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Abstract

Traditional failure modes and effects analysis (FMEA) methods lack sufficient semantics and structure to provide full
traceability between the failure modes and the effects of the complex system. To overcome this limitation, this paper
proposes a formal failure knowledge representation model combined with the structural decomposition of the complex
system. The model defines the failure modes as the inherent properties of the physical entities at different hierarchical levels,
and employs the individual color, unified color, and Boolean matrix of the polychromatic sets to represent the failure modes
in terms of their interrelationships and their relations to the physical system. This method is a structure-based modeling tech-
nique that provides a simple, yet comprehensive framework to organize the failure modes and their causes and effects more
systematically and completely. Using the iterative search process operated on the reasoning matrices, the end effects on the
entire system can be achieved automatically, which allows for the consideration of both the single and multiple failures. An
example is embedded in the description of the methodology for better understanding. Because of the powerful mathematical
modeling capability of the polychromatic sets, the approach presented in this paper makes significant progress in FMEA
formalization.

Keywords: Causal Relationship; Failure Modes and Effects Analysis; Knowledge Modeling; Polychromatic Sets;
Reasoning Matrix

1. INTRODUCTION edge representation required to build a FMEA model, and
employed the functional reasoning technique to enable auto-
matic FMEA generation from historical data. Eubanks et al.
(1996) proposed a behavior-based FMEA model for decom-
posing a system into functions and behaviors, and then
mapping this model to physical artifacts. This method focuses
on identifying a comprehensive set of failure modes, in con-
trast to performing efficient automated analysis. Zhao et al.
(2004) presented an intelligent FMEA based on the system
hierarchical model and fault input/output relationship net
model, which is an effective way to improve automated
FMEA with applying expert knowledge. Lee (2001) used
Bayesian networks as a common knowledge representation
and reasoning formalism in building FMEA and diagnostic
models (BN-FMEA), which can improve the knowledge rep-
resentation and inference power. Price et al. (1997) united the
functional reasoning with the structural reasoning to realize
the safety analysis of electrical designs, and developed an
automated FMEA system. Ruiz et al. (2000) introduced a
state-based approach as an alternative to FMEA, which makes
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Failure modes and effects analysis (FMEA) is a powerful
tool in identifying potential failure modes and preventing
them from occurring (Vandenbrande, 1998). Although it has
a worldwide recognition across many industries, there are doc-
umented limitations for this technique. That is, it is severely re-
stricted in its usefulness because of the limitation of spread-
sheet-based approach to elicit and represent the failure causal
knowledge. In these models, system variables and states are in-
adequately named using natural language, and causal relation-
ships are imprecisely and ambiguously represented, so the
inference results are, in turn, generally not satisfactory (Lee,
2001). The fundamental issues of how to represent the failure
causal knowledge and realize an automated FMEA arise in
the context.

In response to the little structure nature of FMEA, research-
ers have been interested in failure knowledge modeling and
reasoning through construction of formal function, behavior,
and state models. Teoh and Case (2004) provided a knowl-
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(MPC) tool. It is built around a flexible causal reasoning mod-
ule, and has been adapted to various computer-aided design
and engineering platforms. Ormsby et al. (1991) proposed a
concept for automated FMEA using qualitative reasoning in
a model-based environment to make the analysis extensible
to other domains. Kara-Zaitri et al. (1991) discussed an or-
dered matrix FMEA, which is a pictorial representation re-
taining all relevant qualitative and quantitative information
of a failure mode or component, and developed a computer
program to realize the automatic FMEA. Russomanno et al.
(1994) related the FMEA process to various artificial intelli-
gence techniques, which facilitates performing a computer sim-
ulation. These FMEA approaches, although useful, often suffer
from relatively weak power in terms of providing a formal
representation for both a thorough comprehension of the
physical system and insight into the failure knowledge
needed to automate the FMEA process. In other words, it is
impossible to describe not only the underlying system itself,
but also its different failure characteristics in a unified and
concise model. Consequently, the traceability feature of
FMEA can easily become difficult to achieve, and the accu-
racy of the result would be suspected, especially when the
underlying system with highly complicated structures and
logical relationships. Anyway, from the viewpoint of support-
ing the automated FMEA, this is a key aspect needed to be
concerned.

Toward this end, this paper proposes a formal failure knowl-
edge representation model with the purpose to assist with the
modeling and reasoning portions of FMEA. The new modeling
methodology utilizes the well-established technique of poly-
chromatic sets to represent the failure modes and their causes
and effects in unified mathematic language, which provides
more powerful modeling formalism than the conventional
FMEA. Combining with the reasoning matrices, this model
can serve as the foundation to automate the failure effects anal-
ysis process, and can be performed without any special soft-
ware. Because of the availability of the standardized mathemat-
ical model of the polychromatic sets theory, this method has
advantageous features both in the formal knowledge represen-
tation and the subsequent reasoning analysis. Meanwhile, an-
other advantage of this modeling method is that the model
closely follows the actual structure of the system, and therefore
is readily understood by the failure analyst.

