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very time-consuming to evaluate each single individual, especially for the problems with larger scales.
In view of this, a meta-model-based MOEA will be proposed to solve the multi-objective optimization
model for the robust JSS.

3.1. Framework of The Algorithm

The meta-model-based MOEA is designed according to the basic framework of the classic
NSGA-II [28]. As shown in Figure 2, the algorithm begins with an initial population Py with N
randomly generated individuals. Before executing the following genetic operators, the meta-model
A2 of the A, will be constructed based on the initial population Py. Then, the selection, crossover,
and mutation operators will be applied on the current population Py to generate new individuals
and construct a combined population Ry41. The fitness of individuals in the combined population
Ry41 will first be evaluated by the makespan CY,,, and the proposed meta-model A2, and then the
individual-based evolution control will be applied to update the fitness of some individuals. Finally,
the next generation population Py will be generated according to the ranks of individuals. When
the maximum generation number is reached, the algorithm will stop and return the obtained Pareto
solution set.

Figure 2. The flow chart of the meta-model-based multi-objective evolutionary algorithm (MOEA).
3.2. Meta-Model of The EMD

The meta-model for the EMD will be constructed based on the response surface methodology.
As shown in Equation (12), this method applies a quadratic polynomial f(x) to approximate the
function relation between the input x and the output y of a system,

y =~ f(x) = ap+ Bx +xCx", 12)

where, x is the input variant vector with v variables as shown in Equation (13), a9 is the constant term,
B is the coefficient vector of the linear term as shown in Equation (14), and C is the coefficient matrix of
the quadratic term as shown in Equation (15).

x = (x1,X2,...,%p) (13)
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B = (by,by,...,by) (14)
11 C12 Cloy
Cp 0

C= . . (15)
Cov

However, a schedule cannot be directly taken as an input variant of the EMD, since it cannot
be quantified. Therefore, to construct a meta-model by the response surface method for the EMD,
the primary task is to extract features related to the EMD from the schedule. To this end, we will
further analyze how RMDs affect the makespan of a schedule. As we all know, a feasible job shop
schedule is decided by the process constraints and the resource constraints. As a result, machines may
have some idle time during a schedule period, as shown in Figure 3a. In the classic ]SS problems, we
are devoted to reducing the idle time to minimize the makespan for improving the utilities of machines.
However, when RMDs are considered, the idle time may be useful for an operation to control the
influence of machine breakdowns on the makespan of a schedule and then improve the robustness of
the makespan.

The available idle time of operations in a schedule can be classified into two types: the free slack
time and the total slack time. The former is the time that an operation can be delayed without delaying
the starting of its very next operations, while the latter is the difference between the earliest and latest
starting times of an operation without delaying the makespan. Take the schedule in Figure 3a as an
example, the free slack time of operations {O13, O11, O12, O21, O, O23, O3, O33, O31} are {0, 0, 1, 0,
0,1,0, 1,0}, respectively. The earliest and latest starting time of operations {O;3, O11, O12, O21, O,
023, O3, O33, O31} without delaying the makespan is {0, 2,6, 0,2,5,0,1,6}and {1,2,7,0, 3,6, 2, 3, 6},
respectively. Therefore, the total slack time of each operation is {1, 0,1, 0, 1, 1, 2, 2, 0}, respectively.

It is clear that not all operations have the free/total slack time. For an operation without slack
time, the makespan of a schedule will be directly delayed, when an RMD takes place on it. As shown
in Figure 3b, when a RMD with one unit of downtime takes places on the operation Oy1, the actual
makespan Cp,,, is changed to 11, which is directly delayed by one unit of time. However, when an
RMD takes places on an operation with slack time, the makespan will not be delayed until the slack
time of this operation is used up. As shown in Figure 3c, after a RMD with one unit of downtime takes
place on the operation O33 with two units of free slack time, the makespan is still equal to 10, for the
free slack time of this operation is larger than the downtime of the breakdown. On the other hand,
although the operation Oy, has no free slack time, the makespan can also be protected by the total
slack time of the operation, as shown in Figure 3d.
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Figure 3. Cont.
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Figure 3. The relationship between the makespan delay and the machine breakdowns on different
operations. (a) No machine breakdown; (b) a machine breakdown on operation O11; (c) a machine
breakdown on operation Os3; (d) a machine breakdown on operation Op,.

According to the analysis above, it can be found that the makespan delay of a schedule depends
on the machine breakdown level, the free slack time and total slack time of each operation. In view of
this, we will extract the mathematical features for the schedule under RMDs from these three aspects:
the RMDs, the set O, of operations with slack time and the set Oy, of operations without slack time.
For the RMDs, the machine failure rate Ay and the expected downtime fj after a breakdown will be
taken. For the operations in the set Oy, all their processing time p;;, free slack time fs;; and total slack
time ts;; will be taken. As for the operations in the set Oy, only their processing time p;; will be taken.

However, it is practically impossible to consider all the processing time, free slack time, and total
slack time of operations as the input variants of the EMD. To reduce the number of input variants,
we will further generalize these basic features into some comprehensive features. Formally, the sum of
processing time p} and p2 will be used to represent the processing time of operations in the sets Oy
and Oy, respectively. For the slack time, the average free slack time fs, and the average total slack
time ts, of operations in the set O, will be applied.

Finally, the input variants of the EMD can be listed as follows: the machine failure rate Ay, the
expected downtime f, the sum of processing time p2, the sum of processing time p}, the average free
slack time fs,, and the average total slack time ts,. Then, the input variant vector x of the EMD can
be set as x = (xq, X2, X3, X4, X5, Xg) = (Ao,ﬁo,pg‘,pz,fsa, tsa), and then the meta-model A? of A, can be

defined by Equation (16).
6

6 5
Ac~ A2 =ap+ Z bix; + Z Z CijXiXj (16)
i=1 i=1 j=1

Then, the coefficients should further be determined to finalize the meta-model AZ. As shown in
Algorithm 1, it takes the initial population Py and the input variant vector x as the inputs, and outputs
the meta-model A? with the determined coefficients. First, a training data set D. which includes N
data instances will first be generated based on the initial population Py. A data instance I; = (x;, A‘C) is
composed of the values of the input variant vector x; and the corresponding AL. The values of the input
variant vector x; can be determined once a schedule s; is generated based on the ith individual in the
initial population Py. Since the EMD cannot be analytically calculated, it will be evaluated by the Monte
Carlo approximation AS™ as shown in Equation (17). After the training data set D, is constructed,
the Multiple Linear Regression will be used to determine the coefficients of the meta-model A2 for

the EMD,
Ns

. 1 .
Aglm = ﬁz (Cinax - C?nax)/ (17)

Si=1

where N is the simulation times and Ci, . is the makespan of a schedule under the ith simulation.
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Algorithm 1 The pseudo-code to finalize the meta-model.

Inputs: the initial population Py and the input variant vector x
Outputs: the meta-model A2 with the determined coefficients

1:  Set the training data set D. = @;
2:  Generate Ng machine breakdown scenarios with the machine failure rate 1y and the expected downtime fy;
3: fori=1toN

4: Generate the schedule s; based on the ith individual in Py;

5: Determine the makespan C,, of the schedule s; by Equation (3);

6: Calculate the free slack time fs;; and the total slack time ts;; in schedule s;;

7: Calculate the sum of processing time p§ and PZ ;

8: Calculate the average free slack time fs, and the average total slack time ts,;
9: Determine the values x; of the input variant vector x = (A, fo, p2, pZ, fsa,tsa);
10: Determined the EMD AL = A$™ by Equation (17);

11: Generate the ith data instance I; = (x;, AL);

12: Update the training data set D. = Do UI;;

13:  end for

14: Based on the training data set D, apply the multiple linear regression to determine the coefficients of the
meta-model A? in Equation (16);
15:  Return the finalized meta-model A2.

3.3. Fitness Evaluation

To compare the fitness of different individuals, the makespan and the EMD of each individual
in a population should be evaluated. Once a schedule is generated, the makespan can be directly
determined by Equation (3). However, the EMD cannot be analytically calculated for the complexity of
the JSS. Although it can be effectively approximated by the time-consuming Monte Carlo approximation
in Equation (17), the efficiency of the algorithm will be significantly reduced. In view of this, we will
apply the proposed meta-model A2 in Equation (16) to approximate the EMD. The basic motivation for
using the meta-model in the fitness evaluation is to reduce the number of expensive fitness evaluations
without degrading the quality of the obtained optimal solution.

Based on the proposed meta-model AZ, Algorithm 2 can be used to provide the fitness set Fy 1 =
{(C?nax(so),Aﬁ(SO)),..., (CO i (50), A3(s)), ..., (C?nax(s,-),Aﬁ(si))} of the individuals in the combined
population Py.1, where F;{ = (CO . (57), 52(s;)) represents the fitness of the ith individual in the
combined population Py,; with the makespan F;(H (1) = CY .« (s;) and the EMD F;<+1 (2) = A3(si)-

Algorithm 2 Fitness evaluation for the combined population

Inputs: the combined population Ry,
Outputs: the fitness set Fy 1 of the individuals in Ry1

1:  Set the fitness set F 11 = &;

2: fori=1to2N

3 Select the ith individual chm; from the population Ry, 1;

4: Generate the schedule s; based on the individual chm;;

5: Evaluate the makespan C?ﬁ;x of the schedule s; by Equation (3);

6: Get machine failure rate Ay and expected downtime fSy;

7 Calculate the free slack time fsij and the total slack time tsij in the schedule s;;
8 Calculate the sum of processing time p2 and pJ;

9 Calculate the average free slack time fs, and the average total slack time ts,;
10: Determine the values x; of the input variant vector x = (Ao, Bo, P2, Y, f5a, tsa)
11: Evaluate the EMD by A2(s;) in Equation (16) with the values of x;;

12: Update the fitness set Fy 1 = F 1 U F?{H = Frp U (CO oy (51), A2(s)));

13: end for

14: Return the fitness set Fy1;
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3.4. Individual-Based Evolution Control

Generally, the approximate model is assumed to be of high fidelity and, therefore, the real fitness
function will be not at all used in the evolution [20]. However, an evolutionary algorithm using
meta-models without controlling the evolution using the real fitness function can run the risk of an
incorrect convergence [28]. For this reason, the meta-model is combined with the real fitness function
in our algorithm, which is often known as evolution control or model management.

As shown in Algorithm 3, the individual-based evolution control framework will be applied,
which chooses the best individuals according to the pre-evaluation using the meta-model A? for
reevaluation using the real fitness function. For this purpose, the fitness set Fy 1 will first be ranked by
the fast non-dominated sorting. And then, the individuals with the rank runk(Ff{ +1) = 1 will further
be reevaluated by the Monte Carlo approximation AZ™ in Equation (17). In addition, to avoid the
unnecessary simulation computational time, the repeated individuals will only be evaluated once.

Algorithm 3 Individual-based evolution control framework

Inputs: the fitness set Fy 1 of the combined population Ry
Outputs: the modified fitness set Fy

1:  Generate N scenarios with the machine failure rate A9 and the expected downtime fy;
2: Rank the fitness set Fi. 1 by the fast non-dominated sorting;

3. Sort the fitness set Fy 1 in the ascending lexicographic order of the rank, the makespan and the EMD;
4: SetFq = Fryy;

5. fori=1to2N

6: if rank(F};“) >1

7: Break;

8: elseif F_, (1) =1:';{:r]l (1) ?nd F;‘H (2) =F;{_+]l’(2)

9: Update the fitness f—‘;cH by i:;<+l (2) = f‘-‘;;ll (2);

10: else

11: Generate the schedule s; of the individual associated by F;{ 1 in the Ry41;

12: Evaluate the EMD by the Monte Carlo method AS™ in Equation (17);

13: Update the fitness ﬁ(ﬂ by ﬁ‘;(ﬂ (2) = ASm;

14: end if

15: end for

16: Return the modified fitness set Fy 1.

3.5. Evolutionary Operators

In our algorithm, the preference list representation is applied to code the chromosomes.
The chromosome built by this coding method is made up of m substrings corresponding to m
machines. Every substring is a preference list of 7 jobs on the corresponding machine. Supposing
the chromosome is [(2 3 1) (1 3 2) (2 1 3)], the substring (2 3 1) is the preference list for machine 1,
the substring (1 3 2) for machine 2 and the substring (2 1 3) for machine 3. When decoding, the job the
first to appear in every precedence list will be selected firstly. If a selected operation meets the process
constraint, the operation will be scheduled, and then it is removed from corresponding preference list.
If there are more than one operation can be scheduled, then select one randomly.

The main genetic operators include selection, crossover and mutation. The usual binary
tournament selection is used to select parent individuals for generating child solutions. Namely,
randomly select two individuals from the population, and choose one of them with better fitness for the
subsequent genetic operators. In the crossover operator, the substring crossover which exchanges the
substrings of parents between two randomly selected machine numbers is applied. For the mutation
operator, the swap-mutation operator to a randomly selected substring is applied.

Before updating the next generation population, the fast non-dominated sorting approach is
applied to ranking the solutions in the combined population. Then, the population will be updated by
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choosing the individuals in the order of their ranks. Since all the previous and current population
members are included in the combined population, the elitism can also be ensured.

4. Experimental Analysis

In this section, the performance of the meta-model in evaluating the EMD will first be presented,
and then the meta-model-based MOEA will be used to solve the robust JSS problem.

4.1. Experiment Setting

The algorithm is implemented using C++ and run on a 2.8 GHz PC with an Intel Pentium dual-core
CPU and 2 GB of RAM. The parameters are listed as follows: the population size is 1024; the generation
number is 64; the crossover rate is 0.95; the mutation rate is 0.05; the machine breakdown ratio is 0.005;
the expected downtime is 20; and the simulation times are 600.

In the literature, many benchmark problems have been generated by different researchers to test
the performance of different algorithms, which are also very useful for this research for they include
a wide range of problem instances. In this study, the problem instances La01-La40 with sizes from
10 x 5 to 30 x 10 in the benchmark problem set LA (Lawrence in 1984) and the problem instances
Ta01-Ta40 with sizes from 15 x 15 to 30 x 15 in the benchmark problem set TA (Taillard in 1994) will be
applied. In total, there are 80 benchmark problem instances will be used to test the performance of the
proposed algorithm.

4.2. Evaluation Performance of The Proposed Mete-Model

To distinguish the robustness of different schedules, an effective meta-model must have high
evaluation accuracy and perform a strong linear correlation to the real value of the robustness. To show
the accuracy of the proposed meta-model A2 in evaluating the EMD, the average x in Equation (18)
and standard variance o(x) in Equation (19) of the absolute relative deviation y(A2, AS™) from the
Monte Carlo approximation AS™ will be applied. In addition, a correlation study will be conducted
using IBM SPSS. For each test problem, the R? statistic and the significance level Sig. of the linear
model ANOVA are recorded. The value of R? is used to measure the fitting degree of the meta-model,
while the significance level Sig. is used to test whether there is a significant linear correlation between
the meta-model and the EMD. Therefore, a good meta-model should be with a large value of R? and a
small value of Sig. for each test problem.

N N i
_ 1 . 15 [A2 - ASim
o = e
i=1 i=1 (
N a Asim) _ =2
o i=1 (X(Acr Ac ) _X)
o(x) = \/ — (19)

The experimental results have been processed and recorded in Tables 1 and 2 for the problem
sets LA and TA, respectively. It can be found that the maximum and minimum values of y for all
problems in LA are equal to 0.041 and 0.020, respectively. And, the maximum and minimum values of
X for all problems in TA are equal to 0.026 and 0.017, respectively. That is, the values of y for all test
problems are less than 0.05 in average. Therefore, the values of the meta-model are very close to that of
the Monte Carlo approximation, which indicate that the proposed meta-model have high accuracy in
evaluating the EMD for the JSS under RMD. On the other hand, the maximum and minimum values of
o(x) for all problems in LA are equal to 0.031 and 0.015, respectively. The maximum and minimum
values of o(x) for all problems in TA are equal to 0.020 and 0.013, respectively. All these results show
that the meta-model have a small variance in the absolute relative deviation, which indicate that the
performance of the meta-model is also robust in evaluating the EMD.
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Table 1. The experimental results of the meta-model in the problem set LA.

