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Abstract:  Deciding inspection frequency and choosing appropriate type of maintenance 
method are the two principal actions in maintenance program of all industries. It is well 
known that dynamic or variable inspection frequency is advantageous as against fixed 
inspection interval. For deciding the inspection schedule and maintenance type, the 
degradation behavior of the deteriorating or mechanical system is a foremost criterion. 
Uncertainty of the information about degraded condition of the system is the hindrance to 
arrive at the optimal inspection/ maintenance decision. Fuzzy set theory is a viable 
solution to overcome such a problem. In this paper, the degraded states (degree of 
deterioration) of the system are modeled in the form of linguistic terms. Expert inspection 
engineers judge the condition based on linguistic variables that are pre-defined fuzzy sets. 
The opinions of the experts are then merged to arrive at a single resultant fuzzy set, which 
represent the present state of the deteriorating system. Distance measures and credibility 
score method are used to ‘map’ the resulting fuzzy set on to the pre-defined fuzzy sets. An 
illustrative maintenance decision-making strategy is devised that shows the next 
inspection date and the type of the maintenance to be carried out. The whole procedure is 
demonstrated with diverse examples. 

Key Words:  degrading system, dynamic inspection, maintenance decision-making, fuzzy 
sets, hamming distance, Euclidean distance, credibility score 

1.  Introduction 

Plant or equipment maintenance is of paramount importance in order to maintain the plant 
and equipment in a state of high operating efficiency and to achieve enhanced availability 
and productivity. The primary function of any maintenance program is to control the 
condition of the equipment or the system and to ensure availability. Maintenance 
decision-making mainly involves deciding the type of maintenance, planning, scheduling, 
replacement strategies and inspection policy. Dekker [1,2] presented an excellent review 
of the work in this area. To enhance the effectiveness and efficiency of maintenance, well-
planned maintenance strategy is an absolute solution. This requires determining numerous 
parameters such as frequency of maintenance, inspection frequency, replacement rules 
and so on. Due considerations for several constraints: maintenance crew size, spare parts 
inventory level, budget is also vital for devising optimal maintenance program. The paper 
[3] discusses an imperfect maintenance model with block replacement. Author also deals 
with inspection and maintenance policies of devices subject to deterioration. Further,
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optimal replacement and maintenance of systems subject to semi-Markov damage is 
investigated. Hanan Luss [4] examines maintenance policies for systems in which the 
degree of deterioration can be observed through inspection. Inspection and preventive 
repair schedules are developed that minimizes the total expected cost per unit time. 

Parameter uncertainty is a major issue in any decision making process. Uncertainty 
affecting the various parameters in maintenance scheduling and optimization may have 
essentially two origins: (i) randomness i.e. due to variability phenomena and (ii) 
incompleteness i.e. when information is lacking or scarce. The usual way to tackle 
uncertainty arising from randomness phenomena is to gather the data and perform 
statistical analysis. This uses probability theory to address the uncertainty aspects, which 
relies on statistical representation of available information. In recent years, an alternative 
approach called possibility theory is widely used to tackle the second type of uncertainty. 
This approach is useful where available information is not sufficient to identify 
statistically representative probability distributions. Possibility theory uses fuzzy set or 
fuzzy number concept to represent the uncertainty. When information is incomplete, or 
statistical data is not available or scarce, knowledgeable persons or experts can supply the 
information about parameter values. Such information supplied by human experts will 
most possibly be subjective in nature i.e. in the form of linguistic variables. Linguistic 
variables are the ones whose values are in words or sentences in natural or artificial 
languages. A fuzzy set is an extension of the traditional set theory that generalizes the 
grade membership concept by utilizing membership function ( )(xμ ) that takes the value 
between 0 and 1. A fuzzy set [5-7] is defined as a set of paired values ))(,( xx μ , where a 
member ‘x’ belongs to the set in a degree of )(xμ . Fuzzy sets are used to provide a more 
reasonable interpretation of linguistic variables. The membership function can have 
various shapes such as triangular, trapezoidal, normal, etc. 

