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PREEMPTIVE MULTI-SKILLED RESOURCE CONSTRAINED PROJECT
SCHEDULING PROBLEM WITH HARD/SOFT INTERVAL DUE DATES

HAMIDREZA MAGHSOUDLOU!, BEHROUZ AFSHAR-NADJAFI®*
AND SEYED TAGHI AKHAVAN NIAKI®

Abstract. This paper considers a preemptive multi-skilled resource constrained project scheduling
problem in a just-in-time environment where each activity has an interval due date to be completed.
In this problem setting, resuming a preempted activity requires an extra setup cost, while each time
unit violation from the given due date incurs earliness or tardiness penalty. Also, processing cost of
each skill to execute any activity depends on the assigned staff member to accomplish the skill. The
objective function of the model aims to minimize the total cost of allocating staff to skills, earliness—
tardiness penalties and preemption costs. Two integer formulations are proposed for the model which are
compared in terms of number of variables, constraints and elapsed run-time to optimality. Furthermore,
an ant colony based metaheuristic is developed to tackle real life scales of the proposed model. This
algorithm relies on two intelligent local search heuristics. Parameters of the algorithm are calibrated
using Taguchi method. The results of the experiments for the proposed algorithm confirm that the
proposed algorithm has satisfying performance.
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1. INTRODUCTION AND LITERATURE REVIEW

Multi-skilling plays an important role in many industries like chemical and construction industries where
concept of work flexibility is crucial. Case studies show that with multi-skilling as an alternative, successful
managers exploit it to improve their competiveness and productivity. In addition to avoiding from convey of
workforces and new employments, multi-skilling gives rise to more motivated and more creative workers [39].

There are many extensions of resource constrained project scheduling problem (RCPSP) in the literature,
which is one of the most challenging problems in the combinatorial optimization. Ballestin et al. developed an
evolutionary algorithm for RCPSP with minimal and maximal time-lags [5]. Artigues et al. considered uncer-
tainty of durations in RCPSP using robust optimization approach [4]. They developed two different algorithms
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called scenario-relaxation algorithm and scenario-relaxation based heuristic algorithm for solving the model.
Koné et al. extended the classical RCPSP assuming that resources can be produced and consumed by the activ-
ities [28]. Okudo et al. proposed a new heuristic called mask calculation algorithm to solve RCPSP considering
power restriction during peak hours, energy consumption during setup operations and contract demand [37].
Kellenbrink and Helber formulated RCPSP as a binary linear programming model assuming a flexible structure
for project [26].

Preemption has been a crucial aspect of many research works in the literature of project scheduling. Ballestin
et al. formulated the RCPSP for preemptive case assuming that an activity can be interrupted at most once.
Their results show that allowed preemption can decrease project’s makespan [6]. Afshar-Nadjafi and Majlesi
formulated preemptive RCPSP as a mixed integer linear programming model assuming a setup time to resume
preempted activities [1] Moukrim et al. proposed a mathematical model and an efficient branch and bound
algorithm for preemptive RCPSP [35].

Well-timed scheduling is a major characteristic of just-in-time (JIT) environment within machine scheduling.
There are many works in the field of project scheduling which deal with well-timed scheduling. Ranjbar et al.
proposed a mixed integer linear programming model for RCPSP to minimize total weighted tardiness penalty of
resources [38]. They suggested a branch and bound algorithm for solving the proposed model. Afshar-Nadjafi and
Shadrokh developed a branch and bound algorithm to solve project scheduling problem to minimize weighted
earliness—tardiness costs [2]. Khoshjahan et al. proposed a binary linear programming model along with two
metaheuristic algorithms for the RCPSP with activity due dates to minimize net present value of earliness—
tardiness penalties [27].

One of the interesting extensions of RCPSP which is common in many real word situations is multi-skilled
project scheduling problem (MSPSP). This problem was firstly introduced by Néron and Baptista which its
assumptions are inspired from constraints of multi-purpose machines [36]. Therefore, MSPSP models are inte-
gration of two different models including the classic RCPSP and multi-purpose machine scheduling problems.
In the last two decades, several works are devoted to different formulations and solution algorithms for MSPSP
[7,16] and [18].