Cases nxm X o(x) R? Sig. Cases nxm X o(x) R? Sig.

La01 10x5 0.035 0.027 0.74 <0.01 La21 15 x 10 0.026 0.019 0.77 <0.01
La02 10x5 0.040 0.029 0.59 <0.01 La22 15 x 10 0.028 0.021 0.74 <0.01
La03 10x5 0.041 0.031 0.53 <0.01 La23 15 x 10 0.026 0.020 0.78 <0.01
La04 10x5 0.038 0.028 0.71 <0.01 La24 15x 10 0.027 0.021 0.76 <0.01
La05 10 x5 0.034 0.026 0.78 <0.01 La25 15x 10 0.028 0.021 0.75 <0.01
La06 15%x5 0.029 0.022 0.80 <0.01 La26 20x 10 0.023 0.018 0.76 <0.01
La07 15%x5 0.033 0.024 0.71 <0.01 La27 20x 10 0.024 0.018 0.74 <0.01
La08 15%x5 0.032 0.024 0.72 <0.01 La28 20 x 10 0.024 0.019 0.73 <0.01
La09 15 x5 0.033 0.026 0.68 <0.01 La29 20 x 10 0.024 0.018 0.75 <0.01
Lal0 15 x5 0.033 0.024 0.76 <0.01 La30 20 x 10 0.025 0.019 0.74 <0.01
Lall 20x5 0.026 0.020 0.76 <0.01 La31 30 %10 0.020 0.016 0.75 <0.01
Lal2 20x5 0.029 0.023 0.76 <0.01 La32 30 %10 0.020 0.015 0.75 <0.01
Lal3 20x5 0.029 0.023 0.70 <0.01 La33 20 x 10 0.020 0.015 0.76 <0.01
Lal4 20x 5 0.029 0.023 0.76 <0.01 La34 30 x 10 0.021 0.016 0.76 <0.01
Lal5 20x5 0.029 0.023 0.71 <0.01 La35 30 x 10 0.022 0.017 0.82 <0.01
Lal6 10 x 10 0.031 0.024 0.74 <0.01 La36 15x 15 0.023 0.018 0.80 <0.01
Lal7 10 x 10 0.031 0.024 0.74 <0.01 La37 15x 15 0.023 0.018 0.75 <0.01
Lal8 10 x 10 0.032 0.025 0.72 <0.01 La38 15x 15 0.025 0.019 0.74 <0.01
Lal9 10 x 10 0.030 0.023 0.72 <0.01 La39 15x 15 0.025 0.018 0.75 <0.01
La20 10 x 10 0.035 0.026 0.65 <0.01 La40 15x15 0.025 0.019 0.71 <0.01
Aver. / 0.032 0.025 0.71 <0.01 Aver. / 0.024 0.018 0.76 <0.01

The results can also be clearly presented by the quartile graphs of the absolute relative deviation
X (A2, AS™), as shown in Figures 4 and 5. In Figure 4, the maximum value of the absolute relative
deviations x(A32, Aﬁim) for all problems in LA is about 0.19, but more than 75% of the values are less
than 0.06 for all the problems in the problem set LA. Especially, when the problem scale is larger, such
as the problems LA21-LA40, more than 75% of the values of x (A2, AS™) are less than 0.04. As for the
problem set TA in Figure 5, the maximum value of the absolute relative deviation x (A2, AS™) for all
problems is only about 0.12, and more than 75% of the values are less than 0.04 for all the test problems.
Therefore, it can be concluded that the proposed meta-model has a very small estimation error for
the EMD.

On the other hand, the results of the linear model ANOVA have also been provided in Tables 1
and 2. For the results in Table 1, except for the problems La02, La03, La09, and La20, we can find that all
the values of R? are larger than 0.70. Especially for the problems La21-La40 with larger problem scales,
the average of R? even reaches to 0.76. All the values of R? are larger than 0.70 for the problems in TA
and the average value is about 0.76 as shown in Table 2. In addition, for all the problems in LA and TA,
the significance level Sig. is less than 0.01. All these results show that the proposed meta-model have a
significant linear correlation with the expected makespan.

0.20
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0.12 ©25%
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Figure 4. The quartile graph of the absolute relative deviation x(A2, AS™) in the problem set LA.
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Table 2. The experimental results of the meta-model in the problem set TA.

Cases nxm X o(x) R? Sig. Cases nxm X o(x) R? Sig.

Ta01 15x 15 0.026 0.019 0.73 <0.01 Ta21 20 x 20 0.019 0.015 0.78 <0.01
Ta02 15x 15 0.023 0.018 0.76 <0.01 Ta22 20 x 20 0.018 0.014 0.79 <0.01
Ta03 15x 15 0.025 0.019 0.74 <0.01 Ta23 20 x 20 0.018 0.014 0.76 <0.01
Ta04 15 x 15 0.023 0.018 0.77 <0.01 Ta24 20 x 20 0.019 0.014 0.77 <0.01
Ta05 15x 15 0.023 0.018 0.78 <0.01 Ta25 20 x 20 0.018 0.014 0.79 <0.01
Ta06 15x 15 0.023 0.017 0.76 <0.01 Ta26 20 x 20 0.018 0.014 0.78 <0.01
Ta07 15x 15 0.026 0.020 0.73 <0.01 Ta27 20 x 20 0.019 0.015 0.75 <0.01
Ta08 15x 15 0.024 0.018 0.76 <0.01 Ta28 20 x 20 0.019 0.014 0.77 <0.01
Ta09 15 x 15 0.025 0.018 0.74 <0.01 Ta29 20 x 20 0.019 0.015 0.76 <0.01
Tal0 15x 15 0.023 0.018 0.77 <0.01 Ta30 20 x 20 0.018 0.014 0.79 <0.01
Tall 20x 15 0.022 0.016 0.76 <0.01 Ta31 30x15 0.018 0.014 0.77 <0.01
Tal2 20x 15 0.020 0.016 0.78 <0.01 Ta32 30x 15 0.019 0.015 0.77 <0.01
Tal3 20 x 15 0.021 0.016 0.78 <0.01 Ta33 30x15 0.018 0.014 0.74 <0.01
Tal4 20 x 15 0.020 0.016 0.77 <0.01 Ta34 30x15 0.017 0.014 0.78 <0.01
Tal5 20x 15 0.021 0.016 0.73 <0.01 Ta35 30 x 15 0.018 0.014 0.80 <0.01
Tal6 20x 15 0.021 0.015 0.78 <0.01 Ta36 30x15 0.018 0.014 0.76 <0.01
Tal7 20x 15 0.023 0.017 0.74 <0.01 Ta37 30x 15 0.018 0.014 0.76 <0.01
Tal8 20x 15 0.021 0.016 0.75 <0.01 Ta38 30x 15 0.018 0.014 0.79 <0.01
Tal9 20 x 15 0.021 0.017 0.76 <0.01 Ta39 30x15 0.019 0.013 0.81 <0.01
Ta20 20 x 15 0.021 0.016 0.79 <0.01 Ta40 30 x 15 0.017 0.013 0.78 <0.01
Aver. / 0.023 0.017 0.76 <0.01 Aver. / 0.018 0.014 0.77 <0.01
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Figure 5. The quartile graph of the absolute relative deviation y(A2, AS™) in the problem set TA.

In summary, the proposed meta-model A2 have high evaluation accuracy and holds a strong
linear correlation to the EMD. This means that the meta-model A2 is able to effectively distinguish the
robustness of different schedules in the evolutionary algorithm.

4.3. Optimization Performance of The Proposed Algorithm

In this section, the performance of the proposed meta-model (MM)-based MOEA in optimizing
the makespan and the EMD for the JSS under RMD will be presented. To show the performance of
the algorithm, the Monte Carlo approximation in Equation (17)-based MOEA (MC) will be applied.
In addition, the proposed meta-meta will also be compared with the existing surrogate measures,
and thus the results on the MOEAs with the average total slack time (SM1) in [42] and the sum of
free slack time (SM2) in [26] will also be provided. By implementing these algorithms with various
approximations of EMD, four Pareto solution sets can be obtained for each problem.

To investigate the performance of MOEAs, many metrics have been developed and applied
in the related research [44]. Since a single metric can only provide some specific but incomplete
of performance, to comprehensively evaluate the performance of the proposed algorithm, both the
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average distance and the number of distinct choices will be used in our experiments to measure the
convergence and diversity of the algorithm, respectively.

Average distance metric Aq in Equation (20) evaluates the closeness of the obtained Pareto solution
set PFgnq to the true Pareto solution set PFyye, Where d(z;,a j) denotes the Euclidean distance between
zj in PFging and all points a; in PFyye.

1 IPFﬁnd||th.me|d "
= PPonal & T (zi,a) (20)

Ad

Number of distinct choices Ny, in Equation (21) focuses on the distribution of solutions, which

defines the number of distinct choices for a pre-specified value of y, 0 < u < 1. In this metric, an

m-dimensional objective space will be divided into 1/u" number of small grids, where any solutions

within the same grid are considered similar to one another. If there are individuals in the obtained

Pareto set PFgng that fall into the region T(ly, ..., I2,11), NT(Iyy, ..., I2,11) is equal to one, otherwise
zero. In our experiments, the value of u for the metric N uis taken as 0.05.

1/u-1 1/u=-11/u-1

Nu(PFfing) = Z Z Z NT(y, ..., I, 11) 1)

=0 =0 =0

Since the NP-hard nature of the JSS under RMD, the true Pareto set PFy.e is not available for
all test problems. In view of this, the approximate Pareto solution set which is provided by all
comparison algorithms will be used to represent the true one. That is, under the obtained Pareto
fronts (PF}in & PF?in qre PFZ’; d) by different algorithms for a test problem, the true Pareto solution set
can be approximated by Equation (22), where a; < b; implies that 4; dominates b;. Besides, in order
to reduce the scale difference between different objectives, all Pareto fronts will be normalized by
PFiing = (PFging — P g‘lﬂ) / (PERaX — PF{?&;) based on the maximum and minimum of objectives of the
true Pareto set PFirye.

n
PFirye = {bi|vbi/ —Sﬂ]' € (PF}ind U PF?ind U...u PFﬁIr’\d) =< bi} 22)

The results on the metric Aq of the algorithms MC, MM, SM1, and SM2 have been provided in
Tables 3 and 4 for the problem sets LA and TA, respectively. The results show that the algorithms SM1
and SM2 have the similar performance in the convergence, for the values of Aq of the algorithms SM1
and SM2 are always close to each other. For example, in Table 3, their average values of Aq in the
problems La01-La20 are 1.27 and 1.26, and the average values of Aq4 in the problems La21-La40 are
0.21 and 0.21, respectively. The similar results can also be found in Table 4, the average values of A4 in
the problems Ta01-Ta20 are 0.21 and 0.24, while they are 0.22 and 0.23 in the problems Ta21-Ta40.

By comparison, the proposed algorithm MM performs better in the convergence than the
algorithms SM1 and SM2. This is because that, except for the problems La39, Tal4, and Ta39, all the
values of A4 for the algorithm MM in the problem sets LA and TA are less than that of the algorithms
SM1 and SM2. In average, the values of A4 for the algorithm MM in the problems La01-La20 and
La21-La40 are 0.16 and 0.08, while the corresponding values of A4 for the algorithms SM1 and SM2
are about 1.26 and 0.21, respectively. And, in the problem set TA, the average values of A4 for the
algorithm MM in the problems La01-La20 and La21-La40 are both 0.09, while the average values of
Ag for the algorithms SM1 and SM2 are about 0.22.

On the other hand, the results also indicate that the convergence of the algorithm MM can even
be very close to that of the algorithm MC. As shown in Table 3, the results show that the proposed
algorithm MM can have the best convergence in the problems La04, La05, La07, La10, Lal2, Lal3,
Lal4, La22, La24, La26, La27, and La31 from the problem set LA and Ta06, Ta09,Ta19, Ta23, Ta24,
Ta37, and Ta37 from the problem set TA. In addition, the average of A4 for the algorithm MM in the
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problems La01-La21 with smaller problem scales is 0.16, which is 0.12 larger than that of the algorithm
MC. But, in the problems with larger problem scales, such as the problems La21-La40 and Ta01-Ta40,
the average of Aq4 for the algorithm MM is only 0.06 larger that of the algorithm MC. Therefore, we
conclude that the proposed algorithm MM is better than the algorithms SM1 and SM2 and similar to
the algorithm MC in convergence.

Table 3. The values of A4 for the algorithms Monte Carlo approximation-based MOEA (MC),
meta-model (MM), total slack time (SM1), and free slack time (SM2) in the problem set LA.

Cases nxm MC MM SM1 SM2 Cases nxm MC MM SM1 SM2

La01 10x5 0.01 0.07 0.99 1.57 La21 15 x 10 0.00 0.10 0.31 0.34
La02 10x5 0.01 0.04 0.26 0.50 La22 15 x 10 0.03 0.01 0.19 0.13
La03 10x5 0.01 0.05 0.08 0.10 La23 15x 10 0.00 0.14 0.19 0.31
La04 10x5 0.07 0.00 0.16 0.36 La24 15 x 10 0.04 0.03 0.20 0.12
La05 10x 5 0.00 0.00 0.00 0.00 La25 15 x 10 0.00 0.07 0.19 0.30
La06 15x5 0.00 0.92 3.96 7.19 La26 20x 10 0.02 0.02 0.23 0.17
La07 15 x5 0.52 0.00 1.55 1.22 La27 20x 10 0.06 0.02 0.26 0.06
La08 15%x5 0.00 0.33 3.70 2.95 La28 20x 10 0.00 0.11 0.18 0.15
La09 15%x5 0.00 0.35 2.89 145 La29 20 x 10 0.01 0.07 0.17 0.08
Lal0 15x5 0.00 0.00 0.00 0.00 La30 20 x 10 0.02 0.04 0.26 0.24
Lall 205 0.00 0.66 6.06 4.84 La31 30 x 10 0.15 0.00 0.21 0.25
Lal2 20x5 0.04 0.03 1.38 0.92 La32 30 x 10 0.00 0.18 0.24 0.24
Lal3 20x5 0.06 0.05 1.34 122 La33 20x 10 0.00 0.17 0.24 0.09
Lal4 20x5 0.00 0.00 0.00 0.00 La34 30 %10 0.00 0.10 0.27 0.08
Lal5 20x5 0.00 0.30 0.63 112 La35 30x10 0.01 0.16 0.18 0.26
Lalé 10 x 10 0.09 0.14 1.09 0.36 La36 15x 15 0.00 0.12 0.19 0.38
Lal7 10 x 10 0.00 0.08 0.20 0.16 La37 15x 15 0.00 0.12 0.22 0.25
Lal8 10 x 10 0.00 0.15 0.30 0.46 La38 15x 15 0.00 0.04 0.18 0.27
Lal9 10 x 10 0.01 0.02 0.34 0.13 La39 15 %15 0.00 0.13 0.04 0.20
La20 10 x 10 0.02 0.09 0.40 0.55 La40 15 %15 0.00 0.05 0.24 0.31
Aver. / 0.04 0.16 1.27 1.26 Aver. / 0.02 0.08 0.21 0.21

Table 4. The values of A4 for the algorithms MC, MM, SM1 and SM2 in the problem set TA.