This paper proposes a dynamic inspection policy based on fuzziness attached to 
degraded system state condition. Inspection group use their individual ‘competency’ and 
‘subjectivity’ to judge the condition of the mechanical/ deteriorating system. Their 
individual judgment, which is in the form of both ‘linguistic variable ’or‘triangular fuzzy 
set / number, is combined and then resulting fuzzy set is obtained that represents 
combined opinion of the inspection group. Appropriate decision is then taken as per the 
‘decision plan’ or ‘rule base’ formulated for inspection and maintenance decision making 
based on resulting fuzzy system degraded state. As an example, a maintenance decision-
making strategy is devised that shows the next inspection date and the type of the 
maintenance to go for. The entire proposal is illustrated through four examples. 

2.  System Degradation 

Degradation of the system is that system continues to operate, but provides a reduced 
level of service rather than failing completely. The quality, level or standard of 
performance of a system or functional unit deteriorates. Degradation is usually 
categorized as either ‘graceful’ or ‘catastrophic’. The causes of degradation of mechanical 
system or equipment may depend on nature of the system, operating conditions and 
environment. Some of the causes of degradation of mechanical system are: vibration, 
leakage, contamination, mechanical defect, material deterioration or may be cumulative 
damage such as corrosion, wear, aging, fatigue. Deciding about the deteriorated state of 
the system is the cumbersome job. Engineers monitoring the system may differ regarding 
the present system state. Also the information regarding the system may be partial which 
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is not enough to arrive at a concrete decision. Therefore making a maintenance decision 
based on individual’s judgment is necessary. Experts i.e. plant engineers, maintenance 
engineers, operators, maintenance crew give their opinion in terms of linguistic variables 
(on a fuzzy set scale of 0-10) about the deteriorated system state.  

3.  Dynamic Inspection Schedule 

In degrading or mechanical systems, the status of the system is determined by inspection. 
Inspection is a significant activity in all maintenance programs. Inspection team or group 
gathers the information concerning physical condition of the system as well as the rate and 
cause of system state deterioration. Based on the report of the inspection team, decision 
about maintenance activity such as necessary repairs or replacements is taken. Such act of 
inspection personnel help prevent or retard future degradation in the system state. This 
effort results in reducing maintenance costs and more reliable and efficient system 
operations.  

When degradation of the system (or rather its degree of deterioration) is detected 
during inspection, appropriate maintenance, if required, is carried out. Most maintenance 
programs use fixed scheduling concepts e.g. schedule for an entire year is determined 
prior to the start of the year. Inspection, which is a significant activity in the maintenance 
program, is usually performed periodically i.e. scheduled or fixed or static inspection. If 
inspection frequency is less, then non-detection of degradation may occur which may lead 
to huge production and other losses. On other hand, more frequent inspections increase 
cost of inspections. Fixed inspection plan works well in ideal environment when 
degradation rate is very small and constant or stable and also consequences of system 
failure are insignificant. Since ideal environment is seldom found in mechanical system, 
more flexible and responsive dynamic inspection plan has been advocated in this paper.  

Unlike static inspection policy, the inspection interval is not fixed, but varies from 
inspection to inspection. In such strategy, there is no requirement for previously 
determined schedule. Under this policy, decision about next inspection is taken based on 
the degraded state of the system during current inspection. The severity of the degraded 
state and rate of deterioration are the vital criteria’s for deciding next inspection date as 
well as maintenance type.  

