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INTRODUCTION

Management of maintenance materials and parts (maintenance, repair, and operating [MRO] inventory)
is a special field of material management concerning the nature of the role it plays in effective and effi-
cient process operation. It is especially important because the forecast of the consumption of such materi-
als is limited. MRO has a special feature, namely, the strong relationship between safety (reliability) and
costs. Optimum operation can be achieved by a trade-off between them, based on systematic analysis,

Kennedy et al. (2002) differentiated the MRO inventories from the other types of manufactur-
ing inventories such as works in process and finished products, based on their functionalities. They
highlighted the function of MRO inventory, which is assigned not to be sold to a customer but to
ensure the proper condition of equipment. That is why the nature of maintenance material manage-
ment depends on the maintenance strategy, which is mostly a combination of following:

+ Failure based: operation until a failure occurs, and then repair.

* Time based: examination and repair after a certain operational time or output.

* Condition based: repair is scheduled using information from condition monitoring.

*  Maintenance prevention: construction and usage allows avoidance maintenance (maintenance-
free operation).

The last three are preventive strategies. Forecast of material requirements is the most difficult
in the case of failure-based strategy. When the cause of failure comes from a systematic effect
like deterioration, the expected time between failures can be modeled by a normal or normal-like
Weibull distribution. It allows the estimation of the increasing probability of failure as a function of
the time since the last repair.

When failures are the results of nonsystematic effects, the distribution of failure-free operational
times is (near) exponential, and failure can happen any time (memoryless process). This makes the

145



146 Human Factors of a Global Society

demand forecast practically impossible, The number of Failures during a long time interval might
provide information about the expected demand.

Dhillon (2002} separates the MRO inventories in the above-mentioned way. There are MROs for
routine and nonroutine maintenance tasks. However, the MRO inventories must be controlled in the
most effective way: continuous availability is important in the first case. When controlling MRO
inventories, there are four sorts of information needed:

+ Importance of the inventory item

+ The way it should be controlled

* Quantity to be ordered at one time

* Specific point in time to place an order

The answers to the first two questions are provided by the ABC analysis, which is one of the most
frequently used methods to support the decision-making procedure in inventory management. It
has many advantages, like easy usage and understandability. Its base is the famous Pareto observa-
tion, the so-called 80-20 rule. This rule serves as a basis for finding the cutoff figures between the
groups according to the relative importance of the items {Deis 2008). The Pareto chart provides a
perspicuous way of representing the three item categories—A, B, and C (Harry et al. 2010). This
approach can be applicable only for classification based on one criterion, which is its most signifi-
cant shortcoming.

Recognizing this problem, numerous methods have been developed to relieve the complex multicri-
terial decision-making situation in the last decades. These models, like the weighted linear optimization
{Ramanathan 2006), the genetic algorithm (Guvemir and Erel 1998), the analytic hierarchy process
(AHP) (Partovi and Burton 1993), and the fuzzy set theory (Chu etal. 2008). are capable of taking more
than one criterion into account at the same time, enabling a more sophisticated analysis framework.

Alongside the development of new multicriterial models is a dramatic increase in their complexity.
The way of improving these models focuses on their applicability, ignoring their understandability,
which is one of the most important aspects of selecting a model for analysis. The proper visualization
of each phase of the analysis and its results can relieve the implementation of complex models as well.

The visualization technigue introduced in this chapter is based on the case-based distance model
developed by Chen et al. (2008). In this sense, the present research is an extension of this model, improv-
ing the interpretation of its results. Hence, the main aim of this chapter is to demonstrate how visualiza-
tion can help in understanding the structure of a complex inventory analysis model step by step.

The motivation was provided by Cho and Parlar (1991), who were among the first formulating
critics on the lack of analysis of ereation and application of new mathematical models and theories.
Additionally, Scarf (1997) confirmed that too much emphasis is on developing new models and too
little on application. That is why the results will be supported by a case study to facilitate the appli-
cation of this mathematical model.

LITERATURE REVIEW

First, Flores and Whybark (1987) recognized that the classification of items is determined not only
by one criterion but also by more specific characteristics like criticality, reparability, scarcity, sub-
stitutability, stockability, lead time, annual dollar usage, and commonality {Ramanathan 2006).
However, increasing the number of dimensions in the analysis raises difficulties in interpretation of
the results, This problem can be relieved by framing the decision situation and the problem embed-
ded in it clearly through data visualization.