Cases nxm MC MM SM1 SM2 Cases nxm MC MM SM1 SM2

Ta01 15x 15 0.00 0.08 0.19 0.20 Ta21 20 x 20 0.02 0.05 0.23 0.31
Ta02 15x 15 0.00 0.08 0.22 0.33 Ta22 20 x 20 0.00 0.17 0.28 0.34
Ta03 15x 15 0.00 0.04 0.17 0.09 Ta23 20 x 20 0.09 0.01 0.14 0.19
Ta04 15x 15 0.01 0.12 0.21 0.17 Ta24 20x 20 0.02 0.01 0.17 0.16
Ta05 15x 15 0.00 0.15 0.15 0.24 Ta25 20 %20 0.00 0.22 0.29 0.24
Ta06 15x 15 0.04 0.01 0.23 0.22 Ta26 20 x 20 0.00 0.07 0.30 0.22
Ta07 15x 15 0.00 0.14 0.24 0.26 Ta27 20 x 20 0.00 0.09 0.18 0.38
Ta08 15 x 15 0.01 0.02 0.08 0.11 Ta28 20 x 20 0.03 0.05 0.30 0.21
Ta09 15 x 15 0.06 0.03 0.27 0.30 Ta29 20x 20 0.02 0.06 0.31 0.34
Tal0 15x 15 0.06 0.10 0.29 0.22 Ta30 20 %20 0.02 0.05 0.24 0.24
Tall 20x 15 0.00 0.22 0.29 0.30 Ta31 30x 15 0.02 0.04 0.16 0.17
Tal2 20x 15 0.01 0.04 0.24 0.19 Ta32 30x 15 0.05 0.05 0.13 0.14
Tal3 20 x 15 0.00 0.08 0.14 0.29 Ta33 30x15 0.03 0.05 0.34 0.26
Tal4 20 x 15 0.01 0.12 0.10 0.17 Ta34 30x15 0.00 0.13 0.33 0.39
Tal5 20x 15 0.00 0.21 0.26 0.37 Ta35 30x15 0.00 0.09 0.21 0.14
Tal6 20x 15 0.00 0.06 0.23 0.21 Ta36 30x 15 0.02 0.03 0.15 0.18
Tal7 20x 15 0.03 0.06 0.14 0.33 Ta37 30x15 0.03 0.02 0.17 0.08
Tal8 20 x 15 0.00 0.07 0.24 0.30 Ta38 30x15 0.00 0.27 0.24 0.35
Tal9 20 x 15 0.09 0.00 0.30 0.34 Ta39 30x15 0.07 0.16 0.01 0.13
Ta20 20x 15 0.00 0.14 0.17 0.19 Ta40 30 x 15 0.00 0.13 0.19 0.18
Aver. / 0.02 0.09 0.21 0.24 Aver. / 0.02 0.09 0.22 0.23

The results on the metric Ny, of the algorithms MC, MM, SM1 and SM2 are presented in Tables 5
and 6 for the problem sets LA and TA, respectively. The results show that the algorithms SM1 and SM2
also have the similar performance in the diversity. From the results in Table 5, we can found that the
average values of N, for the algorithms SM1 and SM2 in the problems La01-La20 are 4.7 and 5.2, and
the average values of Aq4 for the problems La21-La40 are 9.3 and 10.5, respectively. That is, the average
difference of Aq between the algorithms SM1 and SM2 is only about 1.0 in average. The similar results
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can also be found in Table 6, the average values of Ny, for the problems Ta01-Ta20 are 10.2 and 9.7,
while they are 8.9 and 8.4 in the problems Ta21-Ta40.

Table 5. The values of N, for the algorithms MC, MM, SM1, and SM2 in the problem set LA.

Cases nxm MC MM SM1 SM2 Cases nxm MC MM SM1 SM2
La01 10 x5 11 12 2 4 La21 15 x 10 15 15 8 13
La02 10 x5 12 9 5 4 La22 15x 10 16 17 10 9
La03 10x5 11 8 2 6 La23 15x 10 13 18 6 12
La04 10x5 9 8 4 4 La24 15x 10 12 12 10 15
La05 10 x5 1 1 2 3 La25 15 % 10 14 15 11 9
La06 15 x5 3 3 3 6 La26 20 x 10 15 15 10 10
La07 15 x5 11 6 4 8 La27 20 x 10 12 14 10 13
La08 15 x5 5 7 3 9 La28 20x 10 14 18 8 7
La09 15x5 7 9 9 7 La29 20x 10 13 14 7 11
Lal0 15 %5 1 2 4 2 La30 20 x 10 13 16 10 9
Lall 205 4 5 6 5 La31 30%x10 15 12 9 8
Lal2 205 11 8 5 7 La32 30 %10 13 12 7 12
Lal3 20x5 12 7 7 6 La33 20 x 10 11 13 8 9
Lal4 20x5 1 1 3 1 La34 30x 10 13 16 11 10
Lal5 205 12 16 7 6 La35 30 %10 11 16 10 7
Lal6 10 x 10 9 8 2 2 La36 15 %15 12 16 11 11
Lal7 10 x 10 10 11 7 7 La37 15x 15 14 17 8 9
Lal8 10 x 10 12 14 8 4 La38 15x 15 15 18 14 13
Lal9 10 x 10 12 12 6 6 La39 15x 15 18 14 8 12
La20 10 x 10 12 14 4 7 La40 15x 15 14 17 10 11
Aver. / 8.3 8.1 4.7 5.2 Aver. / 13.7 15.3 9.3 10.5

Table 6. The values of N, u for the algorithms MC, MM, SM1, and SM2 in the problem set TA.

Cases nxm MC MM SM1 SM2 Cases nxm MC MM SM1 SM2

Ta01 15x 15 16 18 9 9 Ta21 20 x 20 17 14 10 9
Ta02 15x 15 14 10 10 12 Ta22 20 %20 13 15 6 8
Ta03 15x 15 15 19 12 10 Ta23 20 x 20 15 11 11 11
Ta04 15x 15 14 19 11 11 Ta24 20 x 20 13 13 11 9
Ta05 15x 15 17 15 9 11 Ta25 20x 20 14 12 11 9
Ta06 15x 15 16 14 9 10 Ta26 20 x 20 16 12 10 10
Ta07 15x 15 15 17 12 10 Ta27 20 %20 14 8 12 9
Ta08 15x 15 17 11 13 9 Ta28 20 %20 15 17 7 9
Ta09 15 x 15 15 14 10 8 Ta29 20 x 20 17 12 12 10
Tal0 15 x 15 15 14 11 12 Ta30 20 x 20 17 10 7 7
Tall 20 x 15 13 15 10 10 Ta31 30 x 15 13 13 9 10
Tal2 20x 15 12 14 8 7 Ta32 30x 15 13 12 7 8
Tal3 20x 15 16 13 8 10 Ta33 30x 15 13 11 6 5
Tal4 20 x 15 13 14 9 10 Ta34 30x15 14 13 10 9
Tal5 20 x 15 17 18 12 11 Ta35 30x15 10 14 9 7
Talé 20 x 15 19 13 8 8 Ta36 30x15 15 10 9 6
Tal7 20x 15 15 11 10 9 Ta37 30x15 13 11 6 8
Tal8 20x 15 16 15 10 9 Ta38 30x 15 9 15 8 10
Tal9 20 x 15 10 13 12 8 Ta39 30x 15 11 14 7 6
Ta20 20 x 15 16 17 11 10 Ta40 30x15 13 13 9 7
Aver. / 15.1 14.7 10.2 9.7 Aver. / 13.8 12.5 8.9 8.4

Compared with the algorithms SM1 and SM2, the proposed algorithm MM performs better in
diversity. This is because that the values of Aq for the algorithm MM are larger than that of the
algorithms SM1 and SM2 for most of the problems in the problem sets LA and TA as shown in Tables 5
and 6. In addition, the results have also shown the algorithm MM have the similar performance in
diversity to that of the algorithm MC. For example, the average values of A4 for the algorithms MM
and MC in the problems La01-La20 are about 8.1 and 8.3, while the average values of Ag are 15.3 and
13.7 in the problems La21-La40, respectively. Similar results can be found in Table 6 for the problem
set TA. Therefore, we can conclude that the proposed algorithm MM is very close to the algorithm MC
in diversity, but it is much better than the algorithms SM1 and SM2.
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Taking the problems instances La06, La15, Tal5, and Ta36 as examples, the performance of the
algorithms MC, MM, SM1, and SM2 can also be clearly illustrated by the Pareto fronts. As shown in
Figure 6, the Pareto front of the algorithm MM is very close to that of the algorithm MC, while the
Pareto fronts of the algorithms SM1 and SM2 are very far from that of the algorithm MC. On the other
hand, the number of solutions in the Pareto front of the algorithm MM is approximately equal to that
of the algorithm MC, while the number of solutions in the Pareto fronts of the algorithms SM1 and
SM2 are much less in comparison.
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Figure 6. The Pareto fronts of algorithms MC, MM, SM1, and SM2. (a) For the problem La15; (b) for
the problem La30; (c) for the problem Ta06; (d) for the problem Tal8.

However, as indicated earlier, the algorithm based on the Monte Carlo approximation will be
very time-consuming. To investigate computational efforts for each algorithm, the average T, and
the relative value T, of CPU time have been recorded, where T; is the ratio of the average T, of an
algorithm (MC, MM, SM1, or SM2) to that of the algorithm MC. In this experiment, the simulation
times for the Monte Carlo approximation are set as 30, which is generally the required minimum
number of samples in statistical estimation [20]. As the results shown in Table 7, the algorithms SM1
and SM2 always consume the least time, while the algorithm MC consumes the most. By comparison,
the time consumption of the proposed algorithm MM is almost equal to that of the algorithms SM1
and SM2, but it is much less than that of the algorithm MC. What is more, the time consumption of
the algorithm MC increases significantly with the problem scale. For example, the average T, of the
algorithm MC in the problems La01-La05 is 66, which is close to that of the algorithm MM with the
value 53. But, in the problems Ta31-Ta40, the time consumption of the algorithm MC is about 8 times
of that of the algorithm MM. In more complex problems or uncertain scenarios, a larger sample size
may be needed for the algorithm MC, which will result in a computational time that is unacceptable.
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Table 7. Results on the CPU time (in seconds) of algorithms MC, MM, SM1, and SM2.

MC MM SM1 SM2
Cases nxXm

T, T, T, T, T, T, T, T,
La01-La05 10x5 66 1.00 53 0.80 50 0.76 50 0.76
La06-Lal0 15%x5 83 1.00 54 0.65 52 0.63 50 0.60
Lall-Lal5 20x 5 113 1.00 55 0.49 55 0.49 52 0.46
Lal6-La20 10 x 10 102 1.00 54 0.53 54 0.53 51 0.50
La21-La25 15 % 10 153 1.00 56 0.37 55 0.36 54 0.35

La26-La30 20 x 10 220 1.00 60 0.27 59 0.27 57 0.26
La31-La35 30 x 10 398 1.00 73 0.18 70 0.18 68 0.17
La36-La40 15x 15 238 1.00 65 0.27 62 0.26 60 0.25
Ta01-Tal0 15x 15 231 1.00 63 0.27 61 0.26 59 0.26
Tall-Ta20 20 x 15 351 1.00 75 0.21 70 0.20 68 0.19
Ta21-Ta30 20 x 20 543 1.00 85 0.16 82 0.15 83 0.15
Ta31-Ta40 30 x 15 733 1.00 95 0.13 92 0.13 89 0.12

Aver. / 269.3 1.00 65.7 0.24 63.5 0.24 61.8 0.23

5. Conclusions

In this study, we have addressed the robust JSS with RMDs, in which the makespan and the
EMD are considered simultaneously. To improve the efficiency of the MOEA, a meta-model has been
constructed by using the data-driven response surface method. Then, with the individual-based
evolution control, the meta-model-based MOEA has been proposed to solve this problem. The results
have shown that regarding the convergence and diversity, the proposed algorithm yields better Pareto
solution sets than the algorithms with the existing slack time-based surrogate measures. Moreover,
the meta-model has high accuracy in evaluating the EMD similar to the Monte Carlo approximation.
Overall, the proposed meta-model-based MOEA can effectively and efficiently solve the robust JSS
with RMDs.
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Notations:

Jss Job shop scheduling problem RMD Random machine breakdowns

EMD Expected makespan delay MOEA  Multi-objective evolutionary algorithm
n Number of jobs m Number of machines

I Jobj,j=1,2,...,n M; Machine i, i=1,2,...,m

] Set of jobs, {Jj|j = 1,2,...,n} M Set of machines {M;li = 1,2, ..., m}

Ojj Operation that job j is on machine i O, Set of operations for job j

pij Processing time of operation O;; st;; Starting time of operation O;

Ctij Completion time of operation O;; fsij Free slack time of operation O;;

tsij Total slack time of operation O;; Prj; Machine breakdown probability of O;;
Dj; Downtime when processing O;; CYax Makespan of a schedule before execution
Chax Actual makespan of a schedule Oc Makespan delay of a schedule

Ac Expression of expected makespan delay A2 Meta-model of A

Agim Monte Carlo approximation of A¢ On Set of operations without slack time
Oy Set of operations with slack time pe Sum of processing time in the set O
o4 Sum of processing time in the set Oy fsa Average free slack time in the set Oy
tsa Average total slack time in the set Oy~ Ag Machine failure rate of each machine
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Po Expectation of the downtime Py Initial population

Py Current population in generation k Ry41 Combined population in generation k

x Input vector x = (Ao, Bo, P2, pL, fsa,tsa) I A data instance I; = (x;, AL)

D, Training data set S Schedule of ith individual in Ry1

Pf{ 41 Fitness of the ith individual in Ry ¢ Friq Fitness set of the population Ry 1
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Abstract: This study deals with the preventive maintenance optimization problem based on a
reliability threshold. The conditional reliability threshold is used instead of the system reliability
threshold. Then, the difference between the two thresholds is discussed. The hybrid failure rate model
is employed to represent the effect of imperfect preventive maintenance activities. Two maintenance
strategies are proposed under two types of reliability constraints. These constraints are set to consider
the cost-effective maintenance strategy and to evaluate the balancing point between the expected total
maintenance cost rate and the system reliability. The objective of the proposed maintenance strategies
is to determine the optimal conditional reliability threshold together with the optimal number of
preventive maintenance activities that minimize the expected total maintenance cost per unit time.
The optimality conditions of the proposed maintenance strategies are also investigated and shown via
four propositions. A numerical example is provided to illustrate the proposed preventive maintenance
strategies. Some sensitivity analyses are also conducted to investigate how the parameters of the
proposed model affect the optimality of preventive maintenance strategies.

Keywords: preventive maintenance; imperfect repair; optimization; reliability threshold;
repairable system

1. Introduction

Most engineering systems experience degradation influenced by the usage environment and
operation time length such as aircrafts, high-speed railroads, nuclear power plants, and weapons
systems, which leads to frequent failures [1]. Once a failure has occurred in the system, it decreases
the availability and reliability of the system, which increase unexpected losses. For example, the
availability degradation can increase downtime costs and decrease product quality. Additionally, the
reliability degradation can affect the safety of systems and reduce the operating life. Therefore, in
many industries, maintenance activities are performed to prevent decreasing availability and reliability
of the systems due to severe degradation.

Maintenance activities play an important role in reliability theory because they decrease uncertainty
of the failure, reduce the operation cost of the system, and increase the functioning life of the system [2].
In practice, due to increasing complexity of the systems, the cost related to the maintenance activities
has increased constantly over the past decades, which attributes 15-70% of production costs [3-5].
Therefore, it is important to establish cost-effective maintenance planning for ensuring higher efficiency,
quality production, availability of the system, and reliability of the system.