Though continuous monitoring of the system is an alternative to fixed or dynamic 
interval inspection, it requires sensors, non-destructive testing equipments, themographic 
monitoring, oil analysis, vibration analysis, sophisticated calibration and alignment 
measurement techniques etc. Majority of sensors and monitoring devices are based on 
vibration, acoustic, electrical, hydraulic, pneumatic, corrosion, wear patterns and so on. 
This all require specialized manpower and huge investment in monitoring/ diagnostic 
tools and equipments. Also, issues like positioning, measurement errors, accuracy, 
precision and repeatability are involved. For critical systems in large-scale industry, it 
may be feasible to use such condition monitoring practice. But, in case of usual 
deteriorating systems and also in medium and near-medium scale industries, it may not be 
viable to continuously monitor all the equipments or systems using sophisticated 
instruments. Therefore intermittent inspection cannot be avoided.  

Though formulating optimal maintenance schedule requires lot of parametric study 
and analysis, this paper focus on two important decision criteria’s in system maintenance: 



A. K. Verma, A. Srividya and R. S. P. Gaonkar 48 

(1) Deciding frequency of inspection (considered variable or dynamic) i.e. deciding next 
inspection date. (2) Deciding type of maintenance activity (perfect, imperfect, minimal 
repair) to be carried out. Both these decisions are required to be taken at the end of each 
inspection.  

4.  Constructing Pre-defined Fuzzy Sets for Degraded System States 

As per the discussion in the earlier sections, in conclusion, assessing the deteriorated state 
of the system involves highly imprecise information; it is based on large extent on the 
experience, intuition and subjective judgment of the inspector personnel. Human 
subjectivity and imprecision can be taken into account by using appropriate fuzzy set to 
express the degraded condition of the system.   

The first step towards this is to construct the grade membership functions that 
adequately capture the meanings of linguistic terms employed in the degraded behavior of 
the system under consideration. This is done through ‘knowledge acquisition’. Knowledge 
can be elicited by knowledge engineer through an interaction with the expert’s in the field. 
Knowledge engineer first attempts to elicit knowledge in terms of propositions expressed 
in natural language. Later, he determines the meaning of each linguistic term employed in 
these propositions and finally, membership grade functions representing the fuzzy sets are 
constructed. Numerous methods based on expert’s judgment have been described in the 
literature for constructing membership functions. These are classified into ‘direct 
methods’ and ‘indirect methods’. These methods are further classified to methods that 
require ‘one expert’ and  ‘multiple experts’. 

We classify here, the condition of the deteriorating system into following classes: 
1. Degradation is very low or negligible (VL)  
2. Degradation is low (L) 
3. Degradation is medium (M) 
4. Degradation is high (H) 
5. Degradation is very high (VH) 
6. Degradation is very-very high or severe (VVH)  

VL = (0, 0, 1.5)  H      = (6, 7.5, 9) 
L    = (1, 2.5, 4)  VH    = (7.5, 8.5, 9.5) 
M   = (3, 5, 7) VVH = (8.5, 10, 10)

VL H M L 
VH VVH 

1.0 

7.5 2.5 5 10 0 

Fig. 1: Pre-defined Fuzzy Sets Representing System Degradation in Linguistic 
Variables.

System State Condition Rating Scale 

Grade 
Membership 
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The state of the system is evaluated based these six linguistic variables by the inspection 
team. The meaning of these linguistic terms is expressed by the fuzzy sets (we term these 
pre-determined fuzzy sets as ‘pre-defined fuzzy sets, P’) defined in Figure 1. The system 
state condition is considered on the rating scale or interval of [1, 10]. 

5.  Combining Expert Judgment 

It is worthwhile to sense that responding to state condition directly in the form of 
triangular fuzzy set is indeed a hard task for human experts as accuracy or precision 
criteria is of decisively significant. For this, inspection team should be well conversant of 
fuzzy set theory and its analysis. Otherwise judging the degraded states in linguistic terms 
is a sensible proposition. After obtaining the answers from experts in linguistic terms, they 
can be transformed to triangular fuzzy sets that are already defined in the earlier section.  
We describe here three methods to get resultant fuzzy set based on the inspector’s 
opinions when opinions are in the form of triangular fuzzy sets or numbers.  