The rest of this paper is organized as follows. Section 2 dis-
cusses the mathematical aspects of the polychromatic sets
theory. Section 3 proposes a formal modeling method based
on the polychromatic sets theory. Section 4 elaborates the rea-
soning matrices and gives a specific procedure for identifying
failure modes and their effects. An illustrative example is pre-
sented in section 5. Finally, Section 6 concludes this paper,
along with the suggestion for future research.

2. POLYCHROMATIC SETS THEORY

Polychromatic sets theory is a newly established system
theory of information processing proposed by Russian
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scientist V.V. Pavlov. Its key idea is to use standardized
mathematical model to simulate different objects. Owing
to the formed mathematic foundation, the polychromatic
sets theory has made significant progress in problem for-
malization of many engineering domains, such as product
life-cycle simulation (Pavlov, 2000), product conceptual
design (Gao & Li, 2006), process modeling (Li & Xu,
2003), and so on.

In the conventional set theory, a set comprises a group
of elements. For different constituent elements, the differ-
ence only resides in their names, even though these ele-
ments could be various in many other characteristics. It
is impossible to represent all other characteristics of the
elements formally. In the polychromatic sets, not only its
constituent elements, but its entirety can be pigmented
with different colors to represent the research object as
well as the characteristics of its elements. Given a poly-
chromatic set A = (ay, . . ., a;, . . . , a,), the color F;(A) cor-
responding to the entirety of A is defined as unified color and
the color set F(A) = [F1(A), . .., F;(A), ..., Fy(A)] is called
unified pigmentation, whereas the color Fj(g;) corresponding
to the element q; is defined as individual color and the color
set F(a;) = [F1(a), . . ., Fi(a), . . ., Fy(a;)] is called indi-
vidual pigmentation. When an object is represented with the
polychromatic sets, the unified color Fj(A) and individual
color Fj(a;) correspond to the jth characteristics of the object
and its element, respectively.

In the polychromatic sets, the Boolean matrix is a very use-
ful instrument to store the relationships existing between the
elements, individual colors, and unified colors. When simu-
lating the real-life system, the existence of individual colors
is the key factor that determines the availability of unified col-
ors; therefore, the unified colors and individual colors are al-
ways correlated and the correlations are represented by using
the following Boolean matrix:

lciill Fay. Fay = [Fla@) X F(A)]

FiA) - FiA) - FyA)
cn occrocp ocoeocip | Fi(a)
i ccocp o Cp | Fila)
Cml " Cmj  Cmp Fm(a)

where ¢;; = 1 indicates that the individual color F;(a) affects
the existence of the unified color Fj(A), and c¢; = 0, for the
opposite case.

In addition, the relationships between the individual colors
and the elements, namely, the individual pigmentation of
all the elements are represented by the Boolean matrix [A X
F(a)], whereas the relationships between the unified colors
and the constituent elements are represented by the Boolean
matrix [A X F(A)]. Furthermore, the colors of the poly-
chromatic sets are expressed with Boolean vector, and its
logical operation is similar to the Boolean vector operation
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in Boolean vector space, such as logic sum (V) and logic
product (A). For more information on polychromatic sets the-
ory, please see the literatures (Li & Xu, 2003; Xu et al., 2005;
Gao & Li, 2006).

3. FORMAL MODELING METHOD

3.1. System decomposition

It is impractical and unnecessary to analyze the entire system
simultaneously. To gain a reasonable and sufficient scope of
study, a large system can be naturally arranged into a hierarchy
to ease the analysis by taking the system decomposition into ac-
count (Russomanno et al., 1993; Sharma et al., 2005). In this
paper, the issue of representing the knowledge of how systems
constitute is approached from a structural perspective, but not
limited to that. That is to say, the function or behavior model
is also conformable; they simply represent different ways to un-
derstand a system. In the hierarchical structural model (see
Fig. 1), the upper level system is organized by several sub-
systems that are, in turn, comprised of subsubsystems, and so
forth (Graham-Jones & Mellor, 1995). Through this iterative
manner, the complex system can be decomposed until the small-
est replaceable unit or part (e.g., a bolt, pipe, or seal). The def-
inition of system “levels” is arbitrary and the process of decom-
position is intuitive. Each level in the hierarchy contains one or
more elements that together represent a static view of the system
under a particular granularity, and the granularity of view in-
creases with levels.