There are two general types of maintenance activities: corrective maintenance (CM) and preventive
maintenance (PM). CM is unscheduled and performed when a system fails, and the system is restored
from a failed state to a working state [6]. Most CM employs a minimal repair that returns the failed
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system to its previous working state after repairing the system. Therefore, the minimal repair has been
widely used in numerous maintenance models to address maintenance problems such as the failure
of a system. There are many studies covering the minimal repair model [7]. On the other hand, PM
activities delay the degradation of a system and reduce operational stress. In traditional PM models, a
repaired system can end up in the state of either “as good as new” (i.e., perfect PM) or “as bad as old”
(i.e., minimal repair) after the PM activities [8]. Thereafter, a more generalized and realistic approach
has been proposed, called the imperfect PM model. The imperfect PM model considers that the system
state lies somewhere between “as good as new” and “as bad as old” after PM activities.

Many models describing the effect of imperfect PM activities have been discussed in many existing
studies. Malik et al. [9] introduced an imperfect PM model based on the age reduction method.
Lin et al. [10] proposed a hybrid hazard rate function that combines the age reduction factor and
hazard increasing factor. This model can better reflect the general and realistic situations because the
model restores the system effective age to a better state and degrades the hazard rate of the system,
after PM activities. El-Ferik and Ben-Daya [11] developed an age-based imperfect PM model that uses
the hybrid hazard rate model and considers two types of failure modes. Khatab and Abdelhakim [12]
developed an imperfect PM model that is subject to random deterioration based on the hybrid hazard
rate using a reliability threshold.

In addition, the PM activity is subcategorized into two types of activities: periodic and non-periodic.
Periodic PM activities are repeatedly performed over a fixed period of time T. The periodic PM activity
is still widely applied to many PM models because it is mathematically convenient [13]. Shue et al. [14]
developed an extended periodic imperfect PM model by considering an age-dependent failure type.
Some previous studies [15-17] proposed maintenance policies for a leased system using the periodic
imperfect PM model. Moreover, other extended studies on periodic PM have been applied to various
fields such as warranty policies, production systems, and used systems [18-21]. However, a periodic
PM has a shortcoming in that it is hard to prevent failures that frequently occur in the late period of the
life of a system based on the periodic PM. Non-periodic PM models have been proposed to handle this
shortcoming, which can prevent the inefficient PM activities [22].

In non-periodic PM models, controlling system reliability is an important issue especially when
dealing with repairable deteriorating systems. In practice, maintenance based on reliability threshold
provides good guidance for decision-makers who want to attain high performance of maintenance for
their operating systems [23]. In addition, reliability of an engineering system is a decision variable
that can increase investment in production technology [24]. Zhao [25] proposed a PM policy based
on the critical reliability level subject to degradation. Zhou et al. [26] proposed a reliability-centered
predictive maintenance policy that is composed of scheduled PM and non-scheduled PM using
the reliability threshold. They considered the situation in which the system was continuously
monitored. Liao et al. [27] developed a sequential imperfect PM model with a reliability threshold
for a continuously monitored system that considered both the operational cost and the breakdown
cost. Schutz et al. [16] developed a maintenance strategy for leased equipment based on the reliability
threshold. Doostparast et al. [28] developed an optimal PM scheduling considering a certain level
of reliability for coherent systems. Lin et al. [29] developed an imperfect PM model with a reliability
threshold that considered three reliability constraints to help evaluate the maintenance cost. This
model used the system reliability threshold that maintains a survival probability until the system
replacement. Khatab et al. [30] developed an imperfect PM model for failure-prone second-hand
systems considering the conditional reliability threshold and upgrade action. Khatab [31] improved
Liao’s model [27] by adding mathematical properties and remedying inconsistencies in the maintenance
optimization model.

Traditional PM models using the reliability threshold assume that PM activities are performed
when the reliability reaches a threshold value, and that the system is constantly monitored and
maintained [29]. However, the system reliability may not be maintained at a constant level when
following the foregoing assumption. This is because there are two types of reliability threshold in the
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PM model: the conditional reliability threshold and the system reliability threshold. The conditional
reliability threshold refers to the survival probability of each PM cycle, whereas the system reliability
threshold refers to the survival probability until the replacement. The performance of the PM model
(e.g., the expected maintenance cost rate and the system operating time until replacement) is not robust
to the selection of reliability threshold in constructing the PM model. Therefore, it is important to
clearly differentiate between the conditional reliability threshold and the system reliability threshold.
This is the motivation of this study.

In addition, it is important to consider the trade-off between reliability and cost when establishing
PM models. Some existing models employ reliability thresholds to address the trade-off. However,
the existing models assume that the threshold value is same for every PM cycle. This assumption is
biased and unrealistic toward reliability. Therefore, the existing models find it difficult to reflect the
cost-effectiveness accurately. This is another motivation of this study.

The main contributions of this study are (i) to identify and define the differences between the
system reliability threshold and the conditional reliability threshold and (ii) to develop a novel
PM model that minimizes the expected maintenance cost rate with consideration of two reliability
constraints. Table 1 highlights the contributions of different authors in the field of PM model focusing
on the reliability threshold. It can be observed in Table 1 that the literature uses the system reliability
threshold more, rather than the conditional reliability threshold. In addition, the literature assumes a
fixed level of the reliability threshold.

Table 1. Author contribution in the reliability-based PM model based on reliability constraints,
maintenance costs, and imperfect maintenance model.

Reliability Maintenance  Other Imperfect Maintenance Model

Ty-pes. O.f Constraints Cost Cost
Research I;:T::}:(l:ltg Age Hazard
Fixed Unfixed CM PM Breakdown Reduction Increasing Other
Factor Factor
Zhao [25] Conditional v v v vV
Zhou et al. [26] System v v v v v
Liao et al. [27] Conditional vV Vv v Vv v v
Schutz et al. [16] System vV Vv v v
Doostparast et al. [28] System v v vV v vV
Lin et al. [29] System vV vV vV v v
Khatab et al. [30] Conditional v v v v v v
Khatab [31] Conditional v v v v v v
Proposed model Conditional v v v v v v v

In this study, we use the conditional reliability as a criterion of PM activities instead of using
system reliability because the conditional reliability threshold can consider the situation in which the
system reliability decreases as the frequency of PM activities increase. The hybrid failure rate model is
used to represent the effect of imperfect PM activities. In addition, we analyzed the proposed model
through two strategies that can help evaluate the trade-off between maintenance cost and system
reliability. We discussed the optimal conditions for each strategy via four propositions and one lemma
that show the existence and uniqueness of the optimal solution.

The remainder of this paper is organized as follows. Section 2 explains the assumptions to
establish the proposed PM model, and derives the function of the expected maintenance cost rate.
Section 3 defines two strategies and provides an algorithm to find the optimal solution. Section 4
provides a numerical example to illustrate the proposed PM model and conducts sensitivity analyses
to investigate critical elements. Finally, Section 5 discusses the conclusions of this research.
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2. Imperfect Preventive Maintenance Model

We consider the situation in which a new system is subject to stochastic deterioration over time
and will be replaced at the end of the Nth PM cycle by a new one. The system experiences PM whenever
the conditional reliability threshold reaches a certain level R;. PM is imperfect and modeled via the
hybrid hazard rate model of Lin et al. [10]. Minimal repair is taken for any failures prior to the PM
actions. The goal of this study is to determine the optimal number of PM activities and the optimal
conditional reliability thresholds for each PM cycle that minimizes the expected maintenance cost
rate. To consider the above-mentioned goal and assumptions, we compose the long-term expected
maintenance cost rate in this study, which is given as:

_ E[MC] + E[BC]

ECR(R = (Ry,Ry,...,Rn),N) E[T] ,

@
where E[MC] denotes the expected total maintenance cost, E[BC] denotes the expected total breakdown
cost, and E[T] denotes the expected system replacement cycle. It should be noted that E[MC] is
composed of the cost for minimal repair, PM, and replacement. These costs are assumed to be constant
and can be obtained from a field investigation. As they may also be considered the expected values for
the random variables, it is reasonable to assume max (Cyr, Cppm, Cpp) < Crp-

2.1. Notations and Assumptions

The notations and detailed assumptions in this study are:

Notations
a Scale parameter of hazard intensity functions where a > 0
B Deterioration parameter of hazard intensity functions where g > 2
a; Age reduction factor where 0 =ag <a; <--- <ag; <--- <1
b; Hazard increasing factor where 1 = by <b; <--- <b; < ---
X; The ith PM interval, where xy = 0 and x1 = Y.
Y; Effective age of the system before the ith PM activity
To System lifetime until replacement
R; Conditional reliability threshold whereI=1,2,... ,N
CMmR Cost of minimal repair
Cpm Cost of PM activity
Crp Cost of system replacement
Cgp Cost of system breakdown

Rsys,i System reliability up to the ith PM cycle

Rcon,i  Conditional reliability at the ith PM cycle

RREs,i Restored reliability after the ith PM activity

hi () Hazard intensity functions during the ith PM cycle

Assumptions

1. The planning horizon is infinite.

2. The system is replaced at the Nth PM cycle, and (N — 1) imperfect PMs are performed.

3. The durations of minimal repair, PM, and replacement are negligible.

4. The deterioration process of the system follows the non-homogeneous Poisson process (NHPP),

and their hazard intensity function is given as
h(t) = aptt~!, wheret > 0. 2)

5. The hazard rate of the system varies with the hybrid model after imperfect PM activities that are
performed whenever the conditional reliability threshold reaches a certain value.
6.  Costs for minimal repair, PM, replacement, and breakdown are assumed constant.
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2.2. Hybrid Hazard Rate Model under Imperfect PM

Now, we describe the effect of imperfect PM using the hybrid hazard rate model. This model
adjusts the hazard rate of the system using the age reduction factor and the hazard increasing factor
after PM activity. Let us consider the situation in which a system’s age is reduced by the age reduction
factor after PM. If the first PM activity is performed at the effective age Y7, the age of the system is
updated from Y7 to a1Y7. The effective age Y, is obtained as the sum of 4, Y7 and x;, where x, denotes
the length of the second PM cycle, and the effective age Y; can then be generalized as

Yi=xi+ai1Yi1, 3

where Y = 0, x; = Y1, and 4; denotes the age reduction factor for0 =ap <a; <--- <a; <---<1.
The hybrid hazard rate model adjusts both the effective age of the system and the hazard rate of
the system after PM activity. Now, we describe the hazard rate of the system in each PM cycle. The
hazard rate of the system in the first PM cycle is the same as Equation (2) within [0, Y7). After the first
PM, the hazard rate of the system is adjusted from h(Y7) to bih(a;Y1), and thus, the hazard rate in
the second PM cycle becomes bjh(aY1+t) and t € [0, x7). After the second PM, the hazard rate of the
system is adjusted from by/h(Y?7) to babih(ayY?). The hazard rate in the third PM cycle, then becomes
babih(ayYo+t) and t € [0, x3). According to these procedures, the hazard rate in the ith PM cycle can be
generalized as
hi(t) = Bi-ih(ai-1Yi1 +t), (4)

wherei>1,t€[0,x;),and Bi_; = H;;llb/ withl=by<by <---<b; <---.

2.3. Conditional Reliability Threshold

Here, we try to derive the system reliability under imperfect PM. According to the theory of
reliability engineering, the reliability is defined as the probability that a system will survive over time
period £ [32]. The system reliability without PM activity can be defined as:

Rsys(t) =7Pr{T >t}

= exp(—for h(u)du),

Let Rgys i(t) be the system reliability at the ith PM cycle, Rggs i—1(t) be the restored reliability after
the (i — 1)th PM, and Rcon i(tlai-1 Y1) be the conditional reliability at the ith PM cycle. According to
the hybrid hazard rate model, after the first PM activity, the effective age is adjusted from Y7 to a;Yq
and the hazard rate of the system is adjusted from (Y1) to B1h(a;Y1). Based on these procedures, the
restored reliability after the first PM can be inferred as

©)

RRes1(a1Y1) = exp(=BiH(a1Y1)). (6)

The conditional reliability at the second PM cycle, Rcon2 (t|a1 Y1), is the survival probability of
the system at time f given that the system undergoes the first PM at Yy; it follows that
t
Rconp(tlar Y1) = exp(—Blf y h(u)du), 7)
a1y

where t € [a1Y1,Y7). The system reliability after the first PM at time period ¢ is the survival probability
over the period Y7 + (f — a1Y1); it can then be computed as the product of the restored reliability and
the conditional reliability, which is given as

Rsysa(t) = Rres(a1Y1)Reon2 (Har Y1). ©))
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Based on these procedures, the system reliability after the (i — 1)th PM cycle can obviously be
determined as:
Rsys,i(t) = REs,i-1(ai-1Yi-1)Rcon,i(tfaiz1 Yiz1).- )

According to the aforementioned discussion, we can describe the difference between the conditional
reliability threshold and the system reliability threshold through two definitions.
Definition 1. If imperfect PM activities are performed under the following constraints
R; = Reon,i(Yilaiz1Yic1), (10)
then R; is called the conditional reliability threshold of the ith PM cycle.

Definition 2. If imperfect PM activities are performed under the following constraints

Rs = Rsysj(Y))

11
= RREs,j-1(aj-1Yj-1)Reon,j(Yj|aj-1Yj-1), ()

then R is called a system reliability threshold.

Details of the PM model using the system reliability threshold have been reported in the
literature [29]. As the conditional reliability threshold can reflect the situation in which the system
reliability decreases as the frequency of PM activities increases while maintaining the reliability above
a certain level, it is used to model the present work. Moreover, as the system undergoes PM whenever
the conditional reliability threshold reaches the certain level, the corresponding reliability constraints
can be given as:

Yi
R; = exp| -Bi_1 f h(t)dt|, (12)
ai-1Yi1
fori =1,2,...,N. Equation (12) is inferred as:
Yi
InR; = -Bi1 f h(t)dt. (13)
a1 Vi

Solving Equation (13) with respect to Y}, the effective age at the ith PM activity can be determined as:

-1 -1 (T7i-1 f\g-1 /B
-BL nR; - L4 (ITZ ’ pk)B],_l InR;
Yi= - : (14)

wherei=2,...,Nand Y] = (—lan/a)l/ﬁ.

2.4. Long-Term Expected Maintenance Cost Rate

The expected total maintenance cost until the Nth PM cycle is composed of the replacement cost,
PM cost, and minimal repair cost, which is given as:

Yi
E[MC] = Cgp+ (N-1)Cpm+ CMRg1 fhi(t)df]

o (15)
= Crp + (N—=1)Cpum + Cumr Zl B [ h(t)dt}
= ai1Yiq
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Through Equation (13), Equation (15) becomes:

N
E[MC] = Cgp + (N =1)Cpps — CMRZ InR,;. (16)
i=1

Real engineering systems suffer from frequent breakdowns after long-term use due to the severe
degradation of the system. At this point, it may be more economical to replace the system rather than
performing PM. Liao et al. [27] pointed out the importance of breakdown cost when constructing the
PM models and used the breakdown cost in their PM model. They considered that the breakdown
costs are charged once per PM cycle. Unlike the computation approach used in Liao et al. [27],
Khatab [31] considered the breakdown cost that occurs whenever the system undergoes maintenance
activities, such as a minimal repair, PM, and replacement. He discussed that the breakdown costs are
computed as the product of the sum of all maintenance activities until the Nth PM cycle and the value
of the breakdown cost. This study employs the approach proposed by Khatab [31] in calculating the
breakdown cost. The total breakdown cost in this study is given as

N Yi
E[BC] =Cpp|N+ Y. fh,-(t)dt]
i=1(

. 17)
= CBD N - Z lnRi).
i=1
The replacement cycle of the system can be calculated by the sum of the durations up to the Nth
PM cycle, which is given as:

N-1
To=YN+ ) (1-a))Y;. (18)

j=1

Through Equations (15)-(18), the long-term expected maintenance cost rate becomes:

N N
Crp+ (N-1)Cpy —Cmr X InR; + CBD(N -r ]nRi)
ECR(R = (Ry,Ry,...,RN),N) = i—1 =

19)
N-1
YN + Z (1 - u/)Y]
j=1
3. Maintenance Optimization
In this section, we introduce the proposed PM model by discussing two strategies with different
reliability constraints. The optimization problem of the proposed PM model is to find the decision
variables that minimize the expected maintenance cost rate. In this optimization problem, the

decision variables are defined as the optimal number of PM activities and the optimal conditional
reliability thresholds.

