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Summary

The Earned Value Management (EVM) has been extensively employed in the literature
for analysing the schedule and cost performance indexes. However, the effects of risk factors
on the project success have been previously ignored in the project management conventional
context. In this paper, a well-organized project control and monitoring system is developed by
incorporating the EVM basic principles, risk analysis, and utility theory for improving the
performance of manufacturing systems. Weight values corresponding to the schedule
performance index (SPI), the cost performance index (CPI), and the risk performance index
(RPI) are calculated based on expert judgments using Z-number and Analytic Hierarchy
Process (Z-AHP). Finally, a Multi-Attribute Utility Theory (MAUT) and Multi-Objective
Linear Programming (MOLP) under fuzzy condition are utilized to demonstrate the
applicability of the proposed approach. Sensitivity analysis indicated the risk performance is
the most sensitive when compared with the schedule and the cost index. The approach given
in this paper can be further employed by both academicians and managers in heavy intensive
manufacturing systems.

Key words: Manufacturing systems, Multi-Objective Linear Programming (MOLP),
Earned Value Management (EVM), Risk analysis, Z-Number

1. Introduction

The Earned Value Management (EVM) is a famous tool assisting project managers in
checking the project schedule and budget to see whether they are on track. The EVM provides
an excellent insight into the current trend in the project as well as a study on the planning of
the project budget and the time required for the project completion. Traditional EVM-based
control systems are used to analyse and detect the current schedule and cost performance
indexes. In addition, there are some other models tending to provide a good insight into the
cost required for the completion of the project. Thus, the schedule performance index SPI(t)
has been presented as a new metric in the EVM context where the schedule performance
index has been calculated based on the earned schedule and not based on the conventional
earned value.

The EVM has rarely been merged with other fields under investigation. The EVM has
also been incorporated within financial issues and a new index, entitled financial performance
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index, has been presented; here, financial initiatives have been incorporated in the standard
EVM and performance indexes have been revised based on financial achievements.

The problem under investigation by many researchers is related to how the effect of
unknown factors influencing the performance measurement and analysis is considered. In
order to reach these objectives, mathematical models are implemented in the standard
approaches. However, the problem that always remains is how project management
techniques can be merged with the production and manufacturing systems in order to enhance
performance measurement. Here, the main issue is that an analyst has to take several
influencing factors (time, cost, risk) into consideration simultaneously. Therefore, a multi-
attribute utility theory was used for the integration of all sub-systems into a whole.

2. Literature Review

In order to review the literature, first, we categorize the studies carried out in terms of
the earned value, production performance, and multi-attribute utility theory.

The EVM has been extensively employed in the project management context ([1]-[5]).
It is also noticed that the EVM has not only been used in the project management areas but
has also been applied in other related areas such as production planning and control. The
EVM is, therefore, used as a control mechanism in production systems, especially in multi-
period — multi-product production planning systems [6, 7, §].

For example, the studies [2, 9, 10] discussed how to improve the accuracy of schedule
performance index. As for mathematical modelling, one can summarize that fuzzy logic and
multi-objective models have been incorporated mostly through the EVM ([11, 12]).

Performance measurement in production systems has been investigated in the studies
listed below:

Data envelopment analysis (DEA) used for performance measurement and the target
setting of manufacturing systems was presented; its use led to the identification of
performance changes [13]. The Multiple Attribute Decision Making (MADM) techniques
were evaluated as a potential tool for making decisions in performance measurement systems
[14]. Performance measurement was transformed into an MADM method and a performance
measurement model based on the fuzzy analytical network process (FANP) was proposed
[15]. In [16], the focus of the research was on the characteristics, features and roles of
performance measurement systems in Czech large-size manufacturing companies. The
application of non-financial performance measurement system among manufacturing
companies was examined in [17] and an attempt was made to explore the association between
the size of the company, the business environment, the use of non-financial performance
measures, and the modern manufacturing technology. On the other hand, several
mathematical models have been found in the literature. The most well-known can be
mentioned: multi-attribute utility theory [18], control methods [19, 20], multiple-criteria
decision making, which included Multi-Objective Linear Programming (MOLP) and Multi-
Attribute Decision Making (MADM)), for example in [22] and [23], and fuzzy set theory in
[24]. The most common problem that project managers encounter is how risk factors affecting
the EVM can be incorporated and how such risks can be dealt with. We therefore need to
develop a risk-based model as well as a well-organized project management monitoring
system which should function under uncertain conditions as well. In order to attain this
objective, the structure of this paper is divided into sections dealing with the problem
statement, modelling, and the analysis of obtained results. In the last section, we summarize
our findings and novel contributions.
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3. Problem statement

The problem under consideration in this paper consists of a manufacturing project
(customer-based orders) which will be monitored throughout several periods. In order to
measure the performance of the manufacturing system, schedule, cost, and risk-based indexes
have to be closely monitored at the end of each period to evaluate the status of each
customer's order. The risk here refers to machine failure, breakdown, lack of details on
engineering drawings, variation in machine processing times, changes in design due to
employer's re-order, etc.