5.1  Averaging Method 

In this method [7], members (experts) of inspection team needs to give their judgment 
about degraded system state in the form of triangular fuzzy set 

, where ‘M’ is the total number of members in the 
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5.2  Averaging Method with Feedback 

This is an extension [7] of the ‘averaging method’. For each expert, divergence is 
calculated. Divergence is the difference between the individual expert response and the 
resulting fuzzy set. 
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The divergence can be positive, null or negative. This information is then sent to each 
individual expert. Each expert reconsiders his previous response and if necessary gives a 
new triangular fuzzy set response. This complete process is continued until a stable 
resulting fuzzy set is found. This procedure provides a converged resultant set. 

5.3  Combining Method for Symmetric Triangular Fuzzy Sets 

Verma et al. [8] demonstrated a method to combine the experts judgment/ knowledge 
when experts assign a symmetric triangular fuzzy set/ number to the reliability values. 
Similar method can be employed in our case if individual members of inspection team 
give responses to degraded system state directly in the form of symmetric triangular fuzzy 
number. The technique can be used here as well to combine their judgment.  Let interval 
value of degraded system state be ;  represents left value and  is the 

right value. The middle value/ crisp value of this triangular fuzzy number is 

],[ rDlD '' lD '' rD

'' mD

2
rDlD +

. Let '' M  number of expert inspectors assign values to degraded state of the 

system. Their responses are documented in triangular fuzzy number form: 

. Let the combined inspection 
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resulting degraded condition of the system. Parameters  of the combined ‘R’ 
are determined using the following two equations [8,9]: 
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6.  Mapping the Resulting Fuzzy Set 

Once resulting fuzzy set is obtained, then it is required to be interpreted in terms of 
linguistic variable defined earlier. This will give the final assessment of the system 
condition based on individual inspectors rating/ judgment as described in earlier section. 
To get this, resultant fuzzy set is to be ‘mapped’ on to the closest/ nearest pre-defined 
fuzzy set (i.e. linguistic variable). This section discusses distance measures and credibility 
score method that are used for mapping in this paper. 

6.1  Distance Measures 

Several fuzzy distance measures [10,11] for ranking have been proposed in the literature 
and are effectively used in wide range of applications. Some of them are given here. In 
such measures, distance between the two fuzzy sets is computed and the one with 
minimum distance is chosen for mapping. 

Hamming Distance: The Hamming distance between pre-defined fuzzy set ‘P’ and 
resultant fuzzy set ‘R’ over a finite universal set ‘X’ is defined as:  
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where μ  is membership function. 

Euclidean Distance: The Euclidean distance between pre-defined fuzzy set ‘P’ and 
resultant fuzzy set ‘R’ is defined as:  
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where μ  is membership function. 

Distance Measure Proposed by Liem Tran et al.: A new approach have been proposed 
by Liem Tran et al. [12] for ranking fuzzy numbers based on distance measure. It is shown 
in their paper that the proposed method overcomes several inherent shortcomings of 
existing fuzzy ranking approaches. Liem Tran et al. have developed a new class of 
distance measures for interval numbers that takes into account all the points in both the 
intervals. Later on, they derived the equations/ formulae to compute distance for some 
commonly used fuzzy numbers (trapezoidal and triangular) with two different weighing 
functions, namely )1(ω  and )(αω . )1(ω  represents equal weights for intervals at 
different α -levels and )(αω indicates more weight given to intervals at higherα - level. 
The proposed distance between two triangular fuzzy sets )3,2,1( PPPP = and 
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Hamming distance and Euclidean distance are efficient measures for ranking, in 
particular, when fuzzy sets are overlapping the resultant fuzzy set and they are close to 
each other. Otherwise, these two distance measures may not serve the ranking purpose 
suitably. As our aim is not to rank the pre-defined fuzzy sets, rather we seek the nearest 
pre-defined set to resultant set, our purpose will be met with these distance measures. We 
have demonstrated our proposal through various examples with all the distance measures 
described above. 