The complex system decomposition is a very difficult task
because of our limited understanding of the system. The ideal
solution is to break the system into subsystems of smaller di-
mension by analyzing the parts that can be decoupled and the
subassemblies that are weakly interconnected. These sub-
systems are typically quite coherent, and it is easy to separate
them from the rest of the system. Building and decomposing
system models is a subjective process; however, the process
itself can provide an improved understanding of the system.
Note that the term “component” is used to describe the phys-
ical entities that achieve a certain function, and usually in-
cludes the subsystems, subassemblies, parts, and so forth, un-
less specified.

3.2. Failure causal relationship analysis

Failure modes occur at different levels of system aggregation. A
component may be included in more than one failure mode and a
failure mode may contain more than one component that fails
because of the same cause. The phenomena of system failures
are complicated because of the interdependence of these failure
modes, so a thorough FMEA needs to examine the effects of
many potential failure modes in as many locations as possible
(Hawkins & Woollons, 1998). From the structural point of
view, there is an intrinsic causal relationship between the failure
modes with the hierarchical characteristic (Hu et al., 2003; Zhao
et al., 2004). For a system failure, the failure sources at the first
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Fig. 1. Hierarchical structural model.

level are the subsystems and the failure causes are the current
failure modes of these subsystems. The failure sources at the sec-
ond and third levels are, respectively, the functional modules and
subassemblies, and the causes are the correlative failure modes
of these components. In that case, the part failure modes are
the lowest level failures, and their causes are usually the possible
original causes of a system failure. In other words, the failure
modes of the lower level may have effects on that of the upper,
which certainly results in the upper level components failing.
This failure scenario is described as the next higher level
effect in the spreadsheet-based FMEA. Another scenario is
that the failure modes of some components can interact with
each other at the same system level (Zhao et al., 2004). These
failure modes are defined as interactive failure (Sun et al.,
2006). When the interactive failure happens, the influencing
component will cause the affected component to fail immedi-
ately or increase the deterioration of the affected component
step by step. This scenario can be described by extending the
conception of the local effect in conventional FMEA, that is,
the effects resulting from the interactive failures can also be de-
fined as the local effects.

The above two kinds of failure propagation mechanisms
would accelerate even a small failure propagating widely
in the complex system. As shown in Figure 2, the failure
mode FM1of the component A,; will have an effect on the
higher level component A,, and the failure mode of A, will
have a local effect on the same level component A,. The ef-
fects of the bottom failure modes will propagate to the entire
system A, which results in the end effect EEFS5.

The unstructured knowledge representation of the spread-
sheet-based FMEA model cannot provide full traceability be-
tween the failure modes and the effects of the complex sys-
tem. and it is not applicable to analyze the multiple failures.
That is why a more powerful failure knowledge modeling
method is needed.

3.3. Formal knowledge representation
with polychromatic sets

The requirement, which the new procedure and/or method
have to fulfill, is derived from the problem mentioned above.
In the hierarchical structural model, each component repre-
sents the smallest distinct unit under the granularity of a level,
and can be expanded to a structure at the next lower level.
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Fig. 2. Iterative relation between FMEA spreadsheets.

Similarly, each failure mode can be tracked until the original
causes are achieved. To provide a useful visualization of how
the failure modes (FM) contribute to the failures of the com-
ponent (C) at different levels, a predefined mapping frame-
work is proposed, as shown in Figure 3. The left side of the
framework illustrates the causal logical relationship between
the failure modes, whereas the right side indicates the hierar-
chical decomposition for the complex system. The specific
correlation existed between the failure mode node and the
component node is denoted by a dash line. Through this map-
ping process, the failure modes are attached to the corre-
sponding components at the different levels, for example,
FM0 — C0, FM12 — C11.

As mentioned before, each failure mode can be assigned to a
corresponding component, so we regard it as an inherent com-
ponent property. To facilitate the expression and computer op-
eration, the polychromatic sets can be employed to represent the
component and its failure modes in the form of integrity. Sup-
pose using a polychromatic set A = (ay,. . ., a@;,. . ., a,) tO
denote a group of components at a certain level, then the individ-

FM33.FIM34 PA3
OO O |

FMm3 1\, FM32

Fig. 3. Mapping framework between failure modes and components.
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ual color Fj(a;) can be adopted to represent the single failure
mode of the component a;, whereas the individual pigmentation
F(a;) can be used to represent the whole. Accordingly, the next
higher level effect of the failure mode can be represented by
using the unified color Fj(A) corresponding to the entirety of
A, and all these effects can be represented by the unified pig-
mentation F(A). Therefore, the failure modes and their effects
are defined as the different colors of the components, which
is in favor of the formalization and programming. Considering
the complex system is organized in terms of hierarchy, a formal
failure knowledge representation model for the complex system
can be constructed as shown in Figure 4.