Lee et al. (2003) established a psychological framework to investigate the connection between
the information coming from an artificial system and the human cognitive processes. The pre-
decessor of this research had been conducted by Lee et al. (2003), who stated that viewing data
visualization works as a channel conveying information between the two systems involved in their
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psychological Iramework. In particular, “data visualization has the potential to assist humans in
anilyzing and comprehending large volumes of data, and to detect patterns, clusters and outliers
that are not obvious using non-graphical forms of presentation” {(Lee et al. 2003).

Raising the number of factors {criteria) in inventory analysis leads to large, complex databases,
whose elements are multivariate data. According to the Ward's (2008) definition, multivariate data
are n-dimensional data consisting of more records and represented by an m x n matrix, where m is
the number of data records and n is the value belonging to each variable or dimension.

There are many ways to represent multivariate data and the results of their analysis. Among these
are the glyphs. Glyphs are visualization tools (Lee et al. 2003) that can show specific clusters or point
at the interaction between variables. Starfield is another example for visualizing high-dimensional
data, which is a two-dimensional scatter plot with the option to expand for more dimensions. Akcay
et al. (2012) applied this tool for representing the two-dimensional results of a DEA model, Besides
starfield, they implemented a tie graph for representing the same results. They argue that it is an
effective tool for analysts to classily the data according to a criterion and uncover unrecognized pat-
terns in the data envelopment analysis {DEA) results, Adlerand Raveh (2008) conducted a research
also in the topic of visualization opportunities of DEA approach. As a result they introduced a
Co-plot method that is applicable for separating efficient units from outliers,

In general, Kim et al, (2008)—like Russel et al. (2008)—claimed that visualizing data provides
important aids for decision makers to improve the decision-making process. Keim (2002) stated
that the field of visualizing data is an important part of the research concerning computer seience 1o
amend the understandability of the data visually,

Concerning the inventory analysis in the field of inventory management, one of the main prob-
lems is that the large number of units can lead to an impracticable data set, which c¢an make the
application of the given model more complicated and can hinder the appropriate interpretation of
the results. In this sense, the case-based distance model developed by Chen et al. (2008) excels com-
pared 1o other models considering the structure of the model, because itinvolves an untapped oppor-
tunity in the view of interpretation of results. Namely, the process of determining the parameters of
surfaces separating each group of storage keeping units (SKUs) is built in the model, and visualizing
these surfaces can help to discover the magnitude of groups and the relationship between them,

MODEL CONSTRUCTION

The main aim of the case-based distance model is to classify the SKUs into categories according to
the set Q of criteria. Let 7 be the set of the units (A)) being analyzed, where A € T, C Tlg=A, B, C
basedong, € Qlj=1,2,....m.

; ) vitlues in positions A~ and A* form an interval
{Chen et al. 2008). The Euclidean distances taken from these points determine the position of the
given unit on ¢riterion g

LetthesetZ  C T lg=A, B, Cbea subset of T, that involves the units that principally represent

the set 7, and z; €T lg=A,B,C is one of these units, where c;-"""{.fl'} S (3;3':] S (AY)
(Chen et al. 2008).

The case-based distance model is constructed for # dimensions, which, adopted on three crite-
ria, becomes capable to be plotted as a three-dimensional coordinate system defined by the three
elements of O, where, respectively, radius vector g, represents the x, ¢, the y.and g, the z axis.

After launching the normalization factor d;““.ﬁle distance between the lower and upper bounds
of the intervals changes (Chen et al. 2008).