6.2  Credibility Score Method  
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This method [13], also known as ‘clustering technique’, is used for comparing the 
resulting fuzzy set with pre-defined fuzzy set and to map the resulting set to one of the 
pre-defined set. The steps of the method are:  

(a) Divide the range between the lower bound and crisp value (middle value or mode 
value of fuzzy set at which membership function is 1) of resultant fuzzy set into ‘n’ equal 
intervals. Divide the remaining range (i.e. between crisp value and upper bound) also in 
‘n’ intervals. This process will result in total ‘ 12 +n ’ fuzzy set function values. 

(b) The ‘credibility score’ of each predefined fuzzy set (degraded state) with respect to 
resultant fuzzy set is defined by the expression: 

∑
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Fig. 2: Obtaining Parameters for Computing Credibility Score  
  at a Particular Fuzzy Set Function Point. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

where  and i
Rμ

i
Pμ  are the membership grade of resultant fuzzy set R and pre-defined 

fuzzy set P respectively at fuzzy set function point (interval point) ‘i’ ( 12......,2,1 += ni ). 
Refer Figure 2 for more clarification. 
 
(c) After getting credibility score of each pre-defined fuzzy set, ‘total credibility score’ is 
obtained by summing up individual credibility scores of all pre-defined fuzzy sets: 

VVHCSVHCSHCSMCSLCSVLCSTCS +++++=          (14) 
 
(d) Then, ‘relative credibility’ of each pre-defined fuzzy set is computed using: 

VVHVHHMLVLP
TCS

PCS
PRC ,,,,,; ==           (15) 
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Comparing all the relative credibility values with each other and selecting the one 
with highest relative credibility do mapping of the resulting fuzzy set on to a pre-defined 
fuzzy set. Juang et al. [13] found that a converged and unique result is obtained regardless 
of shape of resultant fuzzy set when . 1000≥n

7.  Formulation of Decision Plan 

1. Framing the criteria’s or rules for taking an inspection interval or/ and 
maintenance decision is not a trivial task. It also requires lot of expertise. Figure 
3 depicts one such example of decision rules. At any inspection date i.e. the time 
at which inspection is done niit ,....2,1; = ; decision-making team (inspection 
group) evaluates the condition of the system based on the combined resultant 
rating as described in the previous sections. The team then concludes the 
degraded state as per the zones shown in Figure 3.  

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

System 
State 
Zones 

Time 

Excellent 

Very Good 

Good  

Poor 

Warning 

Critical 

ti 

Fig. 3: Example of Inspection and Maintenance Decision Plan. 

Next Inspection 
After tΔ⋅3  

Next Inspection 
After tΔ⋅2

Next Inspection 
After tΔ

Next Inspection After 

2
tΔ   

Go for Top Priority Maintenance 
(Imperfect/ Perfect Repair) 

Go for Maintenance 
(Imperfect Repair) 

The zones are categorized as per the degraded system states as below: 
2. Excellent Zone    ---  degradation is very low or negligible (VL) 
3. Very Good Zone ---  degradation is low (L) 
4. Good Zone          ---  degradation is medium (M) 
5. Poor Zone           ---  degradation is high (H) 
6. Warning Zone     ---  degradation is very high (VH) 
7. Critical Zone       ---  degradation is very-very high or severe (VVH)  

The decision is taken depending on the resulting fuzzy set (obtained based on 
combined inspectors evaluation) and which zone it belongs to. ‘ tΔ ’ is the normal 
inspection time that is decided by the system designers at the time of design, installation 
and commissioning. At any inspection, if system condition is excellent, then next 
inspection is to be done after ( tΔ⋅3 ), if it is very good, then the next inspection date 
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would be after ( ) and so on as shown in Figure 3.  This is the key essence behind 
following dynamic inspection schedule that date of next inspection is decided based on 
fuzzy degraded system state observed at current inspection. This reduces inspection 
frequency, avoids unnecessary inspection and hence overall inspection time, effort and 
cuts down the cost. Also, in some cases, if the system needs to be shutdown for 
inspection, then the proposed strategy is much beneficial as considerable reduction in 
downtime due to unnecessary inspections can be achieved.  

tΔ⋅2

As highlighted earlier, major purpose of maintenance is to retard the degradation rate 
and to make the system either ‘as good as new’ or ‘better than the present condition’. 
Now, at inspection, if it is found that system degradation is very high or system have 
crossed warning limit, then imperfect maintenance is done. So, deterioration rate is 
reduced and condition of the system is made better than the present state. In other words, 
system is ‘pushed back’ on the time scale. This is shown in Figure 4.  