Firat and Hurkens formulated a multi-level multi-skilled project scheduling problem supposing that all tech-
nicians have special skills [21]. It was assumed in their work that a special group of technicians should work
together during a workday to execute tasks which are assigned to them. The objective was to assign the groups’
workload in order to maximize daily executed tasks. Their solution algorithm is an improved version of the
solution procedure presented by Hurkens where incorporating the strength of MIP modeling in schedule con-
struction were studied [23]. Correia and Saldanha-da-Gama revisited MSPSP to minimize total costs including
fixed and variable costs of using resources [17]. In order to have a practical model, they considered several real-
life assumptions in their proposed methodology. A summary of the recent works dealing with different aspects
of the MSPSP is represented in Table 1.

As mentioned above, there are many works regarding different versions of the multi-skilled project scheduling
problem. However, to the best of the authors’ knowledge, there is no work devoted to the preemptive multi-skilled
project scheduling problem in a JIT environment, which is the main motivation of this paper. More specifically,
contributions of the current work are as follows. (1) We propose two integer mathematical formulations for
the preemptive multi-skilled resource constrained project scheduling problem with given interval due dates for
the activities. (2) The proposed formulations are compared for 30 small scale instances in terms of number of
variables, number of constraints and elapsed run-time to obtain the optimal solution by a commercial solver,
GAMS. (3) We develop an ant colony based metaheuristic algorithm with calibrated parameters to tackle the
proposed problem in large instances. Two local search heuristics are embedded in the proposed method to
improve the performance of the developed algorithm in exploration of the search space. (4) Performance of
the solution approach and efficiency of the local search heuristics are evaluated by applying the algorithm on
problem instances with varying number of activities, skills and staff members.

The rest of this paper is organized as follows. Section 2 describes the preemptive multi-skilled project schedul-
ing problem (PMSPSP) and the proposed integer mathematical formulations. Section 3 represents the proposed
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TABLE 1. A summary of recent works on the MSPSP.

Work No. Problem features and solution approach

[3] Human resources with different skills — Lower bound
8] Hierarchical levels of skills — Lower bound

9] Branch and bound

[13 Bi-objective — Fuzzy environment

[17 Fixed and variable costs of using resources
[21 Multi-level- Technicians with special skills — MIP
[22 MSPSP for IT projects — CPLEX

]
]
]
]
[24] A real production scheduling — Hybrid heuristic
]
]
]
]
]

[25 project portfolio scheduling- Differential evolution

[29 Minimize staff costs — hybrid benders decomposition algorithm
[31 Single and multi-skilled crews — Constraint programming

[32 Multi-objective — Multi-mode — Weed optimization algorithm
[34 Branch and price

ant colony based metaheuristic algorithm to solve the PMSPSP, including the developed local search heuris-
tics and the parameters tuning. Section 4 provides the computational results of a comprehensive experimental
analysis. Finally, Section 5 includes summary of the paper and several suggestions for future works.

2. PROBLEM DESCRIPTION

The preemptive multi-skilled project scheduling problem (PMSPSP) can be represented as an activity-on-
node (AON) graph, G = (N, A), where N denotes activities of the project, and A denotes the finish-to-start
prerequisite relations with zero time-lags between activities of the project. All the activities are preempt-able
and are numbered from a dummy start activity 0 to a dummy end activity n + 1. Indeed, interval due date is
a realistic assumption for situations in which completion of an activity is preferred or have to be within a time
interval. For instance, when meteorological reports forecast 6 sunny days in rainy spring, we have to complete
concreting of a building’s foundation within these days. In such a situation, completion of the activity before
the lower bound of the interval and after the upper bound of the interval is impossible because it results in
imperfect concreting. Such an interval is called “hard due-date”, in which the activity have to be completed. In
addition, we assume that there is a tighter interval called “soft due-date” for each activity, in which the activity
is preferred to be completed. For instance, the misty day immediately before precipitation, and the sopped day
immediately after precipitation may lead to an extra cost and effort in concreting. So, it would be better to
avoid doing the activity within these days. Therefore, we will have a preferred soft interval including 4 days for
doing the concreting process. Each time unit violation from the soft interval due date gives rise to earliness or
tardiness penalty. The objective is to find the optimal assignment of staff members to the skills and the optimal
schedule of the activities to minimize total cost of the project. Moreover, the following further assumptions are
considered:

All renewable resources are multi-skilled manpower.