The minimum (c;"‘) and the maximum (c'-'“"

(er=an-cpaan))

&=

drul(A+;A_}= =|]j=112‘3 (14.[}
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Since the distance between the lower and upper bound of the interval is equal to the absolute
value of the radius vector on criterion j, the Euclidean distances taken from the points of compari-
son can be identified as the length of the radius vectors belonging to each unit. So the distance of

« €T, from the upper limit of the interval on the second criterion is

)_( 3 (AT)- r,( Nmr))z - g::(ﬂm?“(‘d.)ch(z:*rr);ﬂ]!)z

Y
d:;ll ik -

di (A*

Wz opx

['q"‘“ (036 (A7) = cF" (A" 1;0])

3

[\{02 +( AT - "': m.vr.vt))1 +0? ]- _ (r&“"'[d*}—rg(z:;,,g))-

mas

4 g

where
A = :“'")1=(c;*“(.4’)~¢;“"m"))z=ﬂg§‘“(ﬂ;(¢-;'“{,4’)~c;"‘"(A“});u])z=(|.:_,:‘“[):=q;m (14.2)

Based on the work of Chen et al. (2008), the weighted aggregation formulas of distance are

D' (z,,)=D" (AJ';;;:W)=ZN;_‘£J () =Z“’3 (|=r RIEMETE m:.,.x iz 4,,,,5)))

e i@ 49

(14.3)

and

D ()= D (2t )= 2w (20 ) = 2w NG

je@ j@ 4

(14.4)

respectively.
Note that depending on the point of comparison, we get two different sorting problems. Based on
this fact, the visualization has to be separated likewise:

« If r:;“i"(.f ) is the point of comparison, then we talk about minimum transformation in the
minimum (distorted) space.

* If e[™ (A7) is the point of comparison, then we talk about ma.ximum transformation in the
maximum (distorted) space.

In this sense, the attribute “distortion” means that the values created by the value function

d, (z,w) from the original values are linear and nonlinear distorted, and this value transformation
affccta the sets and the shape of their separating surfaces, too,

Based on the linear and nonlinear transformations and their effects on the visualization, four
different spaces (“worlds™) can be identified:

1. Original space (Space ()

2. Unit cube placed in “o™ origin (Space 1)
3. Minimum {(distorted) space (Space 2)

4. Maximum (distorted) space (Space 3)
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Space 0: Let P' € R* be the point belonging to an SKU with the coordinates P' = ( Prs Pos P ),
where i = 1,2,...D and

mEp M,
my € ph S M,
.l":q, S p‘; S M_z

min,

where (m,, m,, my) and (M,, M,, M) are the minimum and maximum values of the original
coordinates, that is, ¢™ {cf"‘"":cz ,03'“'} and ™ (c‘f"“ ey ey )
Space I: Linear ransformation: E = (e, £,, 8;) = T(P),

where

g = =M o Py Ty = Py my
M e M=y M-,
that is, in the case of i= 1,2,....00
f_pimm L piemy o pi=my
€ = E =& = (14.5)
M -m T ML -my ! M, —m,

Consequently, the linear distorted coordinates are

E'= (5i,e§.e‘,)= TPy

As aresult, we get a unit cube placed in

“o™ origin,
Space 2: Minimum world (nonlinear transformation): £ = (€, &,, &) = E(E)
Let

o pi=m)
e Y = AP )
& (Bl ) (M, —m, )}
) S v Apemy )
gh=(e:) ={(M2_ :)f (14.6)
i i (.P;-m!)
&i=(el (M —my)

$0 in the case of i = 1,2.....00,

& =(g.85.8)=2(T(Py)
Note that fori = 1,2,....D.

0<E <1,08E,<1,08E, g1

= . = ui - r M .
that is, the transformed points &' = d; (z,w] are in the same unit cube,
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Space 3: Maximum world (nonlinear transformation): n = (n,, 0. ny) = HE)
Let

(1-et) - =)

(M~ ml}‘1

i (1, - Pz)
) TI’ - {l ] - (MI . mzj B (14.7)

(Ma Pa)
(M, =m, )

mz(l e;) =

s0 in the case of i = 1,2,....0,

0= ()0 ) = HCTCPY)

Note, that in the case of i = 1,2,....02,
0sm<£L,0sn,s1,0€n, €1

that is, the transformed n' = d; (Z:w)|l'= r are also in the unit cube,
It is easy to state that the relation between Space 2and 3 is

&+ = L&+ =1L J& +ns =1 (14.8)

Depending on which spuace we are analyzing for the position of the points P, the param-
eters searched are the following (Chen et al. 2008):