In the above model, the component and its failure modes are
incorporated and represented as a two-tuple <F[A(k, i,
J—DLAK, i, jr—1)>, where A(k, i, jr—1) denotes the i;th
component at the kth level and F[A(k, i, jr—1)] indicates the
corresponding failure modes of the component. In addition,
A(k, ik, jx—1) s also the subcomponent of the j;—; th component
at the (k — 1)th level. Specifically, <F[(A(0,0,0)];A(0,0,0)> is
the top node in which A(0,0,0) represents the entire system
and F(A(0,0,0)) represents the corresponding top-level failure
modes. The total number of nodes at the kth level is ny.

An advantage of this representation model consists in the
possibility of modeling the system at each desired level. Con-
sidering the failure modes on the bottom level are usually well
known and can be found in the existing failure modes data-
base with more specific description (Contini, 1995; Bluvband
et al., 2005), these failure modes are represented within the
three-tuple set (S)

§={<a; Flap: flap>|i=1,2,...,n} @)

e Q %“ ______ CAm where a; is the bottom level component; F(a;) and f(a;) are the
FM41FM42 FM43-EM44 e corresponding failure modes and original failure causes, re-
FMol..- siisze nl Cn2 spectively. The original causes of the system failure could

be various because of the different selection of the bottom
level components. In addition, there are some special failures
that cannot be represented as well as the normal ones, such as
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<F(A(0,0,0)):4(0,0,0)>

———— Level 0
<F(4(1,1,0)); i <F[A{l.l-’-‘0]); <i;(A(l,:‘|‘(])); O <F(A(1,n,,0));
A(1,1,0> A(1,2,0)> A(1,i1,0)> A(1,m,0)> Level 1
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A(m,1,1)= A(m2, > A(miy, )> A, )> Level m

Fig. 4. Formal failure knowledge representation model.

the software failures, the operator’s mistakes, the failures of
the components beyond the system boundary, and so forth.
In this paper, these failures are considered as the original
causes of the system failure and are assigned to the correlative
components.

4. FAILURE EFFECTS ANALYSIS

4.1. Reasoning matrix

Once the failure modes and effects are defined as the mathe-
matic term “color,” the required causal relationships between
the failure modes need to be represented and stored through a
more convenient approach. The theory of polychromatic sets,
in particular, the Boolean matrix, does provide a feasible ap-
proach for the solution of imprecisely and incompletely rea-
soning problems.

First of all, it is very important to relate the different
failure modes to the corresponding components. Assum-
ing Ak, ji-1) = Ui"P VA, i, jien), and FAG, j-1) =
UL SSVFA(K, iy, ji—p). where n(k, ji—1) is the number of
child nodes of the j;—th node at the (k — 1)th level. The re-
lationships between the component at the kth level A(k, i,
Jr—1) and its correlative failure modes F[A(k, i, jx—1)] can
be represented and reasoned using the following Boolean ma-
trix [A X F(a)] of the polychromatic sets:

llciillar@ = [AK, ji1) X FAK, ji—1))]
Fi(Ak, jk-1)) - - - Fi(Ak, jk-1) - - - Fp(A(k, jk-1))

where ¢y =1, if Fj[A(k, ji—1)] € FIA(K, i, jx—1)], otherwise
¢, = 0. This means that for a given reasoning matrix, if Ciy; 18
1 for some i and j, then a definite correlation exists between
the ixth component and the jth failure mode. In contrast, there
is no correlation if Ciy; is 0. Thus, the reasoning matrix deter-
mines whether there is a relationship between the i;th compo-
nent and the jth failure mode.

According to the hierarchical failure nature, a component
may have effects on its higher level “containers” by means
of the failure propagation, that is, the upper level failure
modes F[A(k, iy, jx—1)] are always considered as the failure
effects derived from the failure modes at the next lower level
FIA(k + 1, ix41, ix)]. Therefore, the causal relationships be-
tween the failure modes at the adjacent levels can be de-
scribed and reasoned by the following Boolean matrix [F(a) X
F(A)] corresponding to expression (1):

il rare = [FAGK+ 1, i) x FAGK, i, i), @)

where c¢; = 1 if the occurrence of the failure mode Fj[A(k, i,
Jk—1)]1s caused by the other failure mode at the next lower level
Fi[A(k 4 1, i)]. In addition, a component may also respond to
failure events generated by the other components on the same
level, namely, interactive failure. Similarly, the causal relation-
ships between the interactive failure modes can be described
and reasoned by using the self-correlative Boolean matrix
[F(a) x F(a)]:

HCUHF(a),F(a) = [F(A(k, jk—l)) x F(A(k, jk—l))]~ ©)