The project/production manager aims at monitoring the overall status of manufacturing
according to integration of all the indexes that affect the overall analysis. Here, a multi-utility
function for each individual performance index is proposed to meet the coverage of all
influencing factors through a comprehensive analysis. After running the multi-attribute utility
model, the obtained results can be elaborated using the Exponentially Weighted Moving
Average (EWMA) for the control and monitoring of the obtained function. The model
provides the following contributions compared with the existing models in the literature:

- Developing an integrated manufacturing, monitoring, and control system,;

- Applying the utility theory in EVM that is applicable in production and manufacturing
systems;

- Analysing the effect of risk factors on production systems:

- Combination of utility theory and multi -attribute decision making in analysing
manufacturing projects.

4. The proposed approach
The approach given in this paper consists of several phases as presented below:
Notations:
Wspr: Schedule performance importance from the production manager's point of view
Wepr: Cost performance importance given by the production manager
Werpr: The importance of risk performance index from the production manager's point of view
U(SPI): Utility function corresponding to schedule performance
U(CPI): Utility function corresponding to cost performance
U(RPI): Utility function corresponding to risk performance
Uroar: Total utility function
Agpr: Satisfaction degree related to schedule performance
Acpr: Satisfaction degree related to cost performance
Arpr: Satisfaction degree related to risk performance
ulU(SPI)]: Membership function corresponding to schedule performance ([0-1])
u[U(CPI)]: Membership function corresponding to cost performance ([0-1])
u[U(RPI)]: Membership function corresponding to risk performance ([0-1])
SPI™: Lower bound for schedule performance given by the production manager
CPI™: Lower bound for cost performance given by the production manager
RPI™: Lower bound for risk performance given by the production manager
SPI*: Upper bound for schedule performance
CPI™*: Upper bound for cost performance
RPI*: Upper bound for risk performance
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The following steps have been taken into consideration for the modelling of the problem:
Step 1- Read the product specifications based on existing engineering drawings
This step is defined in order to put engineering specifications within the scope of work.
Step 2- Determine the budget for all products

The budgetary estimate for all products can be determined according to cost allocation
for each product.

Step 3- Set up cost control accounts based on accounting principles

In order to manage costs, there is a need for a unique cost coding in such a way that cost
allocation can be easily conducted.

Step 4- Develop risk breakdown structure (RBS)

Besides work breakdown structure, a project has to build up a risk breakdown structure
in order to assign risk factors to RBS.

Step 5- Distribute total budgetary estimate on production schedule (PV)

The planned value can be determined based on multiplying the budget on the planned
progress.

Step 6- Calculate earned value (EV = Budget * % progress)

The earned value refers to budgeted costs of works performed. The progress here refers
to actual progress resulting in actual values of works done.

Step 7- Calculate total actual costs based on produced items (AC)

The actual costs are equal to all expenses paid for manpower, material, and machinery.
Step 8- Calculate schedule performance index (SPI=EV / PV)

If the SPI is equal to 1, it implies the ideal case for managing the time schedule.

Step 9- Calculate cost performance (CPI= EV/AC)

If CPI is equal to one, it implies the "on- budget" situation. If CPI starts falling, it is
indicated that the budgetary estimate is not sufficient to accomplish tasks.

Step 10- Calculate risk performance index = [SUM ((r;)*W;)]/ [SUM (W))]
Risk performance index is calculated based on the average weight of risk factors.
Step 11- Develop an integrated utility function for schedule, cost and risk

The SPI, CPI, and RPI should be merged into one unique function, i.e. an integrated
utility function.

Step 12- Calculate utility function=U(SPI)

Step 13- Calculate utility function= U(CPI)

Step 14- Calculate utility function= U(RPI)
Step 15-Calculate the aggregated utility function

Urotar = Wspr * U(SPI) + wepp * U(CPI)+ wgp; * U(RPI) (1)

The Base Model

It is assumed the performance indexes are mutually independent of additive
independence. Thus, based on the utility theory principles, the aggregated utility function
relevant to the schedule, cost and risk factors has been incorporated as Eq. (1).