Space 2: &' = {é; E4 .5'3) =Z(T(P')
Weight vector: w™ = (w,' ST );
Radii: Ry and R,

These parameters are given by the optimization model AMCABC expressed by the
introduced transformation () based on the work of Chen et al. (2008):

min ERR = MZJ(::.:.:._W)2 + i[{a;i.)2 () ]+ i(ﬁl y (14.99)

raf ral o |

where the conditions are

i

Z w, - E,: +oe SR r=12 00 (14.9b)
i=l

3
Dowi SRy lr=t2an, (1490

=1
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3
N W BBy Relr= 52, (14:54)
J=1

3

Y i & By < Ry lr= k2, (149
=1

where

O<R-<LO0<Ry<LLR-<Ry

120,20, 0<p, <l

“12a. 20, 0=B,<l

Wy > 0; z Wy =1 (14.9f)
je

The model description of A*MCABC in Space 3—n' = (11;, n;,n'}) = H(T(P')) —can
be given in a similar way, where the parameters are
Weight vector: w' = (wf. Wi, Wy
Radii: R, and Ry (Chen et al. 2008).

VISUALIZATION METHOD OF LINEAR AND NONLINEAR SEPARATING SURFACES

The nonlinear transformation implied by the value function d| (z:‘w) on z.. =P, li=r trans-
formed the ellipsoids separating the set g into planes. In this way, the planes separating the sets in
the distorted spaces can be given by the following formula:

Space 2: & = (&.£3.81) = Z(T(P')

| - g =

€= . (Rg =Wy Gy = W, E.v:) (14.10)
,

where g = 8-, (",
Space 3: 0’ =(n],nb.n4 )= HIT(PY)

’ - - +

M= ';‘;‘(Rg =W =Wy Th) (14.11)
'l".;

where g = A*, B*.

Note that due to the transformations above, the assumed relation between Space 2 and 3
cannot be assessed in distorted spaces. The design maps (DMs) have to return back to the
original space in order to determine the interaction of the two classifications in the same
space.
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To get the three groups of SKUs and the ellipsoids separating them in the original space,
execution of the inverse transformation is needed. Since & = (l;m“,' "')“ Z(T(P') and

n =(T]iql"|§.l1'3)= H(T(P")) are monotone transformations of P, we can determine the
ellipsoids separating the sets in the following way:

Space 2: & = (21,81,81) = TP ) = ZTP )" = (pl.phpl) = P
The equation of planes dividing the sets in Space 2 is

3

| ik
Ey=— (Rx -w§ - “':Qz)
W
which can be reformed using Equation 14.6 into following formula:

(py—my) REFT - p=m ] - (ps —m,j
. '"”_,' = = R 'F “*2 """" 2
(My=my)™ wy (M, —m,) (M, = m, )

Expressing p.. we can find the equation of the ellipsoids:

py=m,+ .E.‘.'H_..m.iﬁ‘] R, —w, ‘Eﬂwﬂ,ﬂ: —w; j.fém:mﬂ"sﬁl-:.. (14.12)
wy (M, —m) (M, —m,)”

where g = 8-, C,
In a similar way, in Space 3, the equation of the ellipsoids is

Space 3: N {ni.ﬂ;,ﬂ;}: H(T(P' )y — H(T(P) ' = (p:.p;,p;)= P

jj‘ ﬁM (Ml. ”r'i} Rl 1 {M| } —- l (M" _} (|4 ";l
! ? Wy " (M, - m, ) (M, - 111y )’ .

where g = A*, B*.

Note that in this case. the center of ellipsoids is the upper Iimit of the available values,
that is, the maximum value.

Since the position of the points P representing the units in n-dimensional space is deter-
mined by the same criteria, the sets are able to be plotted in the sume space, where their
sections can be identified as the nine sets before the reclassification.

CASE STUDY

Data from analysis to be presented are from a heating power plant during the time period of June
1998-May 2011. During that time, 1595 items were in the MRO inventory. Recorded data were

*  Volume (inv_vol)
* Time expired from the last outbound (last_out)
+ Standard cost price (SCP)

After data screening (first eliminating items with 0 volume and then avoiding problems from
different measure units), the sample size remained at 1064.
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last-out

FIGURE 14.1  Distribution of item properties in 3-D coordinate system.