In Eq. (5), if the failure mode Fj[A(k, jx—1)] is caused by the
other failure mode on the same level F;[A(k, ji—1], ¢;j = 1.

e oAy e As described previously, the conventional FMEA only
considers the single failures and displays only those system

=1 G o Ciyj o Cigp effects stemming from the single failures. If the multiple fail-
ures are considered, completely new system effects or top

Cathjo )1 Cuthoje ) Cathoje)p events, which were previously not taken into account, can oc-
Ao 1, je 1) cur. That is, .the system failure eve?,nts are not always.cau.sed by
the single failures. The double, triple failures combinations or

o higher should be concerned together. To this end, the causal

Ak T jie-1) relationships between the failures modes are classified as two
sorts differed with disjunction format (P¥S) and conjunction

Ak, n(k, jk-1), jx—1) (3)  format (P*S) of the polychromatic sets. It is similar to the
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“OR” operation and “AND” operation in FTA (fault tree anal-
ysis). They can be expressed as:

PYS:  Fi(Ak, ir, jx1)) = Y, FiAKK, i, je-1)), (6)
>

PS: Fi(Ak, ir, ji 1) = A Fi(AKK, iy, jr-1)), @
>

where k" = k or k + 1. When there is more than one combina-
tion of the failure modes (/ > 1) that can affect the existence of
the other failure modes at the same or the next higher level,
the composition of these combinations are expressed as

Fi(A(k, iy, jx-1) = YA Fi(A(K, iy jr—1))- 3)

=1

4.2. Failure effect analysis process

Failure effects analysis need to identify the failure modes and
their end effects on the entire system, which is essential for the
system decomposition and model construction. Each stage of
the failure effects analysis starts with a set of components at
one level, and identifies all the possible failure modes of these
components, then assesses the effects on the local level, the
next higher level, and the system as a whole. However, these
three kinds of failure effects are not available directly. The
effects to the local level and to the upper level are validated
at first, then, the end effect is gotten through upward iterating
until into the top level. Figure 5 shows the flow chart revealing
the specific procedure for carrying out failure effects analysis.

Step 1. Determine the system level to be analyzed. At the
first stage of the failure effects analysis, the system level needs
to be located so as to perform a focused analysis. The selection
of the system level is decided by the particular application or
the knowledge level of the maintenance personnel (usually the
component level). There is no benefit to expand the level too
lower because it will defeat the purpose of the study by intro-
ducing too many failure modes.

StepP 2. Identify the potential failure modes of the compo-
nents in the selected system level. It involves a theoretical
and scientific engineering insight at each of the failures de-
fined previously, with a goal of narrowing the field down to
the most predominant failing components and associated pre-
dominant failure modes of the system. This step is accom-
plished through a process of theoretical analysis, followed
by comparison and grouping of the actual maintenance data.
If current level is the top level, then go to Step 5 directly, other-
wise go to the next step.

Step 3. Analyze the local effects of the selected failure
modes. The local effects on the same level can be captured
by searching the self-correlative reasoning matrix [F(a) x
F(a)]. If the local effects exist, then add the corresponding
failure modes of the affected components into the candidate
failure modes that are needed to be further analyzed, other-
wise go to Step 4 directly.
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Fig. 5. Failure effects analysis process.

StEP 4. Analyze the next higher level effects of the failure
modes decided by the Step 3. The failure effects on the next
higher level can be captured in search of the reasoning matrix
[F(a)x F(A)] until the top level is arrived at. Through this rea-
soning analysis, all the possible failure modes at the next
higher level are identified and can be considered as the can-
didate failure modes in preparation for the Step 2.

SteP 5. Export the end effects on the entire system. Using the
iterative searching process operated on the reasoning matrices,
the end effects on the entire system will be achieved automati-
cally. In general, the end effects can be derived from the list of
the functional requirements for the system under analysis.

Through the above analysis process, most parts of the data
can be extracted from the causal relationship to form a FMEA
report. It must be remarked here that the rest of the informa-
tion such as the risk priority number (RPN), current control,
and recommended action should be provided by the analyst at
certain stages of the FMEA generation process. As the anal-
ysis procedure is repetitive, it lends itself to computer automa-
tion, but requires a program to perform the reasoning portion
of the analysis. Evidently, the failure diagnostic reasoning
can be interpreted as a reverse search process operating on
the reasoning matrices.