Strategy 1: The PM activities are performed with the same level of conditional reliability threshold,
which is given as:
Yi
Ry = exp|-Bi_1 f h(t)dt|, fori=1,2,...,N. (20)

ai-1Yi

Strategy 2: The PM activities are performed at the different values of conditional reliability thresholds
on all PM cycles. This PM strategy relaxes the reliability constraints of strategy 1 and is assumed to
follow Equation (12). The system reliability of strategy 2 is lower than that of strategy 1, but it can
lower the expected total maintenance cost rate.

573



Mathematics 2019, 7, 716

3.1. Strategy 1: Same Level of Conditional Reliability Threshold

This strategy assumes that the conditional reliability thresholds on all PM cycles have the same
value. The PM activity of this strategy is performed whenever the conditional reliability threshold
reaches a certain level. The decision variables in this strategy are the optimal number of PM activities
and the optimal conditional reliability threshold. These values minimize the expected total maintenance
cost rate. In this strategy, the reliability constraints for performing PM activities follow Equation (20).
Solving Equation (20) with respect to Y;, the effective age at the ith PM activity can be determined as:

. . 1/p
~BL InRy - X (I pP)B7L InR,
Y, = i-1 ] 0(( ] k) j-1 ) 1)

wherei=2,...,Nand Y] = (—]an/a)l/ﬁ.
The expected total maintenance cost rate of strategy 1 becomes:

C N-1)Cpy — NCyrInR; + Cgp(N —NInR
ECRy (Ry,N) — rp + ( )Crum NﬁRn 1+ Cip( n 1). )
YN+ 'Zl (1—11])1/]
=

Now, we try to find the optimal number of PM activities that minimizes Equation (22). The
inequalities are:

ECRy(Ry,N —1) > ECR{(Ry,N) and ECR{(Ry,N) < ECRy(Ry,N +1), (23)
if and only if
Ki(N—-1) < Crp—Cpyand Ky (N) = Crp — Cpp, (24)
where
Z-\i Xi
Ki1(N) :[ﬁ_N](CPM"FCBD_(CMR""CBD)]an)~ (25)
+

Inequalities (23) and (24) are a necessary condition to find where Equation (22) is a convex function
with respect to N when R; is fixed. Through the following Proposition 1, we can see that there exists
an optimal finite and unique N*.

Proposition 1. When R; is fixed, if Inequalities (22) and (23) are satisfied, Equation (22) is a convex function
and there exists an optimal finite and unique N* that minimizes Equation (22).

Proof. See Appendix A. O

Through following Proposition 2, we discuss the optimal value of the conditional reliability
threshold when N is fixed.

Proposition 2. When N is fixed, the optimal value for the conditional reliability threshold is given as:

N(C Cpp)-C C
~InR} = (Cpm + Cp) — Cpm + RP- 26)
(B—1)N(Cmr + Csp)

Proof. See Appendix A. O

The optimal solutions for strategy 1 can be obtained via the following algorithm that is given as
the pseudo-code and is followed as Table 2.
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Table 2. Algorithm to obtain the optimal solution for strategy 1.

Algorithm Pseudo-Code for the Minimization of Equation (22)

: Input data: Cy, Cg, Cp, Cpp, a, B, a;, bj;

:SetN=1,M=2;

: Compute Ry (N), Ri(M) given in Equation (26);

: Compute ECR;(NIR1(N)), ECR;(M|R1(M)) given in Equation (22)
: while (ECR1(R1(N), N) > ECRy (R (M), M))
N=N+1,M=M+1;

Compute R;(N), R1(M) given in Equation (26);

Compute ECR;(R;(N), N), ECR;(R1(M), M) given in Equation (22);
9: end while

10:Set N* = N, R*; = Ry (N*);

11:Using N* and R*;, compute Y;given in Equation (21);

3.2. Strategy 2: Different Level of Conditional Reliability Threshold

Unlike strategy 1, this strategy assumes that the conditional reliability thresholds on all PM cycles
have difference values. The structural properties of this strategy follow Section 2. The aim of this
strategy is to find the optimal number of PM activities N* and the optimal conditional reliability
thresholds R = (Ry, Ry, ..., Ry). The expected total maintenance cost rate is the same as Equation (19).
Solving Equation (14) with respect to Y;, the effective age at the ith PM activity can be determined as:

. . 1/[3
~BL InR; - X4 (1Y pf)B7L, InR;
Y,‘ _ i-1 J 0(( ] k) j-1 ) (27)

wherei=2,...,Nand Y; = (-InRy/a)/F.
The result of following Lemma 1 will be used in Propositions 3 and 4. The lemma derives the N
conditional reliability thresholds to a single conditional reliability threshold.

Lemma 1. When N is fixed, the conditional reliability thresholds that minimize Equation (17) have the
following relationship:

Aj B . .
—InR, — Bi*l(A_il_ui—l)(zrfl])(_lan) ,lfzﬁlSN—l, (28)
' L)(-InR;) ,ifi =N,

where

B/(p-1)
1 Bi—l‘”’?Bi .
| =i for all i. (29)

Proof. See Appendix A. O

Through the result of the following Lemma, Equation (19) becomes:

Crp+C N —1)(Cpu + Cp) — (Cuir + Csp)Mr(N) InR
ECRz(Rl,N)z( rp+ Chp) + ( )(Cpum + Cpp) — (Cyr + Cpp)Mr(N) In 3 50)

N-1
YN+ ‘ZI (1 —aj)Yj
j=

where

Mr(N) =1 NilB. Aia o (AL} g4 p A1 31
r(N) = +Z I\ A + BN-1(AN-1—ay_4) ) (31)
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where Mr(1) = 1and Mr(2) =1+ B1(A; - a/f).
Through following Proposition 3, we can see that there exists an optimal finite and unique N*.

Proposition 3. When Ry is fixed, N* that satisfies Inequality (32) is the unique and finite optimal value that
minimizes Equation (30).

Kz(N— 1) < Crp - Cpym and Kz(N) > Crp — CpMm, (32)

where
K>(N) = ﬁlxiNcc cm+ o) PR (v 1YY - v Y 33
2(N) = S (Cp+Cpp) — (Cm + BD)xN+1( (N + )Zizlxi_ r( )Zizl xi)~( )

Proof. See Appendix A. O
The following Proposition provides the optimal conditional reliability threshold of strategy 2.

Proposition 4. When N is fixed, the solution to the optimal conditional reliability threshold that minimizes
Equation (30) is given as:
. N(Cpm+Cpp) = Cpm + Crp
-InR] = .
(B—=1)Mr(N)(Cpmr + Cpp)

(34)

Proof. See Appendix A. O

The optimal solutions for strategy 2 can be obtained via the following algorithm that is given as
pseudo-code and is followed as Table 3.

Table 3. Algorithm to obtain the optimal solution for strategy 2.

Algorithm Pseudo-Code for the Minimization of Equation (30)

1: Input data: Cyy, Cg, Cp, Cpp, @, B, a;, bj;
2: SetN=1,M=2;
3: Compute R;(N), R1(M) given in Equation (34);
Compute Mr(N), Mr(M) given in Equation (31);
Compute ECRy(R;(N), N), ECR(R1(M), M) given in Equation (30);
while (ECRy(R1(N), N) > ECRy(R1(M), M))
N=N+1,M=M+1;
Compute R;(N), Ry (M) given in Equation (34);
9: Compute Mr(N), Mr(M) given in Equation (31);
10: Compute ECRy(R1(N), N), ECRy(R1(M), M) given in Equation (30);
11:end while
12:Set N* = N, R*; = Ry (N*);
13:Using N* and R*;, compute Ry* = (Ry, ... , Ry*) given in Equation (28);
14:Using N* and R*;, compute Y;given in Equation (27);

4. Numerical Illustration

In this section, we illustrate the proposed PM strategy based on a numerical example. To
conduct the numerical illustration, we used Python 3.7. The procedures of the numerical example are
followed as:

Step 1. Input data related to maintenance costs and parameters of hybrid hazard rate function.

Step 2. Compute the conditional reliability threshold and the expected maintenance cost rate.

Step 3. Repeat the step 2 until satisfying ECRx(R1(N), N) > ECRx(Ry(M), M) for k = 1,2.
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Step 4. Compute PM schedule, the optimal number of PM activities, and the optimal conditional

reliability threshold.

In the numerical illustration, two additional PM strategies are considered that can help evaluate
the effect of the trade-off between reliability and cost. In the additional PM strategies, the conditional
reliability threshold is provided to the decision maker, in which this is given as R; = 0.9 (PM strategy 3)
and Ry = 0.3 (PM strategy 4). Sensitivity analyses are also conducted to find how the parameters affect
the proposed PM strategy. Table 4 sets out the parameters for conducting the numerical illustration.

The functions of the age reduction factor and the hazard increasing factor are set as follows:

i =

i _13i+4
2i4+2" 1 12i+4°

Table 4. Setting of parameters.

Cmr/Cpm

Crp/Cpm

Csp/Crm a

3.0

5.0

0.3 2.6 32

4.1. Results of the Numerical Illustration

Figure 1 shows the curves for the expected total maintenance cost rate under the increasing PM

activities. Table 5 summarizes the results of this study.
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Figure 1. Cost curve under increasing the number of preventive maintenance (PM) activities.
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Table 5. The optimal solutions and their system performances.

No. PM PM Strategy 1 PM Strategy 2 PM Strategy 3 PM Strategy 4
x; Rs (R*1) x; Rs (R*1) x; Rg (R*1) X; Rg (R*y)
1 0.4933 0.7627 (0.7627)  0.5194 0.7265 (0.7265)  0.3672 0.9000 (0.9000)  0.7862 0.3000 (0.3000)
2 0.3626 0.7601 (0.7627)  0.3534 0.7637 (0.7668)  0.2699 0.8988 (0.9000)  0.5779 0.2955 (0.3000)
3 0.3164 0.7561 (0.7627)  0.2968 0.7841 (0.7901)  0.2356 0.8969 (0.9000)  0.5043 0.2886 (0.3000)
4 0.2905 0.7528 (0.7627)  0.2655 0.7981 (0.8072)  0.2163 0.8955 (0.9000)
5 0.2728 0.7504 (0.7627)  0.2441 0.8091 (0.8196)  0.2031 0.8943 (0.9000)
6 0.2593 0.7485 (0.7627)  0.3271 0.6660 (0.6753)  0.1931 0.8934 (0.9000)
7 0.1848 0.8928 (0.9000)
8 0.1777 0.8922 (0.9000)
N* 6 6 8 3
To 1.9950 2.0065 1.8477 1.8684
R* 0.7627 0.7265
EMC (N*, R*y) 8.6034 8.5542 9.2988 10.6077

From the results of this study, we can see that the larger the conditional reliability threshold that
we set, the shorter PM cycle and the more PM activities the optimal solution needs. As shown in
Table 5, the optimal value N of PM strategy 3 is higher than the optimal ones obtained from strategies
1,2, or 4. In addition, as R; for the PM strategy 3 is set to a high value, the reliability of the system
remains high. However, this leads to high PM cost and breakdown cost, since there are frequent PM
activities. As shown in Figure 1, the expected total maintenance cost rate of PM strategy 3 is higher
than that of PM strategies 1 and 2.

In the cases where the conditional reliability threshold is set to a low value, the length of the PM
cycle increases. The result of this is many system breakdowns and only minimal repairs are allowed,
and thus, the expected total maintenance cost rate dramatically increases over time. Moreover, we
can observe that a trade-off between the reliability threshold and the expected total maintenance cost
rate. Therefore, appropriate conditional reliability thresholds are required to establish a cost-effective
maintenance strategy.

Unlike the results of PM strategies 3 and 4, PM strategies 1 and 2 focus on finding a balance
between the conditional reliability threshold and the expected total maintenance cost rate. Hence, we
can see that the results of PM strategies 1 and 2 are more cost-effective than the results of PM strategies
3 and 4. Furthermore, we can see that PM strategy 2 is more cost-effective than PM strategy 1 because
PM strategy 2 relaxed the reliability constraints of PM strategy 1. From Table 5, we can see that the
optimal conditional reliability thresholds of PM strategy 2 tend to increase slightly except for the value
that corresponds to N*. This means that it is more reasonable to perform PM activities frequently than
to replace the system up to (N* — 1) PM cycles. Since the system is then replaced at the N*th PM activity,
the conditional reliability threshold of the last cycle decreases. This implies that operating the system
for as long as possible in the last PM cycle is more efficient than performing imperfect PM activity.

4.2. Sensitivity Analyses

Several sensitivity analyses were conducted to investigate how the parameters affected the
proposed models. First, to determine how the parameters of the hazard intensity function influence
the proposed models, sensitivity analysis was conducted for the situation in which @ was adjusted
from 1.92 to 2.88 and p was adjusted from 2.88 to 4.32. The results are summarized in Table 6. It is
shown that changing of @ had no effect on the optimal solutions because the change in a could not
reflect the trend in the deterioration process. However, since a was used to calculate the PM cycle, the
system lifetime and the expected total maintenance cost rate were affected by the change in a.

The change in § affected the optimal solutions unlike the results of the sensitivity analyses for a
because f reflects the shape of the hazard intensity. For example, when g received a low value, the
hazard intensity increased from the initial period, resulting in shorter PM intervals. As shown in
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Table 6, N* decreased as the value of § was low. Moreover, R;* increases as f increases, which implies
that the system degradation accelerates when f is high.

Table 6. Results of sensitivity analysis related to the failure rate’s parameters.

a p Strategy 1 Strategy 2
R*y N* Rg To EMC; (N*,R*) R*  N* Rg To EMC; (N*, R*1)

2.08 320 0.7627 6 0.7485 2.1391 8.0239 0.7265 6 0.6660 2.1514 7.7980
2.34 320 0.7627 6 0.7485 2.0618 8.3248 0.7265 6 0.6660  2.0736 8.2771
2.60 3.20 0.7627 6 0.7485  1.9550 8.6034 0.7265 6 0.6660  2.0065 8.5542
2.86 320 0.7627 6 0.7485  1.9364 8.8635 0.7265 6 0.6660  1.9476 8.8128
3.12 320 0.7627 6 0.7485  1.8845 9.1079 0.7265 6 0.6660  1.8953 9.0557
2.60 2.56 0.6650 5 0.6351  1.7113 10.0687 0.6251 5 0.5486 1.7213 10.0101
2.60 2.88 0.7128 5 0.6933  1.7342 9.2751 0.6831 5 0.6090 1.7441 9.2224
2.60 320 0.7627 6 0.7485  1.9550 8.6034 0.7265 6 0.6660  2.0065 8.5542
2.60 3.52 0.7894 6 0.7798  2.0492 8.0434 07595 6 0.7021  2.0604 7.9998
2.60 3.84 0.8190 7 0.8119  2.3400 7.5694 0.7857 7 0.7379  2.3523 7.5298

In addition, we conducted sensitivity analyses to investigate how the change in related costs for
maintenance activity affected the proposed model. The results are summarized in Table 7. As the
replacement cost increases or the PM cost decreases, the optimal number of PM activities increases.
This implies that it is more economical to perform PM activities than to replace the system. As the
minimal repair cost increases, the optimal conditional reliability threshold increases. However, the
optimal number of PM activities remains unchanged. As the conditional reliability threshold increases,
the length of the PM cycle shortens, thereby increasing the expected total maintenance cost rate. Indeed,
as shown in Table 7, the optimal conditional reliability threshold and the expected total maintenance
cost rate increases as the minimal repair cost increases. Moreover, for both PM strategies, the value of
the optimal conditional reliability threshold is significantly sensitive to changes in the minimal repair
cost. Therefore, decision-makers should pay close attention to the estimation of minimal repair cost.