Figure 14.1 shows the positions of items in a 3-D coordinate system. The reason for 3-D visual-
ization is that all analyses were carried out in & using multiple attributes, including correlation and
cluster analysis. SPSS I8 statistics software has been applied 1o execute the systematic analyses,

CORRELATION AND CLUSTER ANALYSIS

Correlation analysis has been conducted to analyze the three classification-determining variables in
terms of whether they fulfill the prerequisites of cluster analysis concerning the dependency.
The Spearman correlation coefficients show high values in two cases (Figure 14.2):

I, inv.vol = SCP
2. invvalue_SCP -~ SCP

Correlations inv_vol scp last out  invvalue SCI*
Spearman’s rho inv_vol Correlation coethcient 1000 =601 =271 017
Significance (two-tailed) 000 0o A70
N 1063 1063 1063 1063
sSCP Correlation coefficient =601 100G 073+ 755"
Significance {two-tailed) 000 017 {000
N 1063 1063 1063 163
last_out Correlation coethcient Sy T b L0730 1000 =114
Significance {two-tailed) 000 017 000
N 1063 1063 1063 1063
invvalue_SCP Corrclation coefficient 017 B =114 1.000
Significance {two-tailed) 570 000 000
N 1063 1063 1063 1063

“ Correlation is significant at the 0.01 level {2-tailed).
* Correlation is significant at the 0.05 level (2-tailed}.

FIGURE 14.2 Correlation coclficients indicating the dependency between the classification-determining
variables,
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In the first case, there is a strong negative correlation, which means the higher the value of an item;
the less of its volume is on hand. In the second case, since the value of inventory at SCP (invvalue SCP)
is'a derived variable—a combination of SCP and velume— the high value of correlation is reasonable:

The high correlation of SCP with the other two variables does notallow us to apply the SCPin
the analysis. There is only one variable that can substitute the SCB—the total value of a certain
itern on inventory Ginvvalue _SCPl—since it contains the effect of SCP {positive high correlation).
Furthermore, since the value has alow correlation with volume and last move, instead of the initial
three variables, the following three variables are the dimensions of closter unalysis:

«  Volume (inv_vol)
* Time expired from the last outhound (last_outh
* Value (invvalue SCP)

Due to the high number of MREO items, the k-means cluster analysis was reasonable, Keeping in
mind the 8020 rule, the k-means cluster analysis was repeated systematically in order to eliminate
the outliers, of which classification is determined mainly by one variable. [ Intermediate steps gave
results with extreme shares, where small groups could be seen as outliners from a large group rather
than independent groups.) As the result of this process. there remained a subset containing 531 items
i the splitting shown in Figures 14.3 and 14.4,

The categories A, B, and C can be identified based on the characteristics of the previously
formed groups by cluster anlysis. The key tactor during the cluster analysis was the last_ouat; hence,
the time elapsed from the last outhound determined the classification process. Its figures (minimum

Murmiber of cases ineach cluster

Cluster 3 283000
2 LATHEE T
3 148000
Walid HAT000
Missing 0008

FIGURE 14.3  Cluster membership distribution in the screened subset.
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FIGURE 14.4  Distribution of item properties of the screened subset in 3-D coordinate system.
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Group A
Descriptive statistics

N Minimum  Maximum Sum Mean Standard deviation
inv_vol 100 1 a9 792 7.92 12.303
last_out 100 210 3198 161,101 1611.01 675.180
invvalue_SCP 100 216 25685 699,171 6991.71 6102.529
Valid N (listwise) 100
Group B
Descriptive statistics

N Minimum  Maximum Sum Mean Standard deviation
inv_vol 148 1 100 2175 1470 18596
last_out 148 65017 1940.5311 53,556.0908 361.8654 4342064
invvalue_SCP 148 8392.15 30,060.00 2,495,924.59 16,864.3553 6416.1419
Valid N (listwise) 148
Group C
Descriptive statistics

N Minimum  Maximum Sum Mean Standard deviation
inv_vol 283 1 94 3319 1176 16347
last_out 283 0.5922 H86.2879 39,176.2599 138.4320 66,7914
invvalue_SCP 283 49.2800 92150400 858,107 5500 3032:1821 2419.6868
Valid N (listwise) 283

FIGURE 14.5 Descriptive statistics of variables in cach cluster.

and maximum values, mean, deviation—Figure 14.5) are continuously decreasing from group A
to group C, while the difference between the figures of volume (inv-vol) in each groups are not
significan,t and no trend can be recognized in the case of value (invvalue_SCP).