A fuzzy multiple-objectives linear model based on the utility theory and fuzzy logic is
given as model (2):

Max Z,=U(SPI)
Max Z,=U(CPI) (2)
Max Zs=U(QPI)
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5. Fuzzy Multi-Objective Linear Programming
In a multi-objective model, several objectives have to be simultaneously optimized
considering different membership functions [25], as model (3):
Maximize 23:1 WyAg
S.t.
Ag < fo(X), g=1.,G
C< Gy 3)
X=>0
Ay €[01], g=1,..,G
Where Zgzl W, =1
Using the approaches given by [25] and [26], the above mentioned model can be
transformed to a constrained single objective model (4).
Max Z = Wspy * Aspr + Wepp * Acpr + Wopr * Agpr
Aspr < plU(SPI)]
Acpr < plU(CPI)] 4)
Agpr < p[U(RPI)]
Aspiy Acpr and Agp; € [0 1]

The membership functions of u[U(SPI)], u[U(CPI)] and u[U(RPI)] can be obtained
by Egs (5) - (7) (using Eq. (15) from [27]).
U(SPI)—SPI™

ulu(sPD] = SPI+—SPI- )
__ u(cPD-CPI~

ulu(cPn] = CPI+—CPI- (6)
__ U(RPD—-RPI™

u[U(RPD)] = LEPD-EPT ()

For considering the fitness and normalization of utility functions, Eqs (8) - (10) have
been employed [28].

SPI-MIN(SPI)

U(SPI)_MAX(SPI)—MIN(SPI) (8)
_ CPI-MIN(CPI)

U(CP[) MAX(CPI)—MIN(CPI) (9)

U(RP[) _ RPI-MIN(RPI) (10)

MAX(RPI)—MIN (RPI)

Thus, based on expert judgments, the weight values related to SPI, CPIL, and RPI are
calculated using the Z-number AHP (Z-AHP).

6. Fuzzy AHP

Fuzzy AHP has been widely used, e.g. in [29, 30]. It has a pairwise matrix such as the
one in (11).

o ] 1 &, . a,
a, .. a, : i
a1 . a . 1 -
1| % m | 12 (11)
i a, 1 o1 .
L aln a2n a
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This matrix includes the following fuzzy numbers (12):
1 i=j
= ~ ~ = ~ ~ 12
% {1,3,5,7,9 or i # (12)
S. will be calculated for each row of the pairwise matrix using Eq. (13). Also, S, can be

a triangular fuzzy number such as (/,,m;,u,) .

n

S. = iM;. ®[ZiM4 (13)

i=1 j=1

M ;, is the value of triangular fuzzy number in the pairwise matrix. Then, the value of
fuzzy synthetic extent with respect to the i alternative is expressed as Eq. (14). The values of

n

-1
ZM i ZZMU and{ZZMj} are calculated using (14):

j=1 =1 j=1 i=1 j=1

m m
" ZmU,ZuU.),lzl,Z,...,n

iuij) (14)

Ms
S

Il
@i

The degree of possibility of M, > M, is calculated using (15):

VM, 2M,)=sup[min(z,, (x), t,, ()] (15)

xzy

For calculating the V' (s, 2 s,), the formula (16) can be used.

1 if my,>2m,
V(s;2s;)=height(s,ns;)=10 if [, 2u, (16)
li—u, )
otherwise
(mj_uj)_(mi_li)

Consider that d'(4)=minV(S,2S,) V k=1,2,...n k=#i; for 4, we have
i=1,2,...,n. The weight factor can be obtained by (17):

W'=(d(4),d(4),...d(4,) (17)

Via normalization, the weight vector can be obtained using (18), where it is a crisp
number.

W=(d(4),d(4),....d(4,))" (18)
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7. Z-AHP

In this section, we proposed the Z-number Analytic Hierarchy Process (AHP) for
calculating the importance level of each objective involved in the production criteria (time,
cost, and risk). In order to determine the weight factors corresponding to each objective, fuzzy
logic, the Z-number concept in particular, is used due to the existence of imprecise data given
by experts in the production and manufacturing system, x [31]. The Z-number was introduced
for the first time in 2011 [32]. The procedure to apply the method is given as follows [33]:

1. Transform the second part (reliability) into a crisp value using Eq. (19):

_ Txpy (x)dx

a= f,ug (x)dx (19)

where | indicates an algebraic integration.

2. Add the weight of the second part (o) to the first part. The weighted Z-number is
illustrated in Eq. (20):

Z% = {{x, uae () Mze(x) = apz(x)} (20)
3. Convert the weighted Z-number into a normalized fuzzy number using Eq. (21).
Z' =vVaxA* = (Vax a, Vax a, VaxagVaxa,) (21)

However, the initial Z-number is transformed to a normalized fuzzy number (for more
details the reader can refer to [33] and [34]).