Table 7. Results of sensitivity analysis related to maintenance costs.

Strategy 1 Strategy 2

Cumr Cpm Crp

240 1.00 500 07181 6 07018 2.1241 8.0805  0.6766 6  0.6085 2.1363  8.0342
270 1.00 500 07423 6 07271 2.0553 83510  0.7036 6  0.6395 2.0671  8.3032
300 1.00 500 07627 6 07485 1.9550  8.6034  0.7265 6  0.6660 2.0065  8.5542
330 1.00 5.00 07801 6 0.7668 1.9415 8.8406 0.7461 6 0.6890 1.9526 8.7900
360 1.00 500 07952 6 07826 1.8935 9.0645 07631 6  0.7090 1.9044  9.0126
3.00 080 5.00 07912 7 0.7772  2.1434 8.0756 0.7472 7 0.6991 2.1562 8.0276
300 090 500 07715 6 07577 1.9682  8.3511 07364 6 06776 19795  8.3033
3.00 1.00 5.00 0.7627 6 0.7485 1.9550 8.6034 0.7265 6 0.6660 2.0065 8.5542
3.00 110 5.00 0.7406 5 0.7274 1.7924 8.8454 0.7169 5 0.6453 1.8023 8.7970
300 120 500 07325 5 07189 1.8127 9.0673  0.7082 5  0.6350 1.8227  9.0177
3.00 1.00 4.00 07697 5 0.7577 1.7170 8.0477 07482 5 0.6827 1.7265 8.0037
3.00 1.00 450 07592 5 0.7467 1.7448 8.3365 0.7368 5 0.6691 1.7544 8.2910
3.00 1.00 5.00 07627 6 0.7485 1.9550 8.6034 0.7265 6 0.6660  2.0065 8.5542
3.00 1.00 550 07652 7 0.7497 2.2347  8.8521 0.7168 7 0.6643 2.2481 8.7994
300 1.00 600 07577 7 07418 22601 9.0746  0.7081 7  0.6543 22736  9.0206

5. Conclusions

In this study, we established a cost-effective PM strategy for a repairable system subject to
stochastic deteriorations. Two PM strategies were proposed and modeled by two reliability constraints
that help evaluate the trade-off between the expected total maintenance cost rate and the system
reliability. Strategy 1 constricted the conditional reliability threshold with the same level, whereas
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Strategy 2 relaxed the reliability constraints of Strategy 1 by using different level of the conditional
reliability threshold. Moreover, this study discussed the difference between the conditional reliability
threshold and the system reliability threshold via two definitions. The conditional reliability threshold
was used as a condition variable that represents the decreasing system reliability as the number of PM
activities increases.

This study employed a hybrid hazard rate model to represent imperfect PM activities. The
function of the expected total maintenance cost rate was determined, including the costs of PM activity,
replacement, minimal repair, and breakdown. We provided the structural properties of the proposed
PM strategies via four propositions and proved their existence and uniqueness of the propositions.
Two algorithms were proposed to find optimal solutions. A numerical example was conducted to
illustrate the proposed PM strategy. Sensitivity analyses were also conducted to investigate how the
parameters of the proposed PM strategy affect the optimal solutions.

5.1. Contributions to Theory

The contributions of this study are as follows:

(1) This study identifies and defines the differences between the system reliability threshold and the
conditional reliability threshold. This contributes to the reliability theory.

(2)  This study develops a cost-effective PM model using the conditional reliability threshold that
considers the decreasing system reliability as the number of PM activities increases, which can
relax the trade-off between the reliability and the cost.

(3) This study provides the optimal conditions for each strategy through four propositions and one
lemma that show the uniqueness and existence of the optimal solution.

5.2. Implications for the Decision-Makers

Decision makers need to decide whether they undertake all the maintenance activities to keep the
system in good condition or reduce maintenance activities in planning PM policy to cut down the costs.
For example, if they reduce the costs related to maintenance activities in a PM strategy, it is difficult to
obtain high quality of the system due to the insufficient PM activities. On the other hand, frequent PM
activities result in higher maintenance costs and poorer system availability. The proposed model can
be a good alternative in solving these problems. Based on the proposed model, they can avoid both the
extremely frequent maintenance activities and the insufficient maintenance ones effectively.

5.3. Limitations and Further Research

This study has some limitations. First, the parameters of hazards rate function are not estimated
based on data but predetermined manually. Second, we need more constraints to apply the model
in real word applications because the proposed model is applied to complex and expensive systems.
For example, the optimal PM strategies in this work may be expanded to the system under lease,
considering the various constraints for the reliability such as the maximum reliability, the minimum
reliability, and the reliability at the end of lease. To tackle these limitations, we can estimate the
parameters based on the data and add more constraints to handle the complex and difficult situations
in real world applications.

For the next step of the research, we can also extend the proposed model to apply to many
different areas that cover multi component systems. The expected result is a novel algorithm that not
only solves the integrated optimization problem of the proposed PM strategies but also maintains
production costs and requirements. In addition, another next step of this study includes solving the
two dimensional warranty problem of the proposed model while considering the warranty cost and
the numerous uncertainties.
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Appendix A

Appendix A.1 Proof of Proposition 1

When R; is fixed, the expected total maintenance cost rate becomes a univariate function.
Inequalities (23)-(24) are a necessary condition to obtain the optimal number of PM activities.
Inequality (24) is obtained from substituting Equation (22) into Inequality (23). If N* satisfies Inequality
(24), it becomes a finite and unique optimal solution such that Min(ECR;(N), N =1,2,... ) = ECR;(N*).
Now, to prove Proposition 1, we recall K;(N), which is as follows:

Y%
Ki(N) = {xlN—lll—N (Cpm + Cep — (Cmr + Cpp) InRq). (A1)
+
The left hand side of K;(N) increases as N increases because xy 1 decrease to zero. Moreover, the
right hand side of K;(N) is a positive because —InR; is a positive value. Hence, K; (N) in Inequality (24)
is the increasing function with respect to N, and N* that satisfies Inequality (24) is then a finite and
unique optimal solution that minimizes Equation (22).

Appendix A.2 Proof of Proposition 2

When the number of PM activities is fixed, the condition to obtain the optimal conditional
reliability threshold that minimizes Equation (22) is as follows:

dECR; (Rq|N)

R =0. (A2)

Solving Equation (A2) with R;, we obtained Equation (26). Moreover, Equation (26) is a finite and

unique solution minimizes Equation (22) because d?ECR;(R1|N)/d?>R; > 0.

Appendix A.3 Proof of Lemma 1

When the number of PM activities is fixed, the conditions to obtain the optimal conditional
reliability threshold that minimizes Equation (17) are as follows:

dECRy (R=(R1,Ry, ,Rn)|N)

aR, =0
: (A3)
dECRy (R=(Ry,Ry,~ RN)IN) 0
Ry =
Equation (A3) yields the following relationships:
N-1
dT,
aB(Co+ Coa) Bit| 72| Y+ ) (1=a¥y) || = ECRa(R = (Ry, Ra, = Rn)IN),  (Ad)
! i=1
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fori=1,2,..., N. Solving the simultaneous equation in Equation (A4), we have the following

relationships:
B

[ Buno—df By |FT
S(N) = ﬁ%@’“] S(N-1)
B,—d'B = (A5)
1~ 2
- || s
g
pp 171
1 1-dBy [P
- [m] s
where 5(1) = —InR; and
N 1 i-1 i-1 B\p-1 .
S(i) = -B7L InR; - Zle ( o pk)B]._1 InRj, fori =2,3,...,N. (A6)

Using the relationships in Equation (A5), we obtained Equation (28).

Appendix A.4 Proof of Proposition 3

Using the results of Lemma 1, Equation (17) becomes Equation (30). To prove Proposition 3, we
redefine K(N) in Inequality (33) as follows:

K>(N) = A(N) + B(N)C(N), (A7)
where N
A(N) = (% —N)(CPM + Cap),
B(N) = —(Cumr + CBD)?N_IE/ (A8)

C(N) = XN x;(Mr(N +1) = Mr(N)) = Mr(N)xy 1.

A(N) and B(N) increase as N increase, and C(N) increases as N increases because xy 1 decreases
to zero. Hence, there exists a finite and unique N* that minimizes Equation (30).

Appendix A.5 Proof of Proposition 4

Using the results of Lemma 1, Equation (17) becomes Equation (30), and then, Equation (34) is a
finite and unique solution that minimizes Equation (30) because d?ECR,(R1|N)/d?R; > 0.
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Abstract: “Agile” is an effective software engineering model with a high trust and acceptance rate
among its users. The term agility comes from the concept of rapid development and working in a team
for better results and a faster competition rate when compared with any other software engineering
model. In this study, an assessment of the different patterns, frameworks, and application program
interfaces available for distributed development in an agile model is given. After analyzing the
state-of-the-art distributed models, a novel framework of a dynamic agile distributed development
method (DADDM) is introduced in this paper. Many researchers have worked on global software
development using the agile approach; however, we are presenting the idea of incorporating the agile
benefits with dynamic distributed software development. The applicability of the proposed model is
checked via two selected parameters: a feasibility study and a business study. The complete DADDM
development life cycle is presented in the methodology section. The techniques used in DADDM and
team members’ roles and responsibilities in DADDM are defined in this study. This study reflects
all pillars of planning, controlling, organizing, and management of leadership. The use of DADDM
in distributed agile development encourages future researchers to use this proposed framework
for comparison and testing of their models and to check the effectiveness through a comparison
with DADDM.

Keywords: distributed development; agile development; application program interfaces in agile
distributed projects; framework for agile distributed development

1. Introduction

In distributed agile development, the agility rate is much higher in a team working with 40 people.
The main focus of distributed agile development is the ability to respond to changing requirements
and environments [1]. The ability to meet changing project deadlines with a satisfied customer base is
the core concept of agile development.

There are different kinds of agile methods that exist. Agile-distributed development procedures
consist of various frameworks that focus on a wide range of project management methods. Major
types of agile development are dynamic systems development, crystal methods, agile, and extreme
programming [2]. The highly recommended and most effective methods are extreme programming and
agile. Agile works on the principle of an empirical process control model. This difference makes agile
more effective and a better choice for system development projects. The agile method for distributed
development involves agile teams consisting of the product owner and agile master, and the definitions
of events, rules, and artifacts. Agile events are used to complete the processes on time, create regularity
in tasks, and reduce the time required for unnecessary meetings [3].

Currently, the value of agile development is increasing because of its intuitive functionality.
Projects are being completed on time and according to the specific needs of customers. The salient
features of the dynamic agile-distributed method are innovation, flexibility, and effective management.
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Project development is central to the responsive and disciplinary approach, as it has the program’s
baseline constraints as control objectives.

Isolation exists in both customary prerequisite project building and dynamic agile distributed
development method (DADDM) procedures. It works through absolute requirements by appropriately
assembling, arranging, and archiving all prerequisites while avoiding any conflicts. In DADDM,
reliable creation is due to the correspondence issues among clients. However, it gives the developer
a chance to create prerequisites, for example, the use of cases. These utilization cases are written in
common language and are given useful prerequisites. Numerous distinctions exist and are of prime
significance, particularly for programming improvement ventures.

1.1. DADDM Methodologies to Client

In the past, prerequisite issues were less significant. This was because there were not many
prerequisites or changes required by the customer. Many organizations are trying to improve
their products and are working towards complex requirements to improve customer satisfaction.
These include the prerequisites of over-burden, no client commitment, the absence of compelling
correspondences, the fulfilment of time constraints, spending issues, and substantially more
inconveniences. To conquer these issues, computer science specialists presented the agile manifesto
in distributed development in agile modeling. The DADDM methodology essentially focuses on
programming advancement rather than documentation; it effectively works when clients’ requirements
change to ensure clients’ satisfaction, provide fast advancement, and much more.

Many techniques exist, including:

XP, generally known as Extreme Programming;
Approach of Agile Modeling;

Nimble AGILE Methodology;

Nimble Feature Driven Development;

Nimble Automated Software Engineering;

S Gk W=

Deft Lean Systems Engineering, Lean Software Development, Adaptive Software Development
of Agile.

There is typically an organized structure for the improvement of enormous and complex
frameworks. The three useful systems being embraced are theory, cooperation, and learning. Theory
relates to arranging the board requirements, which allows experts to prepare for future prospects.
Cooperation is similar to client association, as clients and colleagues work together among themselves
to discover fundamental clashes and issues with important understandings. Learning deals with
preparing or change of prerequisites during the improvement process, which implies that designers or
clients work together and collaborate in a team for better results. The main objective of this is to create
fundamental models applicable to programming improvements that utilize tests and conceptualization.

1.2. Agile Artifact

Agile operates on a pattern that is designed with a single purpose that maximizes transparency
and provides adaptation and opportunity for interoperability. A product background is updated
regularly as the product gets larger. The development phase requires more improvements and involves
irregularities in preferences. That is, generating a breakthrough requires certain changes be made in
the product backup.

1.2.1. Role of the Agile Team

Agile works on pre-determined characteristics for effective participation and the fast delivery of
the product [4]. These are as follows:
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Owner of product

It is the owner’s job to accurately understand the metrics and needs of the market and
business values.

Product Owner Responsibilities

e  The development team should work in a specific order to ensure rapid work completion;
e The purpose of the product must be retained within the team by defining and updating
product requirements;

e  Feedback must be collected from customers, clients, and partners, and this information must be
transferred to the team;

e  Optimized work must be carried out in every stage;
e  The quality of the product and delivery method must be considered;
e A product release plan must be constructed [5].

An overview of the team members is shown in Figure 1.

Senom

Team

Figure 1. Overview of agile team members.
1.2.2. Agile Master

To help the team and owner, the agile master works as a trainer for understanding the approaches
used in the management process of an agile project. This role helps streamline the workflow to adjust
the agile project management protocols. In the project, the agile master acts like a backbone. The agile
master fully understands the jobs of the team and is also aware of the requirements needed for getting
ajob done. In addition, the agile master knows all the details of the project and wears multiple hats in
the project.

Role of the Agile Master

e Helps the team understand the values and approaches of the agile process;

e Helps the product owner update, check, and document product requirements;

e Makes sure the opportunity and goals of the product are well understood by every team member;
e Isresponsible for properly conducting agile events;

e  Minimizes team clashes and other weaknesses that are barriers to the on-time delivery of product;
e  Manages the team in the right way to attain maximum production;

e  Keeps a record of implementation of every successful sprint.
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1.2.3. Development Team

The team consists of different divisions, including developers, testers, and engineers. The agile
team is well organized and works in collaboration by helping each other to achieve targets. Every
member of the team updates and shares their work with other members to keep everyone informed
about the progress of the project [3].