VisuatizaTion of THE CrassiFicaTion oF MRO

Correlation analysis provided the three independent variables that can be taken into account to
determine the categories of MRO items. Cluster analysis as a part of the screening process has
been used to make an estimation for the groups of items advanced. As a result, the original set has
been reduced by eliminating the outliers to come up with a subset consisting of 531 items. Applying
the A"MCABC and A*MCABC models, we can obtain the weights for each criterion and the cutoff
values for radii in both spaces:

Space 2 (minimum world): § = [ﬁ},g;,g; ) =Z(T(P"))
Weight vector: w~ = ((.243331: 0.01: 0.746669);
Radii: Ry = 0.001406478 and R = 0.0001781243.

Space 3 (maximum world): n' = (1]] .1]5.1]",) =H(T(P')
Weight vector: w* = (0.1620604: 0.08130314: 0.7566364}.
Radii: R} = 0982917 and R, = 0.9410705.

Lingo and MATLAB® software were used to calculate the necessary model parameters and to
plot the surfaces.

Since the linear and nonlinear transformations affect not only the coordinates but also the sepa-
rating surfaces, substituting into Equations 14.10 and 14.11 can confirm that the previously assumed
nonlinear surfaces (ellipsoids) are planes in the distorted spaces (Figures 14.6 and 14.7).
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FIGURE 14.6  Visualization of groups in Space 2 and 3 (black, group A; gray, group B; light gray, group €1,
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FIGURE 14.7 Visualization of groups and planes separating them in Space 2 and Space 3.

The inverse transformiation ensures the feasibility of representation of the real categories of items
and their separating nonlinear surfaces (substituting into Equations 14.12 and 14.13) in the same
space, Figures 14.8 and 149 demonstrate the positions of the groups in the three-dimensional coor-
dinate system, The relative proportion of magnitedes and density of groups can provide the same
information about classification as the distribution in the case of Pareio analysis.

invvalue - SCTF

a
B e M 300 :
15003000 gt o iy, e AN 2000 500 1000 500 o

lagt: ot |ast-mut

FIGURE 14.8  Visualization of groups of SKUs and ellipsoids bounding them in the minimum and maxi-
mum world using the criginal coordinates;
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FIGURE 14.9  Visualization of classification results in ene space (Space (),

As d result, five categories have been identified (right side of Figure 14.9). Three of them are
unambiguous—having the same classification results irrespective of the points of comparison (AA,
BB, CC—left side of Figure 14.9). However, there are two item categories whose positions raise dif-
ficulties relating to the interpretation of classification results, Two principles can support the deci-
sion in this case, First, if the basic task is to identify the “best-performing™ items (with the highest
values), then the classification results of the maximum world have 10 be considered, and conversely,
if the hasie task is to identify the “worst-performing” items {with the lowest values), then the clas-
sification resulis of the minimum world have 10 be considered, which is the second principle,

CONCLUSION

The case study pointed out that the analysis of MRO inventories requires more serious method-
ology than analvsis of other inventories does, The combination of systematic and nonsystematic
effects raised difficulties in defining groups of material. Taking more properties into consideration
increases the complexity of the problem. However, to alleviate the decision process or situation in
the case of a sorting problem, visualization of multicriterial ABC analysis requires a sophisticated
mathematical apparatus, for which an example has been provided.

In the presented case, a strong correlation was found between the unit cost {(originated from
purchase price) and volume,

It was also our experience that cluster apalyses can be applied in an iterative way in order to
make a distinction between outliers and groups,

After implementing statistical methods such us correlation analysis and cluster analysis, the pre-
sented case study gave an example of the application of visualization of a complex multicriterial
classification technique (case-based distance model),

Mext, researches will discover the type of inventories for which the presented methods (MCABC,
cluster analysis, visualization) are applicable.
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