 
 

 

 
 
 
 
 
 
 
 
 
 
 

 
 

System 
Degradation 

Time

Fig. 4: System Degradation over Time Period with Maintenance Actions. 
If it is observed that degradation have crossed the critical limit, then top priority 

maintenance is required to be carried out. Otherwise, there is all possibility of system 
breakdown and hence possible production loss, system damage, loss to human life and so 
on. This top priority maintenance may be perfect repair (i.e. system replacement) or may 
be imperfect repair. If degradation is very less, then decision of ‘do nothing and continue 
as it is’ can be taken. Even if degradation is less or medium, it is standard practice that 
minimal maintenance i.e. ‘as bad as old’ is done for the system. After all, decision to go 
for a particular type of maintenance solely depends upon the inspection and maintenance 
engineers. It may be noted that attempt have been made in this paper to present the 
proposal through an appropriate example which is only suggestive in nature. 

8.  Examples  

Four examples have been illustrated here to demonstrate the decision-making process 
regarding dynamic inspection frequency and maintenance based on fuzziness attached to 
system state degradation. All the methods described in this paper in the earlier sections 
have been presented through these examples. The categorization of the examples is given 
in Table 1. Input data/ information i.e. opinions/ judgment about the system states/ 
condition obtained from the experts is given in Table 2. It may be observed that averaging 
method with feedback is used for example 4. First, judgments from experts are obtained in 
triangular fuzzy set form and then it is averaged to get a triangular fuzzy set [7.54, 8.4, 
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9.18]. Divergence is then computed for all the experts and it is sent to them for a review. 
The changed responses are also shown in Table 2. After feedback, the resultant fuzzy set 
is [7.62, 8.44, 9.22]. The difference between the two resulting sets before and after 
feedback is [0.08, 0.04, 0.04]. This is considered as ‘acceptable’ in our case. If higher 
accuracy is desired, then more revisions are to be done till stable resultant fuzzy set is 
obtained. Table 3 shows the lower bound, crisp or middle value and upper bound of the 
resulting triangular fuzzy set. These resultant sets in the four different examples are 
depicted in Figure 5. 

Table 1: Categoriz on of Examples ati
 

Example 

Number 
of  

Experts 
 

Form of  
opinion  

 

Method for Combining  
Expert Judgment 

Methods used for 
Mapping the 

Resulting Fuzzy 
Set 

1 5 Linguistic 
Variable 

Averaging 
Method 

Distance Measures 
and Credibility  

Score 

2 6 Linguistic 
Variable 

Combining  
Method for Symmetric 
Triangular Fuzzy Sets 

All of the above 

3 7 
Symmetric  
Triangular 
Fuzzy Set 

Averaging Method All of the above 

4 5 
Asymmetric 
Triangular 
Fuzzy Set 

Averaging  Method  
with Feedback All of the above 

 
Table 2: Expert Judgment (Inpu ) about Degraded System States t

 
Expert Number Example Number 1 2 3 4 5 6 7 

1 VH M VH VH H ---- ---- 
2 M M L H L L ---- 

Lower Bound 2.0 1.1 2.2 1.7 2.5 0.9 2.5 
Crisp Value or  Mode 4.1 2.1 2.7 2.5 3.5 1.8 4.0 3 