Responsibilities of Agile Development Team

e  Teams are independent, and the product owner or agile master do not put pressure to give any
output at the end but check their work consistently with light touch;

° Groups do not separate, and each team member works according to their experience;

e  Groups are cross-functional and cooperate to check the progress after each iteration.

1.3. Agile Framework

Agile frameworks work on a group of approved and synchronized procedures. Every event is
time-boxed and very similar to sprints in which the entire development of the product takes place.
The life cycle of every agile event is dependent on the objective success status for the stage.

1.4. Types of Agile Meetings

a. Sprint Planning Meeting

The first step is to arrange a planning meeting before the project starts. In this phase, the product
owner plans the product requirements and identifies the most important things that are mandatory
and must be executed quickly. In turn, the team strategizes to implement the checklist provided by
the product owner. In this meeting, the team plans the deadlines and decides how work will be done
efficiently. All aims and goals are planned during the sprint meeting.

b. Daily Agile Meeting

Daily meetings of teams begin once the sprint planning conference has started. These are very
short meetings, not more than fifteen minutes, in which challenges, issues, progress, and feedback
of the project are discussed among team members. New solutions and different strategies are also
discussed on a daily basis.

c. Sprint Review Meeting

This review meeting is held at the end of the sprint to discuss what the team has achieved at
the end of the iteration. Stakeholders and clients participate in this meeting. The team discusses the
next plan that will be executed in the next phase. This review meeting emphases cost, timeline, and
available resources.

1.5. Extreme Programming

This procedure of agile project management emphases changes in response to client and customer
preferences. It was created by Kent Back in 1999 as a new perspective for software development with a
basic emphasis on how the code is written effectively, rapidly, and error free. The main idea is that a
unified method of XP involves the development of a system based on teamwork and elements being
developed including coding, testing, and design screening [6].

1.5.1. Extreme Programming Value

Extreme programming is not just a multi-functioning method; there are many positive things
to help and guide the team’s behavior and to promote extremely high programming for better
project management.

There are five key values for high-level project management:
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e  Simplicity—Workload is divided into small components to eliminate the complexity. The team
only focuses on part of the work at a specific time and meets it.

e  Effective communication—The team combines the collaborative work, including every outcome
and error; daily meetings are known as the interaction.

e  Continuous Impact—The team’s focus and their workflow center around the opinions and changes
from customers.

e  Respect—Each member of the team is recognized for his feedback and takes part in the effort.
Despite the organizational status, the administration admires every team member and gives
respect, and the developing team does the same with the customer’s demands.

e  Courage—The groups are stimulated instead of accepting failure during these projects, and the
focus is not on their propaganda.

1.5.2. Extreme Programming Rules

Dawn Wells [6] published the first XP rules in 1999 to clarify the key components of software
development rules and list the activities that gradually became the working part of the XP model.

1.6. Management

e The Project Manager establishes a workshop to start work for their team;

e  The Project Manager determines the project’s speed;

e  Stand-up Meetings are held on a daily basis;

e The performance of every team member is checked and reinstated when any procedural or dispute
problems arise;

e  The development approach changes if the XP method does not properly incorporate the team
member [7].

1.7. Designing

e  Start with a simple design to avoid delay in completion;
e  Functional increases in design should be saved later;
e A class responsibility collaboration (CRC) card is used.

1.8. Coding

e  Collective code ownership is applied such that any developer can change the code, detect or repair
the errors.

e  Using system residences (each team member including clients can explain how the system works).

e  Programming is paired to write code and send it to production.

e Integration of code is done every few hours and is stored [8].

1.9. Testing

e Acceptance test requirements are repeated.
e Unit testing is performed regularly before issuing the code.

1.10. Kanban

Kanban is best recognized as a scheduling system, which has a great advantage over production
inventory. Kanban limits the amount of extraordinary work. This prevents businesses and teams
from being neutral and chaotic, which damages inventory track records. Kanban only uses the
time-consuming approach in which the project managers enable them to use their resources [9].
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1.10.1. Kanban Project Management Principles

The Kanban technique works on four elementary principles [10] that describe Kanban’s process.
These principles are as follows.

1.10.2. Start Now

Kanban does not work in a phase and does not work in the cross-ending method. It can be applied
to any workflow in the project life cycle. Kanban is already under development and can be applied to
a project.

1.10.3. Save Current Processes, Role, and Responsibilities

Contrary to other methods, there are certain rules and frameworks that must work in the
project. Kanban teams can continue to work with the same responsibilities in their current roles
before they accept and synchronize them. This involves old business practices as well as deliberately
fraudulent frameworks.

1.10.4. Leadership Actions

Kanban'’s flexible model allows transparency in the working frame. Since there is no such
classification for the Kanban perspective, every member of the team knows how to access the host
for the top and bottom of the project. Kanban promotes leadership power over all stages with its
power mode, which is available for every team member. This requires the team to retain a mentality of
continuous upgrading on a discrete level.

1.10.5. Kanban Practice

The team follows actions that must be completed for the successful Kanban process.

1.10.6. Workflow

Kanban encourages teams to work in projects and tasks within the work of quick and
efficient workflow.

1.10.7. Adjustable Boards

The Kanban Board is a pictorial demonstration of the workflow at each phase of the project life
cycle. The board has three parts: development, completion, and application. It serves as a real-time
inventory that is constantly updated to include any obstacles, problems, and constraints that are
potential threats.

1.10.8. Kanban Cards

A section of the Kanban board is made of Kanban cards. Cards have information such as job
details and their development assigned to it as well as its history. These cards serve as a center of
information that is accessible to the entire team. One of the most impressive and interesting features
of the Kanban cards is the ability to move cards from one side to another, with smooth drag and
drop functionality.

1.10.9. Limit Work in Progress

The best use of Kanban is to bind WIP (work in progress). Tasks are assigned extreme limits
(which are located in the column of the counting board in this case). Number of tasks in progress
cannot exceed the number of jobs requested. In a second step through a Kanban system, teams must
work together to narrow down the limitations.
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1.10.10. Manage Flow

Workflow through the Kanban system should be free from any roadblocks. Efficient workflow
flows from one phase to another phase in a continuous mode, providing evidence that team efficiency
and work metrics are fruitful and have business value.

1.10.11. Continuous Improvement

Kanban does not promise successful implementation. The teams need to work on their weaknesses
and improve their strengths to maintain stability and expedite quick delivery.

1.11. Application Software Development

Appropriate software development is a framework consisting of adaptive modes, which adopt
an adaptive process while building large and complex products via mutual cooperation. The best
practices of application software development are emphasized to accommodate adaptive, growing
patterns, so that we can dynamically cope with unusual conditions when they occur.

1.11.1. What Is Distributed Agile?

Project development with distributed agility is an approach to software development that connects
the team members from different countries, time zones, and language. Good communication and
creating a highly functional environment are the fundamental elements for better operation and good
results from the team. Some principles of distributed agile need to be integrated with the agile software
development to make it distributed agile development:

e Interactions among team members and a better understanding of the processes and tools;
e  Working software with comprehensive documentation;

e  Contract negotiation and customer collaboration;

e How to respond to changes in plans.

1.11.2. Distributed Agile Software Development

Distributed agile software development combines the features of an agile model with distributed
computing technology and upgrading the agile model to the next level. In distributed agile software
development, we make use of external resources and high-profile competent in-house teams. The
highlighted outcome for the approach is the minimum time required for the project completion. We
can meet deadlines easily and never need to work in high-risk situations. In this development model,
we integrate team members across the world and provide the best utilization of this extended team.
One of the most appropriate ways of uniting them and working efficiently is to develop an effective
communication environment.

1.11.3. Significance of DADDM

e Improves the productivity of dynamic agile programming by presenting intuitive and
semiautomatic strategies in various periods for improving requirement engineering;

e  Decreases the intellectual multifaceted nature of light-footed programming advances and
determines complex choice circumstances effectively by defining scientific models;

e Improves the correspondence and coordination of dispersed agile programming advancement
groups by presenting semi-mechanized strategies to the appropriate groups;

e Itimproves the nature of agile programming resulting in lower levels of risk by considering all
significant factors (for example conditions, limits) in numerical streamlining models;

e  Agile programming improvement focuses on the best arrangement for a particular setting, and
clients’ criticisms are addressed by modifying requirements, limits, and needs.
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2. Literature Review

Extensive remote software development programs are complex and have a low tolerance rate that
creates many challenges. Despite the challenges of handling multiple development teams, the methods
of agility are being adopted based on the quick process to support the team’s agreement. Artifacts
are solid products of the software development process aimed at the teams’ perspective on the same
development program. The purpose of the study of Bass [11] was to focus on the development process
to meet the requirements of remote software development programs concentrating on the infrastructure
used in the development process. Using practitioner interviews, 46 software development teams
were adopted in nine international companies combined with a documentary approach, documentary
sources, and observations. The data analysis used was an open coding memo consistent comparison.
This study identified 25 architectures of five types including features, sprints, releases, products, and
corporate governance. It was discovered that with the plans of conventional angels to encourage the
rules, strategies associated with planning-based methods were encouraged. Study-related experimental
evidence has been used to identify the main owner of every artifact and generate a graphic map of
specific activities. Finally, the programs developed in the study created a dynamic and plan-oriented
architecture to improve the performance of the enterprise’s quality and technology strategy, while the
risk of failure was also reduced in the agile development environment [11]. It worked well to satisfy
the requirements of remote software development programs. However, its applicability is smaller in
agile development, which highlights the need for our work on designing and developing dynamic
agile distributed development methods.

A combined animated approach and distribution software development (DSD) were used to
promote better quality software solutions in less time and at lower cost. The method helps in both
the agility and distribution and reduces major challenges and risks. This work was intended to
create a broad set of risk factors affecting the output of distributed freeware projects and indicate risk
management practices [12]. Their work was unique because it integrated the simulation method with
DSD, and it will be more useful if applied in dynamic project development.

The study provided continuous comparisons to analyze deeper interviews of twenty projects from
three practitioners and thirteen different information technology (IT) organizations. Field experience
was supported by extensive research literature on the management of risk in agile and distributed
development. Interviews and project work documents showed the five risk factors of the group under
five main risk categories. The risk category was mapped for organizational changes to facilitate results
of the real world. Risk factors can be attributed to the DSD, and the development-related issues in
agile are presented. Besides, some new risk factors have been tested using this process, and further
investigation is needed. Distributed agile development (DAD) is being adopted in organizations to
meet the changing business needs caused by global transformation. This study reduced the risk impact
and enhanced the possible options to mitigate the influence to a maximum extent [12].

Software development has become mainstream. The authors [13] worked on the Scaled Agile
Framework (SAFE) and showed the best practices for studying two industry case studies [13].

Knowledge management (KM) is mandatory for any software project, but especially in global
software development, where members of the team are separated from time to time. The knowledge
management software is organizing knowledge in various ways to enhance transparency and improve
the performance. One way to evaluate these strategies is presented in Reference [14], as they defined
seven Knowledge Management areas. The purpose of their research was to study the methods of
knowledge and sharing in many distributed ages. This is done by managing a series of interviews
during a specified time period. If we apply their findings for the agile development platform, then we
can get a high customer satisfaction level. Their results showed that sharing knowledge in remote
areas and trusted fiscal projects created a sound base of successful project completion [14].

Adapting mass agility often requires the integration of agile methods and non-dynamic growth
elements to build hybrid adaptive procedures. The challenge is to determine what elements or
components (freelance or unauthorized) of hybrid evolution procedures are relevant to develop a
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reference architecture. The authors [15] addressed this important challenge and used a hybrid creative
experiment to produce a hybrid adaptive model. They proved that there are a lot of chances for
improving adaptive hybrid and agile-based development approaches using controversial engineering
approaches [15].

The options available for project management methods have increased significantly; there are
many questions for project managers considering alternatives. Project rating systems and standards
are not met with logical project goals, features or environments. The main reason for this is that many
software projects do not receive time, budget or client’s attention. The purpose of the paper [16]
was to identify and categorize the important success factors (CSFs) and to develop a controversial
approach based on traditional project-oriented and freelance models. After reviewing the previous
work, 37 CSFs were identified from 148 articles for software development projects. These were then
ranked in three main CSFs categories: organizational, team, and customer factors. An unsatisfactory
model highlighted the need to meet project properties and project management procedures on CSFs.
This study suggested a model and helped to develop rules to assess the role of CSF for the success of
the project. Although future experimental testing of this conceptual model is necessary, it provided
an initial step in collecting the number of databases, provided a detailed experimental analysis for
comparative studies, and improved the description of CSF [16]. The importance of critical success
factors will become more impactful when it comes with dynamic project development, where the
customer is allowed to make changes at any level of the development phased. So, if we take the work
on this research as the initial point for our research and integrate it with the dynamic agile development
method, we should achieve a high rate of customer satisfaction.

In the past, it was assumed that the global software development and the agile methods are
incompatible with each other. The author of Reference [17] explained some of the core difficulties and
benefits of using the agile method for global software development. They suggested applying this
on an industrial level. This point is the base line of our work and we adopted their approach for the
compatibility design of the software development in the distributed agile environment.

Agile distributed development models are currently widely used by most of the software
organizations due to the fact of limited time and cost, but this method also creates many additional
problems for software development teams. The result was an unstable software architecture. To address
this problem, a situational ADSD (agile distributed software development) framework [18] was
proposed, which can handle different requirement challenges for different situations. The gaps in
situational ADSD also motivated us to propose a dynamic and generic DADDM, which applies to all
kinds of distributed software development processes to complete on time and budget.

3. Methodology
3.1. Assessment of the Patterns for Agile-Based Distributed Development

3.1.1. Agile Integration

Organizations need to put things like business segments or administrations together rapidly. Atits
core, agile development is an approach to complete programming tasks more rapidly. Presently, agile
development can be used in conjunction with small groups and a gradual methodology to determine
what is required and how to achieve it more successfully instead of making it into a multi-year
plan. Thus, agile is not just about software development or external software acquisition. The agile
philosophy can also apply to broader concepts of such as integration and infrastructure. However,
it brought change to the overall tech industry, driving the fast-moving needs of the customers.

3.1.2. Distributed Environment

Integration has been around for decades, but this approach is closely related to technical concepts
and organizational patterns. Both are required in the modern context. The integrated technology
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pattern around the ESB (enterprise service bus), where a centralized software component performs
integrations to backend systems. The goal of integration was to make the logic easy and accept the
changes. In the past, integration was performed by the most prominent people, who were primarily
focused on distributed agility. With time, they moved away from the central distributed model. These
integration experts now participate in invisible teams of software development, which helps to break
the prevailing myths about integration.

Organizations realize that integration has major potential for their business, which can result in
the integration of previous office and agile teams. One goal is to rapidly provide software to a qualified
organization. Systems and services must be discussed together. If the organization does not unite
quickly, it cannot solve the problem rapidly. Modern companies are adopting an organizational model
for software like Microsoft. This creates a high failure of software modules being created. All software
teams must be able to make this team part of the organization.

With distributed integration, you can separate the full module development, divide the task into
pieces, and integrate the work progress using a centralized environment. Some technologies were
prohibited five years ago. JBoss Fuse and JBoss AMQ are two examples. Modular deployment in a
distribution agile environment is complex. This works best with the principles of containers and APIs
(application programming interfaces) as deployment packaging and integration models.

3.1.3. Containers

Containers are independent application bundles, which must ensure rapid deployment and
modification. Containers are a way of packaging your software and, in the context of Open shift, they
can be fast and can be centrally organized. If you have integration infrastructure, then agile teams can
work freely with general libraries and frameworks. It provides a basic structure that ensures good
governance, which ensures the soundness of development.

