since a perfectly diagnosable system may be difficult to achieve, 
additional considerations can help improve diagnosability. 
Regardless of whether the system has built-in diagnostics or not, 
there are a number of guidelines that can reduce diagnostic time. 
These guidelines come from a variety of sources, some are not 
applicable to all systems, and some ideas conflict with others, 
showing that there may not be one best idea for all applications. 
Diagnosability can be improved in most systems by considering the 
following during product design: 

1. Provide as much output of performance measures as 
possible This will allow the diagnostician the ability to 
test the system while it is running without having to 
connect additional test equipment. This was discussed in 
section 4.3.1 as one of the requirements to make a 
system diagnosable at the conceptual stage. The 
requirement needs to carried throughout product 
development. 

2. Where performance measure monitoring equipment is not 
possible to incorporate into a design, provide "test 
blocks" where standard test equipment may be connected 
to test the system. 
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3. All performance measures should be able to be made 
while the system is running. A sight gauge for example, 
should be used instead of a dipstick. (Raheja, 1991) 

4. Critical points that are difficult to inspect should be 
eliminated or the inspection system designed in. For 
example, mount a television camera in an area that 
cannot be accessed while the system is running. 

5. Accessibility to system parameters is designed during the 
product design stage. The more accessible a system is, 
the easier it is to diagnose. This was mentioned before 
in section 4.2. 

6. Design so that common tools can be used for both 
accessibility and making test measurements. 

7. Color code or clearly mark elements in the system. ie. 
the exhaust valve springs in a Nissan engine have red 
paint on them to identify them as exhaust. This 
particular example prevents confusion when assembling 
the head and when adjusting the valve clearance. 
Another example of this would be in a piping system 
where two different pipes run in parallel. You would 
not want to disconnect the water line when it is the air 
system you are diagnosing. 

8. For a family of machines make them from similar parts 
having the same functions. This allows for a transfer of 
diagnosis skills from one machine to another. It also 
improves "Design for Manufacturability." 

9. Modularize the system around functions. Have each 
module or field replaceable unit (FRU) perform a given 
function. If that function is missing it can be traced to 
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one FRU. This agrees with current concurrent 
engineering philosophy as discussed in section 4.2. 

10. Low reliability items should be easily accessible both in 
terms of fasteners and in terms of mounting position in 
relation to other parts. Technicians are known to 
remove and exchange easily accessed items as a 

substitute for correct diagnostic procedures. 
(Smith, 1973) 

11. Provide a means of access to test installed items while in 
operation. For example outriggers on printed circuit 
boards will allow them to swing out for testing while 
still connected to the system. (Smith, 1973) 

12. Design so that testing whether in operation or not does 
not cause failures. (Smith, 1973) 

13. Layout the system so that it reflects a logical sequence 
of test events. (Smith, 1973) This would have been 
done in the conceptual design phase as part of the design 
for diagnosability as discussed in sections 4.3 and 4.4. 
During the product phase the structure and physical 
configuration chosen during the conceptual phase needs 
to be maintained. 

14. Design so that primary failures do not cause secondary 
failures. If one component fails it will not cause 
another to fail. 

15. Use smaller and less complex FRUs. This allows for 
more standardization and greater interchangeability. 
(Smith, 1973) It also allows the diagnostician to become 
more familiar with the function of the FRUs since they 
are more standardized. Using smaller and less complex 
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FRUs is similar to the philosophy of using common 
parts. 

16. Interchange of non-identical parts should be impossible. 
This reduces repair induced failures and also helps 
"design for assembly." 

17. Consider the order of assembly so that the system may 
be easily disassembled to access parameter measures. 
Often systems that are easy to assemble in the factory 
are difficult to disassemble for service purposes because 
other assemblies have been located such that access is 
blocked. This reflects back on the design for assembly 
hierarchy that is chosen for the product. 

18. Limited instructions can be molded or stamped into 
parts. A functional block diagram would aid in trouble 
shooting nearly any system. In some cases, international 
symbols must be used. Bright colored handles with 
numbers as in copying machines can be used. The 
fasteners to access the system can also be identified 
using some symbol such as an arrow, as is used on 
stereophonic components. 

19. Provide some indication as to what items are to be 
replaced as FRUs. It makes no sense to diagnose further 
than the lowest unit that is adjustable or replaceable. 

The suggestions in this section are not intended to replace the 
concepts covered in other sections of this chapter, which would be 
applied during the conceptual phases of a design. The ideas above 
would be used to help reenforce the design for diagnosability started 
during conceptual design. These ideas for improving diagnosability 
during the product design phase are not complete. When more 
research is performed in the area of product design for 
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diagnosability, more ideas for improving diagnosability at the 
product phase will be conceived. 

In addition to the above guidelines, the procedures of sections 
4.3 and 4.4 can be used to evaluate and improve a product for 
diagnosability. Some of the parameter design takes place in the 
product design phase along with the determination of the values for 
the parameters. It would be during this stage when some of the FRU 
choices are also being made. The discussion of FRU choices and 
improved diagnosability of section 4.3.3 would apply. Also an 
evaluation of diagnosability would point out where direct indicators 
or diagnostic performance measures are needed. 