Upper Bound 6.2 3.1 3.2 3.3 4.5 2.7 5.5 
Lower Bound 8.3 7.0 8.5 6.5 7.4 --- --- 
Crisp Value 8.8 7.8 9.0 8.0 8.4 --- --- Before 

Feedback Upper Bound 9.6 8.6 9.2 9.0 9.5 --- --- 

lDivergence  0.76 -0.54 0.96 -1.04 -0.14 --- --- 

mDivergence  0.4 -0.6 0.6 -0.4 0.0 --- --- 

rDivergence  0.42 -0.58 0.02 -0.18 0.32 --- --- 
Lower Bound 8.2 7.3 8.3 6.9 7.4 --- --- 
Crisp Value 8.7 8.1 8.8 8.2 8.4 --- --- 

4 

After 
Feedback Upper Bound 9.5 8.9 9.2 9.1 9.4 --- --- 
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Table 3: Combined Expert Judgment.  

 
Example Method used Resultant Fuzzy Set 

Lower Bound 6.3000 
Crisp Value or  Mode 7.6000 1 Averaging 

Method Upper Bound 8.9000 
Lower Bound 3.3333 

Crisp Value or  Mode 5.0000 2 
Combining Method 

for Symmetric 
Triangular Fuzzy Sets Upper Bound 6.6666 

Lower Bound 1.8428 
Crisp Value or  Mode 2.9571 3 Averaging 

Method Upper Bound 4.0714 
Lower Bound 7.6200 

Crisp Value or  Mode 8.4400 
4 Averaging Method 

with Feedback 
 Upper Bound 9.2200 

 (c) (b) (a) 
 

 

 

(a) Resulting Fuzzy Set of Example 1:    6.3000, 7.6000, 8.9000 
(b) Resulting Fuzzy Set of Example 2:    3.3333, 5.0000, 6.6666 
(c) Resulting Fuzzy Set of Example 3:    1.8428, 2.9571, 4.0714 
(d) Resulting Fuzzy Set of Example 4:    7.6200, 8.4400, 9.2200 

VL H M  L 
VH 

VVH 
1.0 

7.5 2.5 5 10 0 
System State Condition Rating Scale 

 
 
 
 
 
 

(d) 

Grade 
Membership 

 
 
 
 

 

 

 
Fig. 5: Resulting Fuzzy Sets in Four Examples  

Once resultant fuzzy set is obtained, the next step is to ‘map’ it to the nearest pre-
defined fuzzy sets i.e. among VL, L, M, H, VH and VVH. This is some sort of 
defuzzification i.e. identifying the resultant fuzzy set amongst the predefined fuzzy sets. 
The results of mapping are presented in Table 4.  
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Table 4: Mapping the Resulting Fuzzy Set.  
 

For Hamming Distance Measure:  increment (n) = 0.05 
For Euclidean Distance Measure:  increment (n) = 0.05 

For Credibility Score Method:  intervals (N) = 2000 
Methods used 

Distance Function 
by LiemTran et al. 

Weighing 
Functions 

Example 

Pre-
defined 
Fuzzy 

Set 

Hamming 
Distance 

Euclidean 
Distance 

)1(ω  )(αω  

Credibility  
Score 

VL --- --- 110.258 92.6821 0 
L --- --- 52.4577 43.5671 0 
M 63.0462 6.5685 14.1522 11.5823 0.0172 
H 4.9333 * 0.7866 * 0.4577 * 0.2355 * 0.7168 #

VH 28.9692 4.1588 1.9189 1.4994 0.2617 

1 

VVH 39.3718 5.161 10.1577 8.6186 0.0043 
VL --- --- 46.8083 39.4444 0 
L 60.5394 6.4385 13.0585 10.6955 0.0159 
M 6.6603 * 0.8603 * 0.7530 * 0.3765 * 0.9682  #
H 60.5402 6.4385 13.0587 10.6956 0.0159 