3.2. Application Program Interfaces

Application program interfaces (APIs) are the third pillar of distributed agile development. This
acts as an additional layer in the development process. Many companies now want to implement
APIs in their primary system such that everyone can use them. Some organizations have hundreds
of applications. Many times, they may be ignored, pursued, and used later. The privacy API can be
tracked, but sometimes the cloud APIs are not easily tracked. We have a hybrid cloud environment
for many customers. Many of them are posted in different elements. They have applications or
backup systems in every environment that need to be securely linked with each other. So, 3scale
API management can be used to keep users safe. Containers manage backup systems. APIs are a
glue layer, and they provide communication. They can integrate data from different sources to create
a different environment. You may have software or services and drive them all together to drive
customer satisfaction and enhance environmental systems. Each time a customer creates a process of
implementation for a single process, it is an island of information. However, it can be brought together
with other operational data. Customers must take advantage of current investment and enable new
jobs, so these APIs that create new applications are designed to mask and integrate with legacy systems.

3.3. Distributed Agile Development Frameworks

3.3.1. Requirement Hierarchy

Many times, the general user perception of the requirement is the short description of the working
module. One of the main issues of requirements is that people do not know exactly what they want.
Very detailed levels of requirements must be used. Requirements should always be clear. Different
levels of ideas lead to a categorized model, thus reducing the overhead of requirement management
for complex systems. Requirements can be classified into three different levels, where epics form the

594



Mathematics 2019, 7, 963

highest-level requirement group are followed by characteristics at the middle level and end-user stories
at the bottom as represented in Figure 2.
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Figure 2. Hierarchical view of requirements.

Features

3.3.2. Communication Advantages of Distributed Agile Teams

Almost all agile development methods involve the advantages of co-located teams and face-to-face
communication. However, with the advances in technology and tools, distributed agile teams are
growing in numbers, and these provide more advantages as well. Modern-day tools allow more
flexibility and mobility, and organizations that do not take advantage of these may be limiting their
employee base.

3.4. Assessment of the Patterns and Frameworks

3.4.1. Assessment Criteria for the Framework

Framework documentation provides a paper trail of shared understanding. There is no argument
that face-to-face communication is best for reading body language, but we certainly know that there
are many cases in which we have different interpretations of a conversation. With documentation,
there is a paper trail that often provides what is necessary to make sure everyone is on the same
page. If a misunderstanding of a requirement has occurred, the team can go back to the document
for understanding rather than referring to a conversation in which there may be debate about exactly
what was said. Documentation allows us to capture important details that may be forgotten or
misunderstood if we only have a conversation. With today’s technologies, many tools provide
alternative ways of reaching shared understanding using graphical interfaces, diagrams, pictures, tests
or mind maps. Sometimes the tools may even have the capability for these representations to convert
to working applications. This is not to say our modern-day communication tools should entirely
replace conversations; however, used in conjunction with conversations, tools may provide a more
accurate representation of a shared understanding.

3.4.2. Documentation Can Be Shared

Finally, documentation can be shared with anyone. If you rely on face-to-face communication, the
only way to share the information is to pass it along, and like a game of “gossip”, each version is going
to be a little different. Having a common document that the whole team can work from, regardless of
where they are located, will prevent the misunderstandings that can occur when your primary form of
communication is face to face.

3.4.3. Multiple Sources of Information

Another issue with co-located teams is that often the conversations that can happen around the
whiteboard do not get transferred into a tool that everyone has access to. Agile teams often talk about
the transparency that is experienced by having a big visible board that people see as they walk by.
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However, only those people who walk by that big visible board will see it. By having all the
important data in one place that every team member can access, regardless of where they are physically
located, we are not limiting our information to only those in the room. If the latest data is only on a
whiteboard, rather than in a common tool that is accessed by all, there will be more than one source
of data, which can lead to confusion. This is a good reminder that documentation should not be a
substitute for having the up-front conversations needed with the appropriate stakeholders.

3.4.4. Significance of Face-to-Face Communication

Face-to-face communication and co-located teams have many advantages. There is no doubt
that it is easier to communicate and build strong relationships with face-to-face teaming. However,
organizational leaders need to be aware of some of the issues that come from focusing so heavily on
face-to-face communication, and they need to ensure they are staying current in a world which is
becoming increasingly mobile. Keeping documentation up to date requires consistent, on-going effort.
Distributed teams need to work harder to ensure good communication. The key is to use effective
communication and collaboration that is appropriate to your situation without physical boundaries.

3.4.5. Phases in API Development

(1) Technical details

Technical details often capture high-level architectural concepts. For example, there are many
structural instructions in a detailed database. Subscription or service details and relationships among
these cover logical architectural issues, and technical details can also be used as a reminder for minor
architectural style and design patterns. The key focus for the technical specifications is on the architects,
who should be answerable for the questions related to performance, availability, security, and complaint.
Project managers must support the technical details.

(2) Dependencies and relationships

When management needs mainly focus on business needs or opportunities, then attention is
usually paid to how these needs can be met and whether they are related to clear, comprehensive, and
project targets.

3.5. General Software Modeling Pattern

There is a recurring time period that progresses. These are some features that you want to see in a
normal repeat:

a. Team formation

You must get the correct combination of product owners, designers, developers, and initial
estimates. Pay attention to making the right people available and engage them in all those tasks that
match the agile team member’s skills. Try to avoid any changes in your team to ensure a high level of
knowledge and good collaboration.

b. Transfer plan

Make sure customers and businesses are close to those who can comment on their plan.

c. Daily tests

Ensure that every member of the team is responsible for their daily development, because this is
important for their overall success. Use of communication tools like Skype or Google Hangout are
usually performed as a virtual stand-in for ten minutes at a specific time.

d. Process

Does each team member fully understand the process in which they are working? Do you follow
traditional analysis, development code review, test, or UAT? Each developer should be well-trained.
Otherwise, there are tools to provide the necessary support.

e. Meeting deliverables and objectives
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Show that the project is the primary combination of deliverable iterations. The development team
can present the objectives of the meeting to the clients or product owners. These objectives can be used
to collect comments and ideas on what happens in the next round of development.

f. Circular iteration and team involvement

These meetings must be scheduled at the end of every iteration. This is a valuable way to examine
and follow teamwork and methods for the team. Members of a good agile development team can
speak openly and honestly.

3.6. Mathematical Model

Given that M assets (designers/developers) and N assignments (codes to be created) with Tj; time
length units of each assignment are executed in asset j, we want to program the N tasks in the M
assets, scanning for the best execution request that satisfies certain states of priority between the tasks
characterized in Pjx. As characterized below, the input parameters to be utilized are introduced:

e i=1,2,... N, Tasks comparing to product owner prerequisites.
e j=1,2,... M, Resources or designers with various capacities.

In this work, we are working with junior, middle, and senior designers in a dynamic agile
distributed development environment.

Pyy is the matrix of priorities between undertakings.

On the off chance that Pyxy = 1 shows that task x should be finished before the beginning of task
y, but generally Pyy = 0. Ty, is the time matrix of task execution time T, in an asset M and ai is the
total time for the task need to be executed. These calculations can be shaped based on three sorts of
designers and the time required to finish an assignment.

U is a constant; if it is large enough then U = Pxy Tqp.

The main points of consideration are Xj;. If Xjj = 1, the undertaking (i) is relegated to the asset (j).
Generally, X;; = 0. If Yj; = 1, this means that the undertaking task (i) is executed before the assignment
(j), but generally Yj; = 0. The start time of undertaking (i) is Ty, and the total time includes all tasks.

The model DADDM involves the accompanying conditions:

Min T, 1)

To 2 Xi =Tap - Xjj; (el

To = X; | X = 1; for My ©)

ai > (ai + Tap - Xjj) - Pyy )

Yy + Y =1 ©®)

ai > (ai + Typ - Xj) — U~ (3 = Yy — X - Xp.=k); (6)

Equation (2) characterizes the longest time among all designers. Equation (3) shows that each
undertaking must be relegated to a developer. Statement (4) ensures that the non-covering time between
two undertakings has priority. Statements (5) and (6) guarantee non-covering time. Based on the
above, we have formalized an assignment arranging process for the product improvement procedure
using light-footed techniques (integrated DADDM with Agile, for this case). We have examined this
model for many parameters, and we obtained highly positive feedback from the customers.
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3.7. Dynamic Agile Distributed Development Method

We are proposing a DADDM that is one of the most valuable methods of distributed agile project

management. The DADDM specializes in information system projects that involve barriers such as
extraordinary budgets and very strict dimensions. We have designed DADDM to solve common issues
that often cause failures of information system projects, such as

Unsuccessful delivery;
Lack of user engagement;
Administrative issues;

Cost and budget.

The DADDM is different from agile Kanban and other software development frameworks because

it focuses on product delivery compared to team activity in an agile manner (although team support is
important in any other product activity process).

3.7.1. Dynamic Agile Distributed Development Method Key Concepts

The basic principles and features that were used to create the DADDM structure were:

Before work can begin, the users should actively monitor the accuracy of the decisions involved
in product development;

The team must be self-sufficient to make project development and mandatory management and
administrative decisions to achieve better results in the distributed environment. There should be
a minimum of red tape by management in decisions that the team takes;

Products will be developed frequently in the initial steps. Early and fast delivery of the product
will make sure that users get products and give feedback;

Product repetition is done in the process of maximizing user feedback and product improvement;
The product development must follow the necessary path, so if any change is needed, it can be
implemented in development;

During the pre-project phase, the needed capacity and requirements of this project will be explained
before the development begins;

The workflow process works with integrated testing as its main objective. Products are processed
during each stage of development;

Effective communication and cooperation between all the basic teams, management, and
stakeholders are necessary for the development process.

3.7.2. DADDM Development Life Cycle

The DADDM framework basically has three stages:

Pre-project phase;
Project life cycle;
Post-project phase.

Medium phase in the project life cycle is the biggest phase of the whole framework. Specific roles,

responsibilities, and activities at each stage are described below.

3.7.3. Pre-Project Phases

The pre-planning step occurs before the project starts. Management settings and project

requirements are described to provide insight into the project. Figure 3 represents DADDM framework.
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DADDM Development Life cycle l Techniques used in DADDM
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Figure 3. Dynamic Agile Distributed Development Method Framework overview.
3.7.4. Project Life Cycle Phase

Once the project is started and all the necessary details have been decided, the project enters into
its life cycle phase. The project life cycle phase is applied in two steps:

e  Feasibility study;
e  Business study.

These two steps must be followed in an orderly manner. That is, we must first perform a
feasibility study. The results of the feasibility study promote the execution of the second step, i.e., the
business study.

3.7.5. Feasibility Study

In feasibility studies, the team members coordinate with each other and determine the answers to
many questions such as:

e Do established ground rules and project planning result in the production of working products
in time?

e  Will the fixed budget be enough to complete the work?

e s the project increasing our market value?

Since DADDM is applicable to information systemssolutions where time is a light commodity, the
feasibility as well as the business study stage are conducted as quickly as possible.

3.7.6. Business Studies

In the business Studies stage, the team and information about the business aspect of the project
are assessed to generate quick surveys.

e  What are the user requirements?

e What specifications should be kept to maintain the business value of the project?
e What technology will be used to meet the business quality of the product?

e  What skills will be needed to test and verify the product?

3.8. Use Case: Using DADDM to Develop a System for Predicting Flood Level

We used an example of the development of a software project that deals with flood level detection
and an alert generating system, using the concept of dynamic agile distributed development. The initial
required engineering results show that the client wants to use this software for provisional disaster
management authority flood data collection. In this case, they will visit the villages in the divisional
regions and then collect the data. The collected data will then be cross-checked and verified to
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identify any possible mistakes. After receiving the initial requirement from the clients with face-to-face
communication, the team starts software development. We are using the two software engineering
models in this case study. The first is the Normal Agile Model, and the next one is our proposed
DADDM. We have 15 team members, including the designers, developer, two managers, and other
supported staff members. The cost allocated for this project is 100 dollars, and the time allowed is one
month. For the agile development, we completed the task in 25 days within the cost allowed, and the
customer was satisfied (the available options are dissatisfied, normal, above normal, well satisfied, and
excellent). In the case of the DADDM, we completed the software at 19 days with the same team and
budget. The client response was well satisfied. We applied the proposed three phases of the model:
pre-project phase, project life cycle, and post-project phase.

3.9. Functional Model

The development team starts with the construction of the initial prototype. An active prototype of
the product is the initial version of this function, and it must contain a finished working model.
The prototype is produced following a cycle:

e  Active investigation;
° Prototype returns;
e  Strengthened prototype.

After this, the prototype is reviewed for:

o Use;

e  Performance;
e  Capacity;

e  Frequency;

e  Techniques.

3.9.1. Design and Construction

The product is designed in the design and construction phase. A design model is developed and
coded according to the mission statement and is then examined and reviewed. Product design and
development occur continually.

3.9.2. Deployment

After reviewing and testing the product, the next step is to deploy the project to the client. A review
document is also generated, where the points and actions obtained from the product requirements are
obtained. Developers have learned lessons from consumers using the full version.

3.9.3. Post Project Phase

The post project phase confirmed that the end version of the product works efficiently. The DADDM
principles are used to ensure the quality of the team’s work product; they are also used if there is
a need for improvement; then, the product is forwarded to further development in the next phase.
Figure 4 shows the complete working model.
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Figure 4. Complete operation of the proposed model DADDM.

3.9.4. Techniques used in DADDM

(1) MoSCoW Principles
The DADDM facilitates projects that do not cover luxury timeframes and flagged funds. Therefore,

work blocks are preferred in the development phase. The MoSCoW rule is applied to enhance the
importance of functionality:

Required—Essential things;

Must be—Essential things for business solutions;

Maybe—useful things that do not promote problematic bugs and can replace other preferences;
Will not work—things that are important and can wait until later.

(2) Time boxing
Instead of building combinations on the project road map, DSMD uses time boxing in which an

initial cycle consisting of three to six weeks is prepared during which complete testing of tasks and
goals is completed.

(3) Prototype
Prototype is the end of the DSDM. If the team is not using lots of prototypes as part of the

development process, they are not operating according to the DSDM approach.

L

WL =

Prototypes guarantee the following:

User contributions and opinions;
Continual product delivery;
Incremental product release.

The DADDM classifies prototype activity in four groups:

Business Prototype—evaluates the business value angle version;
Performance Prototype—ensure user-solving solutions;
Prototype of Use—what fault and user interface is free?

Ability Prototype—is there room to expand the product?

(4) Team roles and responsibilities in DADDM

Project Manager—Monitoring and management of prototype and development process;
Advisor—Information expert with practical knowledge about automatic or modifying areas;
Scribe—Member who handles all project discussions, plans, results, and objectives;

Senior developer—An advanced developer that helps create an access code to provide unusual
skills and software development information;

Technical coordinator—Responsible for taking care of the technical aspects of the project.
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It should be ensured that every person is aware of the technical details of their role and how to
execute them.

4. Conclusions

Agile distributed development procedures consist of various frameworks that focus on a wide
range of project management methods. Compared with the previous results, the proposed approach of
an integrating DADDM model joins different tasks during the prerequisite assembling and configuration
stages. It is a novel method that can work in general settings and is not limited to situational ADSD.
As requirements are constantly changing, the models ought to be refreshed to integrate the new tasks
as they are characterized. Additionally, the agile phase used during the requirement elicitation stage
can be the base for the models made during the post-project stage.

The proposed method fixes the responsibilities of every team member. The existing frameworks,
patterns, and configured APIs for the agile-based distributed development of software have been
evaluated. Key tasks for future research should be a comparison of DADDM with agile and Extreme
Programming as there is the need for a framework that incorporates the requirement among researchers
and practitioners in classifying CSFs for software development projects. The next step is the evaluation
of CSF’s impact on our proposed framework—DADDM.
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