Thus, based on expert judgments, weight values related to SPI, CPI, and RPI using Z-
AHP are utilized based on the data given.

8. Numerical Example

In this study, the data collected refer to 20 months of a production project which is
randomly generated. The SPI and CPI have been fitted on Uniform distribution functions
(0.7-1.1) and RPI follows Uniform (0.6-0.9) based on the historical information extracted
from previous production planning horizons. The data is summarized in Table 1 and
illustrated in Fig. 1.

Table 1 The obtained data

Month SPI CPI QPI Month SPI CPI QPI
1 0.93 0.98 0.86 11 0.79 0.97 0.81
2 1.02 0.85 0.81 12 0.91 1.03 0.88
3 0.94 0.86 0.78 13 0.96 0.74 0.74
4 1.02 1.02 0.68 14 0.81 0.92 0.71
5 0.80 0.97 0.78 15 0.95 0.99 0.89
6 0.81 0.93 0.67 16 0.93 1.01 0.66
7 0.73 1.04 0.75 17 0.88 0.87 0.81
8 1.06 1.00 0.80 18 0.91 0.86 0.72
9 0.83 0.96 0.80 19 0.74 1.01 0.78
10 0.94 0.98 0.71 20 0.82 0.92 0.81
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Fig. 1 Data Collection

Table 2 Fuzzy numbers for each linguistic term[35]

Linguistic terms FuZZ)]/VLJt"ZZqular
Very low (VL) | (0,0, 0.25)

Low (L) (0, 0.25,0.5)
Medium (M) (0.25, 0.5, 0.75)
High (H) (0.5,0.75, 1)

Very high (VH) | (0.75, 1, 1)

Table 3 Pairwise comparison of indexes using the Z-Number

Indexes | SPI CPI RPI
SPI ((4,1,1),1,1,1)) | ((1,2,5),H) ((2.4,6).L)
CPI ((4,5,1),(1,1,1)) [ ((5,7.9).L)
RPI ((1,1,1),(1,1,1))
Table 4 Weight factors corresponding to performance indexes using Z-AHP
. Normalized
Indexes | Weights Weights

SPI 0.96 0.44
CPI 1.00 0.46
RPI 0.22 0.10

Using experts’ judgments and after fitting appropriate linear functions, the utility
functions of SPI, CPI, and RPI are expressed as shown in Egs. (22) - (24):

U(SPI)=3.03*SPI-2.21 (22)
U(CPI)= 3.33*CPI - 2.47 (23)
U(RPI)= 4.35*RPI - 2.87 (24)

As can clearly be seen, there is a positive relationship between SPI, CPI, RPI, and their
utility functions in Egs. (22) - (24). In this case, decision making is difficult and the total
aggregated utility function is being considered for further processing.

9. Defining the Fuzzy Membership Functions

It is supposed that the production manager wishes to accomplish the production process
through the SPI range [0.6, 0.85]. The CPI index range is assumed as [0.8, 0.95]. The RPI
index requires an acceptable interval for the quality performance index membership function
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of [RPI™=0.65, RPI*=0.9]. The level of satisfaction for each performance index is assumed to
be uncertain, with related membership functions given in Egs. (25) - (27).

(3.03¥SPI1-2.21)-0.6

ulU(SPD)] = YTy (25)
_ (3.33%CPI-2.47)-038

plu(crPn] = Y (26)

u[URPD)] = (4.35+RPI1-2.87)—0.65 27)

0.9-0.65

By substituting the membership function into the model (2) and by using the weights
obtaining Z-AHP from Table 4, the model (28) is obtained: The last three inequalities of
model (28) indicate that the three utility functions of the indexes (SPI, CPI and RPI) are equal
to or less than the desired utility level.

Max Z = 0.44 « ASPI + 0.46 * ACPI + 0.1 = ARPI

3.03+xSP[-2.21)—-0.6
Aspr < plU(SPD)] = S222220

(3.33+CPI-2.47)—0.8
Acpr < plUCPD] = 0.95-0.8 (28)
_ (4.35%*RP1-2.87)—0.65

Agrpr < p[U(RPI)] = 09065
3.03*SP[-2.21<U
3.33*CPI-247 < U
435*RP[-287< U

Aspr, Acpr and Agpy € [0 1]

Model (28) can be transformed into the following model (29):

Max Z = 0.44 « ASPI + 0.46 * ACPI + 0.1 = ARPI
3.03 % SPI — 0.25 * Agp; > 2.81
3.33 % CPI — 0.15 % Agp; = 3.27 (29)

435 % RPI — 0.25 * Agp; = 3.52
Aspr, Acpr and Agpy € [0 1]

Also, using this approach for solving the fuzzy multiple-objective programming, the
optimum solution can be expressed as: SPI=1, CPI=1, RPI=0.87.