5. APPLICATION EXAMPLE

5.1. System description

According to Dean (2003), the low-pressure and medium-
pressure air compressor (LP-MPAC) plants on various ships
are defined as “a sum of all components and the relation-
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| LPRAC plant

. Compressor .
Driver Moter assembly Oil pump FW pump FW filter
I
I [ l |
HP l.‘P Piston Gas valve
cylinder cylinder

Fig. 6. Structural model of LPRAC plant.

ships among them that participate in an air supply to main-
tain the system pressure at the desired level.” To help the un-
derstanding of our proposed model and associated reasoning
method, the FMEA for a low-pressure reciprocating air com-
pressor (LPRAC) plant is investigated. The LPRAC plant is a
typical complex system with multilevels, and the organiza-
tion of the failure knowledge is complicated as there are too
many factors needed to be considered. Therefore, before ap-
plying the new modeling methodology, the concerned system
and its physical boundary must be well defined. The compo-
nents beyond the system boundary are not taken into account,
and the failures of these components are considered as the orig-
inal failure causes that need not be further analyzed. Briefly,
the system can be composed of several components such as
oil pump, compressor, fresh water (FW) filter, driver motor,
and so forth. Obviously, some of these components can be
further broken down into smaller level, for example, the
compressor can be divided into high pressure/low pressure
(HP/LP) cylinder, piston, gas valve, slide, and so forth. An ex-
ample of hierarchical structural decomposition scheme of the
LPRAC plant is depicted in Figure 6.

The failure effects analysis requires the deep understanding
of the end effects on the entire system. The way to define the
end effects is to investigate the system function failure, that is,
“The inability of a system to meet a specified performance
standard.” Functional failures can be described by judging
what is too much, too little, or degraded functional outputs
for the system. In addition, it is necessary to further define
the possible failure modes on the bottom level, and these fail-
ure modes are considered as the direct or original causes of
the system function failure. The failure modes on the bottom
level are usually well known and with more specific descrip-
tions in advance. To accomplish the failure effects analysis,
the failure modes on other levels needs to be well defined
and organized as well, and these failure modes can be gener-
ated from the system technical manuals, the failure reports or
the maintenance records.

5.2. Formal modeling

As discussed above, our formal representation model is a struc-
ture-based and modularized method that enables us to perform
a failure effects analysis more precisely and completely. It is
not only useful for finding potential failure modes while
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avoiding the incorrectness problems inherently in traditional
methods, but also helpful for giving a guide to the designers
and domain experts to elicit the domain knowledge incre-
mentally. To facilitate failure effect analysis, a formal failure
knowledge representation model is constructed using the afore-
mentioned modeling method as shown in Figure 7.

In Figure 7, the single node <F[(A(0,0,0)];A(0,0,0)>
forms the first level in which the A(0,0,0) denotes the entire
system and F[A(0,0,0)] = {F;),j =1,2,...,mp} indicates a set
of function failure modes (1 is the sum of the failure modes).
This node can be further decomposed into a group of child
nodes, namely, <F[A(1,i,0)];A(1,;,0)> [i = 1, 2,. . ., n(l,
0)] in which the A(1,i,0) denotes the ith component on the
second level and can be substituted using the symbol A} for
simplification. Accordingly, F[A(1,;,0)] = {Fjl, j=12...,
m; } represents a set of failure modes related to the component
A}. Using the overlapping process, the components and fail-
ure modes on the next lower level can be represented using
our proposed modeling method until the lowest level
achieved. In this study, only a limited number of levels, com-
ponents, and failure modes are taken into consideration, but is
adequate for illuminating the concepts and ideas put forward
in this paper. A list of limited failure modes and components
are provided in Table 1.

A thorough FMEA should look into all the potential failure
modes, particularly those failure modes that cause the double,
triple, and higher system functional failures. To facilitate the
analyst to trace horizontally or vertically the failure at arbi-
trary indenture level, the complete reasoning matrices are ap-
plied to store the failure causal knowledge of the complex sys-
tem. For simplicity, these reasoning matrices are integrated
into one chart as shown in Figure 8.

The reasoning matrices to mapping the failure modes into
the corresponding components on the second and third level
are denoted by the Boolean matrices (1) and (4), respectively.
A “1” used at the intersection of related failure mode and
component implies a definite correlative relationship. In addi-
tion, the reasoning matrices relating failure modes at the ad-
jacent levels is denoted by matrices (2) and (3), which have
the upper level failure mode codes as rows (or columns)
and the lower level failure mode codes as columns (or
rows). Similarly, the “1” means a definite causal relation-
ship existing between the two correlative failure modes. Fur-
thermore, the relationships between the failure modes on the
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<F(4(0,0,0)):4(0,0,0)> Level 0
<F(A(1,1,0)); <F(A(1,2,0)); <F(A(1,3,0)); <F(A(1,4,0)); <F(A(1,5,0)); .
A(1,1,00> A(1,2,0)> A(1,3,0)> A(1,4,00> A(1,5,0)> Level 1
<F(A(2,1,2)); <H(A(2,2,2)); <F(AQ2.3,2)); <F(A(2,4,2)); Level 2
A(2,1,2)> A(2,2,2)> A(2,3,2)> A(2,4,2)>

Fig. 7. Formal failure knowledge representation model of LPRAC plant.