4.6 Summary 

During the discussion in the preceding sections of this chapter, 
a number of hypothetical systems were introduced. These systems 
were represented by diagrams showing the function/performance 
measure-parameter hierarchy. All of the systems represented are 
deterministic with one-hundred percent dependance in the hierarchy 
such that a parameter measure outside the design value definitely 
causes a performance measure to be outside the design state. The 
failure modes are also Boolean or near-Boolean and hence the 
parameter measures are considered either good or bad. Typically 
mechanical systems have parameter measures that are continuous 
variables or "analog" in nature causing the system performance 
measures to exhibit this same behavior. Because acceptable limits 
can be set for performance measures, the previous analysis can be 
applied to this type of system as well, though the deterministic level 
is reduced. Mechanical systems often will have a hierarchy of 
functions and performance measures several levels deep. For 
simplicity, only two levels of function/performance measures were 
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introduced; however, the same analysis could be used for systems 
with multiple levels of function/performance measure sets. 

In this chapter, a number of concepts have been introduced 
which will enable systems to be designed so that they are more 
diagnosable. The concept of designing by function and maintaining 
the independence of functions (Suh, 1990) was explored and 
discussed. The result is that a system that maintains independence of 
function/performance measure-parameter sets may be easier for 
humans to diagnose. The interaction with design for 
manufacturability and field replaceable units (FRUs) was presented. 
From this discussion, normally a system designed for 
manufacturability will have a higher number of parameters 
incorporated into each component which will then provide multiple 
functions. This results in a logical choice for FRU levels. Concepts 
from reliability and maintainability engineering, including 
accessibility, testability, and modular design were introduced. 
Finally qualitative and quantitative measures of diagnosability and 
its improvement were developed. Among these was an evaluation of 
systems with various levels of interrelationships, where the ability to 
maintain independence of parameters, as suggested in section 4.1, is 
not possible. A hypothetical system in which parameters that are 
difficult to isolate was presented and redesigned for improved 
diagnosability. This was accomplished by introducing additional 
diagnostic performance measures and direct indicators along with 
incorporating parameters which are difficult to isolate into a single 
FRU. A group of systems was introduced with equivalent functions 
and performance measures but different structural relationships. 
These systems were analyzed for diagnosability. A rating system 
was devised that took into account system interaction complexity, 
parameter measure cost, and the maximum number of parameter 
measures required to isolate the failed parameter. The result were 
recommendations for system structure design based on the intended 
diagnostician. It was suggested that this analysis can also be used 
for system redesign which would improve diagnosability. Finally, 
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considerations during conceptual design for product design were 
introduced. Included in these were guidelines which would be 
applied during product design to maintain and enhance the design for 
diagnosability that was started in the conceptual phase of design. 
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5. Conclusion

This paper has described some advances into understanding the 
relationship between design and diagnosis, and how that 
understanding can be used to increase the diagnosability of 
mechanical systems. Improved diagnosability in turn provides a 
product of higher quality because of increased functionality and 
reduced life cycle cost. 

Work has been presented on the evaluation of diagnosability, 
from both a qualitative and quantitative standpoint, during the 
conceptual phase of the design process. This evaluation can be used 
to compare competing concepts with respect to diagnosability, or to 
increase the diagnosability of a concept by identifying those elements 
of the form to function mapping that make diagnosis difficult. The 
process of developing evaluation techniques has resulted in the 
identification of those parts of the function-form structure that most 
influence the ability to diagnose a mechanical system. These include 
independence and inter-dependence of parameter sets, functional 
isolation of sub-systems, utilization of logical test points and direct 
indicators, and identification of parameters common to functions that 
can be combined as field replaceable units. Throughout this paper, 
the failure modes have been considered to be Boolean in nature. For 
non-Boolean failure modes, other techniques will need to be applied 
as well. These techniques include the use of Weibull Analysis, 
Fuzzy Sets, Markov Chains, and Influence Diagrams. 

The concept of design for diagnosability cannot stand alone but 
must be integrated as part of the concurrent engineering design 
process. This paper describes the effect of using design for 
manufacturability principles on the diagnosability of the product. 
Current research focuses on refining the qualitative techniques for 
evaluation of diagnosability, and on further developing quantitative 
evaluation criteria. The procedures and techniques presented need to 
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be applied to a test bed from industry to validate their effectiveness. 
Future work should include investigation into the effect of 
reliability, availability, maintainability, and durability on 
diagnosability, and integration of design for diagnosability 
procedures with those of failure modes and effects analysis or failure 
modes and effects criticality analysis. In addition, more 
investigation into the psychology of diagnosis should be performed. 
Human factors experiments need to be conducted to verify and 
further quantify the improvement in diagnosability of test systems. 
The design for diagnosability procedures for the conceptual phase of 
the design process have to be extended and modified for the 
embodiment phase of the design process for this to become an 
effective technique. Finally, the techniques should be automated so 
that they become easy to use and can be incorporated into future 
computer aided design packages as is suggested by Will (1991) and 
Sigma Plus (1989). 
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