VH --- --- 24.9199 20.6258 0 

2 

VVH --- --- 46.8089 39.4447 0 
VL --- --- 15.659 13.289 0 
L 16.6973 * 2.4774 * 0.8058 * 0.5422 * 0.8865  #
M 54.9187 6.153 8.9292 7.2466 0.1135 
H --- --- 41.6638 34.5892 0 

VH --- --- 61.6965 51.3287 0 

3 

VVH --- --- 94.3106 79.3403 0 
VL --- --- 136.28 114.551 0 
L --- --- 70.7696 58.8851 0 
M --- --- 24.114 19.9338 0 
H 29.5855 4.2877 2.0696 1.6207 0.3227 

VH 4.3620 * 0.8522 * 0.1907 * 0.0980 * 0.6194  #
4 

VVH 25.9665 4.24843 4.0596 3.4523 0.0579 
* Lowest Distance Measure in all              # Highest Relative Credibility in all  

              --- Not calculated; as resulting fuzzy set is not overlapping this pre-defined  
                    fuzzy set (i.e. this pre-defined fuzzy set is ‘not in the race’) 

All the methods explained earlier have used for performing the ‘mapping’ and it is 
observed that we get the same pre-defined fuzzy set for individual example with all 
methods. While mapping the resulting fuzzy set through distance measures ‘minimum 
distance’ is considered, whereas in credibility score technique, ‘maximum relative 
credibility’ is the criterion. For Hamming and Euclidean distance, increment (n) is taken 
as 0.05 and in case of credibility score technique; number of intervals (N) is taken as 
2000. It may be perceived that as our pre-defined fuzzy sets overlap each other, the 
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resulting fuzzy set certainly overlap one or more of these pre-defined fuzzy sets.  
Therefore Hamming and Euclidean distances have been computed only for those pre-
defined fuzzy sets that overlap the resulting fuzzy set. In other words, non-overlapping 
pre-defined fuzzy sets are considered as ‘not in the race’ of becoming a resulting fuzzy 
set. 

Dynamic inspection/ maintenance decisions in these examples have been presented in 
Table 5. This is as per one of the proposal presented in this paper (as shown in Figure 3) 
regarding maintenance decision-making. Such proposals are normally designed during the 
design stage of the plant/ system. For first three examples, next inspection date is decided 
based on the zone in which system have reached. One can also observe the variation in 
dynamic inspection frequency in Table 5. In case of example 4, system enters in the 
‘warning zone’. Therefore maintenance is required to be carried out immediately. The 
type of maintenance i.e. perfect or imperfect, however, is to be decided based on the 
various factors. Usually the decision will be that of imperfect maintenance/ repair (as 
considered in our plan) of the system. For perfect maintenance or replacement of the 
system, study based on the several factors such as cost-benefit analysis, age of the system, 
availability aspects, criticality etc. is to be carried out.  

Table 5: Making Suitable Decision as per Decision Plan. 
 

Example 
Degraded System 
State in Linguistic 

Form 

System State 
Condition 

Zone 

Inspection/ Maintenance 
Decision as per Figure 3 

1 H (High) Poor Next Inspection after 
2

tΔ
  

2 M (Medium) Good 
Next Inspection 

after tΔ  

3 L (Low) Very Good 
Next Inspection 

after tΔ⋅2  

4 VH (Very High) Warning Go for Imperfect  
Repair/ Maintenance 

  
9
 

.  Conclusion 

Uncertainty concerning degree of deterioration or degraded condition of the system is one 
of the major barriers to arrive at the optimal inspection/ maintenance decision. In this 
paper, the degraded states of the system are modeled using fuzzy set theory i.e. in the 
form of linguistic variables. Experts judge the degraded system state with the help of pre-
defined fuzzy sets. The opinions of the experts are then combined to obtain single 
resultant fuzzy set that represents the present condition of the deteriorating system. The 
resultant fuzzy set is then mapped onto the pre-defined fuzzy set using distance measures 
and credibility score technique. A maintenance decision-making policy or proposal is 
formulated that suggests the next inspection date (frequency) and the type of the 
maintenance to be done.  
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