Table 1. Failure mode/component definition and description

FM Description FM Description FM/C Description

F9 No pressure, no  Fl; No oil level F}  Cylinder
capacity leakage

FY Low pressure,  F], No FW coolant F3  High pressure

low capacity

FY  Pressure Fl; FW heat Al Driver motor
satisfactory, exchanger
low capacity blocked
FY  No cooling Fls  Lube oil pump Al Motor
failure controller
F?  Inadequate F}, Thermostatic Al Belt driver
cooling valve failure assembly
FY  Excessive Fl;  FW pump A} Compressor
cooling failure assembly
FY  No lubrication ~ F}, LowFWcoolant Al Unloader valve
level
FY  Inadequate F}, Clogged oil A} Inlet filter/
lubrication strainer silencer
F}  Motor failure F}, FW heat A} FW exchanger
exchanger
restricted
F}  Motor controller F}, Oil pump worn Al Oil pump
failure
F}  Driver belt Fl, Excessive Al FW pump
broken seawater
cooling
F} Startup failure ~ F}, FW pumpwormn  Al, Intercooler
F!  Inadequate Fls Loweroillevel  Al, FW
airflow thermostatic
control valve
F.  Unqualified F? Piston ring melt A},  Oil strainer
exhaust
parameters
F}  Abnormal F3  Piston cracked A} Gas valve
pressure
F}  Unloader valve ~ F% Gas valve Al HP cylinder
partially open leakage

F)  Air filter/ F? Gaskets leakage A3 LP cylinder
silencer
restricted

F}, Loose/slipping ~ F% Blown head A% Piston
drive belts gasket

F}, No pressure F2  Piston air rod A?  Gasket

packing worn
F!, Abnormal F2  Pistonring worn ~ — —

temperature
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same system level also needs to be considered as well, for ex-
ample, the excessive wear, faceted run surfaces, and fractures
found in the piston rings are because of excessive friction
against the inner surface of the piston liner. Because it is
easy to represent and interpret this type of failure based on
the self-correlative reasoning matrix, the detailed expatiation
on it is out of discussion here.

5.3. Failure effects analysis

The failure effects analysis starts with the failure modes of in-
terest and all their possible effects on the initial indenture
level. Each failure effect can be further delivered until the
top level is arrived. It is not hard to make an automated causal
reasoning based on the reasoning matrices. The failure mode
selection, as is common in the traditional FMEA, is accom-
plished by an additional searching process applied to the rea-
soning matrices (1) or (4); all failure modes that cannot be a
part of the selected component will be disabled automatically.
In the example of reasoning to single-point failure of “gas
valve leakage” (F3) of the gas valve (A7), the failure effects
on the compressor assembly (A}) are obtained in search of
the reasoning matrix (3), namely, “inadequate airflow” (F;)
and “unqualified exhaust parameters” (F}). Furthermore,
the failure modes F} and F} might result in the failure of
the entire system, respectively, that is, “pressure satisfactory,
low capacity” (F9) and “low pressure, low capacity” (F9),
which are achieved by searching the reasoning matrix (2).
We now continue with the double failures investigation by
focusing on the specific failure modes. For instance, focusing
on the third level components A? and A3, the correlative fail-
ure modes are enabled in the reasoning matrix (4), namely, 3
and (F}, F3, FZ, F3). Assuming a double-point failure (a
combination of two failure modes leading to a failure) occurs
at the third level, that is, F3 A F2, three combinations of fail-
ure modes on the second level are exposed in search of the
reasoning matrix (3), that is, (F} A F}) V (F} A F}) V (F} A
F},). The final effects on the top level are also achieved
by searching the reasoning matrix (2); for example, the sys-
tem failure event (F9 A F2) will happen when the double-
point failure (F} A F1,) is chosen as the failure cause. Apply-
ing the same process used for the triple failures or higher, the
desired failure effects on the arbitrary system level are
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Fig. 8. Reasoning matrices.

displayed automatically. Especially, some failure modes are
in combination with one another to cause a new failure
mode, which means that these failure modes are networked
with the AND operation. The reasoning matrix needs to be
modified to satisfy this case, for example, we can use “—1”
at the intersection of the failure mode and its causes to denote
this type of causal relationships in the form of conjunction
(A). The results obtained from the failure effects analysis
using the proposed approach is equivalent to the published re-
sults in Dean (1992). Most importantly, we realize the auto-
matic diagnosis reasoning for more than one top failure
events through the reverse process. For example, the different
combinations of the failure modes associated with the terms
that cause the failure state of the system (F§ A F2) are ob-
tained in search of the reasoning matrix (2), and the logical
expression is written as follows:

FYAFY=(FYAF,)V (FYAF,)V (FY AFly) V (F} AF))
V (Fi AF))V (FL AF),)

These failure modes can be further analyzed until the bottom
level is reached. The results of the effects and diagnosis anal-
ysis give useful information on how to improve the system re-
liability through the identification of the weakest parts, where
the most effective prevention maintenance can be adopted. Of
course, the combinatorial explosion problem will exist when
the system and the failure modes are more complicated. We
can use the approximate failure rates for components to select
the most likely combinations of failures for analysis. This means
that the large number of multiple failures can be ignored,
enabling the engineers to concentrate their attention on the
most significant multiple failures.
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5.4. Assessment of methods

The polychromatic sets (PS) approach to FMEA makes im-
provements over the traditional FMEA process by adding
more structure and formalism to the failure knowledge repre-
sentation, which in turn, facilitates the automated process of
failure effects analysis (see Section 5.3). On the contrary,
most conventional FMEA methods give very little attention
to these points. For comparing the proposed approach with
current FMEA efforts (Kara-Zaitri et al., 1991; Eubanks
et al., 1996; Ruiz et al., 2000; Lee, 2001; Teoh & Case,
2004), we systematically examine the methods according to
their modeling instruments, reasoning mechanism, ability to
observe multiple failures, and so forth. The result of the com-
parison is shown in Table 2.

It is found that our proposed method is advantageous in
some aspects, they either: provide more unified and concise
representation of the failure knowledge, improve the accuracy
and consistency of the analysis results, support the multi-
ple failures analysis, bridge the design—diagnosis modeling
gap, or facilitate the implementation in the computer. For
example, about 101 blocks and 202 linkages are needed to
describe the elements provided in Table 1 by using the func-
tional diagram (Teoh & Case, 2004), whereas merely 18
nodes and 17 borders are needed in our proposed model. Fur-
ther improvements in terms of formalism can be made for the
more complex system by modularizing the representation
model before the analysis takes place. Rather than the spread-
sheet-based approach, representing the causal relationships in
the form of a Boolean matrix lends itself to the mathematical
manipulation and gives significant savings in the computa-
tional efficiency. The accuracy and consistency of results is
guaranteed by a deductive inference process applied to the
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Table 2. Method comparison
Attributes
Formal Knowledge Consistent Results/Low Multiple Failures Diagnostic Computer
Methods Representation Effort Treatment Reasoning Implementation
Spreadsheet-based - — — — —_
FMEA
Function-based + + - — +
FMEA
Behavior-based + + + + +
FMEA
State-based FMEA + + — — +
Matrix-based FMEA - + + - + 4+ o+
BN-FMEA —+ + 4+ 4 +
PS-based FMEA + + ++ ++ ++ ++

Note: ++, most appropriate; +, medium appropriate; —, less appropriate.

Boolean matrices. Particularly, this new modeling method
also provides an efficient support to the multiple failures anal-
ysis and diagnostic reasoning, which needs no special soft-
ware package. There is no prescription for these types of anal-
ysis in conventional FMEA procedures.

However, the proposed method provides limited ability to
satisfy the quantitative simulation requirement. We can ex-
pand the current model and integrate it with other quantitative
analysis methods to support the quantitative simulation func-
tion. In addition, the proposed method uses a matrix approach
for reasoning about the causes and effects, but does not pro-
vide an efficient algorithm to perform this reasoning. These
are the works needed to be done in the near future.

6. CONCLUSIONS

FMEA has been well recognized as a standardized engineer-
ing technique to help identify, rank, and alleviate potential
failures in a design or process. This paper mainly concentrates
on the failure knowledge modeling and reasoning aspects of
FMEA. By incorporating the system structural decomposi-
tion, the polychromatic sets theory is employed as a powerful
tool to construct the formal failure knowledge representation
model. In this model, the failure mode is defined as the
mathematic terminology “color,” and the failure causal rela-
tionships are stored in the Boolean matrices, which can be
readily expressed and implemented in the computer. This
model provides an organizational support to the management
of available knowledge on the characteristics of failure propa-
gation. From the same representation model, the complete
FMEA results for various candidate failure modes could
come true through the bottom-up search process repetitively
operated on the reasoning matrices. The method will always
come up with the same results in the same amount of failure
modes, resulting in a better, more consistent analysis. In par-
ticular, the model can also be used to realize the automatic di-
agnosis reasoning for more than one top failure events with
the top-down consideration, which helps to bridge the de-
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sign—diagnosis modeling gap and promote the FMEA knowl-
edge reuse. The case study of LPRAC demonstrates that the
proposed modeling and reasoning methods provide a practi-
cal and feasible approach for FMEA formalization.
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