With reference to the above solution, the optimum case is given and the production
manager can set up the SPI, CPI, and RPI of 1, 1 and 0.87 respectively.

Due to conflicting objectives, a compromising policy would be implemented. Here, the
production manager has to accept 13 percent of the risks associated with the production
process. It means that a zero risk system is not economically sound. To the best of our
knowledge, this is the first time that risk performance has been used in the EVM relevant
calculations using a fuzzy multiple objective utility model.

10. Sensitivity analysis
The last three inequalities of model (27) determine that the three utility functions of the
indexes (SPI, CPI and RPI) are equal to or less than the Utility values (U), as shown in Eq.
(30).
3.03*%SPI-221 < U
3.33*CPI-247< U (30)
4.35*RPI-2.87<U
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The utility of indexes SPI, CPI and RPI in 5 cases of utility constraint is shown in

Figs. 2 - 4. These 5 cases are U equal to 0.8, 0.85, 0.9, 0.95 or 1.

Utility of SPI

1.002 1.005
1.000 1.000 _~ T —
0.998 5 0.995
% 0.990
0.996 >
£ 0.985
0.994 5 0.980
0.992 0.975
0.990 T T T T 1 0.970 T T T T 1
1 2 3 4 5 1 2 3 4 5
Five scenarios Five scenarios
Fig. 2 Utility of SPI in 5 scenarios Fig. 3 Utility of CPI in 5 scenarios
0.875
0.870
0.865
£ 0.860
% 0.855
£ 0.850
5 0.845
0.840
0.835
0.830 T T T T 1
1 2 3 4 5

Five scenarios

Fig. 4 Utility of RPI in 5 scenarios

11. Research findings

46

The introduction of a novel model in this paper has yielded the following results:

According to the Z-AHP approach, the importance given to the schedule and the cost
performance index is almost the same (approximately 45 percent) and significantly
bigger than the importance given to the risk management (approximately 10 percent).
It does make sense since “always on-time and on-budget” delivery is an ideal for any
production/operations manager. However, risk management may affect the on-time
and the on-budget delivery and should therefore be carefully taken into account.

In this paper, the results obtained after running the optimization problem revealed the
optimal SPI and CPI which are equal to 1 and RPI= 0.87. The result again does make
sense to an experienced manager who is really eager to deal with the schedule and the
cost performance rather than with unknown risks. The other significant finding from
this paper is that it is not practically possible for the risk performance to reach 1. If an
individual wants to manage all risks associated with the production performance
index, the process is too intensive and therefore it might be unaffordable to manage all
risks. The results imply that 13 percent of risk factors have remained and it is not
logical that the risk performance will reach one. So, we accepted that the 13 percent
risk might be further associated with the production process.

Running the sensitivity analysis for SPI revealed that, in most cases, the time
performance has to reach the ideal (SPI=1) and it is always important for any
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production/operations manager to achieve this since we do not want to lose out on a
potential customer (due to a delay in the product delivery)

- Running sensitivity analysis for CPI indicated that, in some cases, CPI should reach
one. However, if an event happens out of our control, in 40 percent of cases it is
possible to create a gap from an ideal condition.

- According to membership function and the importance given to the risk performance
index, it is still possible to encounter a lower RPI than expected. The sensitivity
analysis deals with lower cases of RPI than the optimal solution.

- Fortunately, it is determined that SPI, CPI, or RPI are not sensitive to the initial
condition and a changing scenario did not make a significant difference in the results
obtained after running our proposed mathematical model. The model and the obtained
results are therefore reliable enough to be considered.

12. Concluding remark and further recommendations

In this paper, a multi-attribute utility function is employed to measure the overall
manufacturing performance profile. The overall utility function is incorporated into SPI, CPI,
as well as RPI. The approach proposed in this paper presents a novel approach for measuring
the risk performance index; the approach also yields an integrated utility function. For the
sensitivity analysis, the utility of three indexes in 5 cases of utility with risk performance
indexes equal to or less than 0.8, 0.85, 0.9, 0.95, and 1 is developed, demonstrating maximum
sensitivity as compared to the other affecting factors. The proposed approach can be further
incorporated using the fuzzy type II through the multi-attribute utility theory for future
research. As a further recommendation, the obtained results can be entered into a control
chart. Also, a decision support system for performing corrective action may be developed.
Moving under control limits implies that the performance profile is under control and that just
maintaining the current status is required.
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