All parameters of the problem are deterministic.

Set up time of all activities are zero.

Processing time of all activities are non-negative integer.

Each staff cannot be devoted to more than one activity at any time frame.
Each staff cannot be devoted to more than one skill at any time frame.
Execution of each skill with different staffs has different costs.

Activity preemption is permitted with penalty and in discrete time frames.
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TABLE 2. Notations used in formulation of PMSPSPs.

Indices and sets

i, Index of activity N = {1,2,...,n}

m,h Index of staff member R = {1,2,..., M}

k Index of discrete time unit of activity’s duration K; = {1,2,..., P}
t Index of time t =0,1,...,T

s Index of skill s =0,1,...,5

G=(N,A) Prerequisite relations graph

Parameters

P; Processing time of activity ¢

PChrys Cost of performing skill s by staff m per time unit

bis Required number of staffs to perform skill s of activity 4

[D!, DY Soft interval due date of activity ¢

[TW}, TW] Hard interval due date of activity ¢

e Earliness penalty of activity ¢ per time unit

t; Tardiness penalty of activity ¢ per time unit

i Preemption penalty of activity ¢

Tims 1 If staff m has skill s; 0 otherwise

M Large constant positive value

Variables

Zikt 1 If part k of activity i is done at time ¢; 0 otherwise

Ximkt 1 If part k of activity i is done by staff m at time t; 0 otherwise
Yimks 1 If skill s for part k of activity ¢ is done by staff m; 0 otherwise
E; Earliness of activity ¢

T; Tardiness of activity ¢

C; Completion time of activity ¢

All the required resources have to be available at the start of each activity.

Each activity may need one or more skills to be performed.

Each staff may be devoted to perform different skills of activities in different time frames.
All the required skills of each activity have to be started concurrently.

All the required skills need to be available during the execution of each activity.

There are several applications for the above mentioned problem in practice. Overhaul maintenance projects,
event projects and construction projects are among the long list of projects dealing with multi-skilled workforce,
which their preemptive activities have to be completed within predefined time interval due dates.

Herein, two mathematical integer programming formulations are developed for the problem PMSPSP. We
call them PMSPSP-A and PMSPSP-B. In order to formulate the PMSPSP-A and PMSPSP-B, the notation is
defined in Table 2.

2.1. The formulation of PMSPSP-A

In the first formulation for the PMSPSP, we use all binary and integer decision variables defined in Table 2.
Inspiring from the variables defined in the model developed by Montoya et al., the preemptive multi-skilled
project scheduling problem can be formulated as follows [34]:

n n n P;—1 1 T—1
Minf=> e xEi+» t; xTi+ Y ni 3 > NZike = Zigr1a41]
i—1 i—1 =1 k=1~ Lt=1

i=1 m=1

E Pcms X }/inzks
k=1 s=1
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VieN,YmeR,VkeK;,s =1,...,8
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VieN,VkeK;,s=1,...,8

VieN,VmeR,VkeK;

VieN,VkeK; t = TW!, ..., TW

K2

VieN,VkeK; t = TW,, ..., TW
VieN
VieN
VieN

VieN,VkeK;,YmeR,t =0,...,T,s=1,...,8.
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(2.10)

(2.11)

Objective function in equation (2.1) minimizes the total cost of the project including earliness, tardiness,
preemption and processing costs. Constraints set (2.2) guarantee that each part of any activity should be
done only once during its hard permitted interval. Constraints set (2.3) preserve precedence relations between
successive parts of each activity. Constraints set (2.4) maintain finish to start prerequisite relations between
activities. Constraints set (2.5) describe that each staff should be devoted to at most one part of one activity at
any time frame. Constraints set (2.6) stipulates that the staff member who is devoted to implement a part of
an activity should has the required skill. Constraints sets (2.7) and (2.8) enforce all the assigned staffs to start
their work on the related part of the activity concurrently. Constraints set (2.9) maintain that the number of
assigned staffs to a part of an activity should not be more than the required number of staffs for performing that
activity. Constraints set (2.10) guarantee that all the assigned staff members to perform a skill for a part of an
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activity should be equal to the required number of staff members for performing the related skill. Constraints
set (2.11) states that each part of any activity is implemented by the assigned staff members to it. Constraints
sets (2.12) and (2.13) compute completion time of activities, where M is a considerably large positive value.
Constraints sets (2.14) and (2.15) compute earliness and tardiness of activities, respectively. Constraints sets
(2.16) and (2.17) describe that decision variables E;,T; and C; are integers, while Z;xt, Ximir and Yi,ps are
binary. It is clear that, except the third element of the objective function in equation (2.1), the model is linear.
The third part of the objective function which is nonlinear, can be stated in linear form as follows:

Zm Z Z ot + Zike) (2.18)
i=1 k=1~ Lt=1
where Z/,, and Z[}, are complementary binary variables which satisfy the following condition:
Zikt — Zi,k+1,t+1 = Zi(kt + ;;Ct 3 ViﬁN, k6K2|PZ,t = O, ey T. (219)

By replacing the third element of the objective function in equation (2.1) by equation (2.18), and adding the
Constraints set (2.19), the model is completely linear. In doing so, the number of constraints is increased by at
most n.T. Z P;, and the number of binary variables is increased by at most 2n.T. Z P;. Thus, Constraints set

i=1
(2.17) should be replaced by Constraints set (2.20) as follows:

Zikts Ximkt, Yimkss Ziges Zige € 10,1} ; VieN,VkeK;,YmeR,t=0,...,T,s=1,...,8S. (2.20)
2.2. The formulation of PMSPSP-B

In the second formulation of the PMSPSP, we use all three integer decision variables and only two binary
decision variables Y;,,ks and X;,x+ defined in Table 2. Although we have less number of variables than PMSPSP-
A, the intensity of the constraint coefficients and number of constraints are the other factors which contribute
to complexity of the formulations. Inspiring from the model developed by Néron and Baptista in dealing with
precedence constraints, we have [36]:

n S
+ Z ZPCms X Y;mks (221)

i=1 m=1k=1s=1

n TW!'=1p,—1

M
Min f = Zez x E; +Zt x T+ = Zm Z Z HZ Ximkt Em_lzjgimz;kﬂjtﬂ
s=1Yis

1=1 t=TW} k=1

M

X

P;

TW
> Ximm=1 ;  VieN,VmeR,VkeK; (2.22)
t=TW}
W M TW} M
Zt:TW; Zmzl Ximkt Zg:TW; Zm—l Xich—i—l,f )
s +1< — ; VieN, keK;|P; (2.23)
Z bm 2521 bis
u TW;L M ,
EtTM;Wz Z 1t X Ximpkt D imqwt 2om=1 t X X1k
5 +1< —= ; Y(i,j)eA, keK;. (2.24)
Zs:l bis Zszl bjs
Constraints sets (2.5) and (2.6)
u TW
v Zt TWl Zh 1 t Xthkt .
> X X < : VieN,VmeR,VkeK;. (2.25)

S
=T ! o1 bis
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Constraints sets (2.9), (2.10) and (2.11)

M
Zm:l Ximkt

t % = <C; VieN,VkeK; t = TW!, ..., TW (2.26)
Zs:l bis
TWY M
t+Mx > > X,xi>Ci 5 VieN,VkeK;,t=TW/, ..., TW". (2.27)
{=t+1m=1
Constraints sets (2.14), (2.15) and (2.16)
Kimkt, Yimks € {0,1} ; VieN,VkeK;,YmeR,t =0,...,T,s=1,...,S. (2.28)

Objective function in equation (2.21) minimizes the total cost of the project as mentioned before. Constraints
set (2.22) describe that each part of any activity should be done only once during its hard permitted interval.
Constraints set (2.23) preserve precedence relations between successive parts of each activity. Constraints set
(2.24) maintain finish to start prerequisite relations between activities. Constraints set (2.25) enforce all the
assigned staff memberss to start their work simultaneously. Constraints sets (2.26) and (2.27) compute com-
pletion time of activities, where inf is a considerably large positive value. Constraints set (2.28) describe that
Ximkt and Yinis are binary. Notice that Constraints sets (2.5), (2.6), (2.9), (2.10), (2.11), (2.14), (2.15) and
(2.16) are duplicated from model PMSPSP-A to PMSPSP-B. Again, we just face with a non-linear part in the
objective function in equation (2.21). In order to linearize the third part of the objective function we replace it
with equation (2.18) where Z/,, and Z/;, are complementary binary variables such a way that satisfy:

M M
Xim — Xim .
Zm? K Dm=1 AL, g~ 7, VieN,keK|Pt=0,...,T. (2.29)
Zs:l bis ZSZI bis

Therefore, equation (2.28) should be replaced by equation (2.30) as follows:

Ximkts Yimkss Zigt, Zir € 10,1} ; VieN,VkeK,;,VmeR,t =0,...,T,s=1,...,5. (2.30)

2.3. Comparison of the formulations

In order to compare the proposed formulations, 50 small scale instances with up to 15 activities, are generated.
Each problem instance is solved by both formulations using GAMS software (Solver CPLEX) version 24.1.3 on
a PC with 4 GB RAM and Core i5 CPU. The number of variables, number of constraints, elapsed run-time to
optimality and the optimal values of the objective function is reported in Table 3. As it would be expected,
the optimal values of the objective function for the two models are identical. It can be seen in Table 3 that the
average number of decision variables and constraints for the PMSPSP-A is more than those of the PMSPSP-B.
On the other hand, the elapsed run-time to optimality for the PMSPSP-A is considerably less than the one in
PMSPSP-B. In order to compare the formulations in solving the instances, a paired t-test that allows one to
compare the means of the elapsed run-times of the two formulations is implemented here. Indeed, a single factor
(formulation) experiment with two levels (PMSPSP-A and PMSPSP-B) is designed. From a statistical analysis,
we calculate a 95% confidence interval for the mean difference of the elapsed run-time to optimality as (—4152,
—12). Since this confidence interval does not contain zero, it means that there is a significance difference between
the elapsed run-time in using GAMS to solve the problems modeled by the two developed formulations. This
surprising result can just be ascribed to the density of the constraint coefficients, i.e., the constraint matrix for
PMSPSP-A is sparser than PMSPSP-B. Finally, while the two formulations are correct in achieving the optimal
solution, the PMSPSP-A outperforms the PMSPSP-B measured by average computational time.
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TABLE 3. Computational results of PMSPSP-A and PMSPSP-B.

Problem no # act. # skill # staff PMSPSP-A PMSPSP-B

# var.  # const. Run-time (s) f* # var.  # const. Run-time (s) f*

1 3 2 2 666 862 0.025 156 470 617 0.025 156
2 3 3 3 1162 1397 0.035 244 702 1111 0.056 244
3 4 2 2 1087 1519 0.005 504 804 954 0.004 504
4 4 3 3 1258 1645 0.032 367 1240 804 0.032 367
5 5 2 2 2318 2212 0.545 285 1993 1269 0.438 285
6 5 3 3 2602 2493 0.841 451 2550 1291 2.484 451
7 5 4 4 2023 2264 0.941 455 3328 1189 2.238 455
8 6 2 2 1851 2035 0.436 438 1715 1107 0.542 438
9 6 3 3 2947 2925 0.622 433 2939 1493 1.621 433
10 6 4 4 3643 3739 0.864 793 3637 1789 16.903 793
11 7 2 2 5082 3448 0.775 608 4468 2172 0.657 608
12 7 3 3 4621 3734 0.662 675 4411 2031 1.267 675
13 7 4 4 4818 4440 0.927 745 4914 2162 1.613 745
14 8 2 2 3377 2975 0.573 710 3181 1705 0.558 710
15 8 3 3 4309 3814 0.858 613 4397 1982 2.685 613
16 8 4 4 5833 5621 1.273 1438 5619 2705 207.98 1438
17 8 5 5 5985 5764 0.663 1091 6288 2715 65.57 1091
18 9 2 2 6760 4514 1.1 674 6031 2817 1.038 674
19 9 3 3 8776 5816 1.285 816 8014 3306 2.84 816
20 9 4 4 9568 6634 1.482 786 9559 3501 4.128 786
21 9 5 5 8958 7133 2.121 1207 9593 3462 1558.398 1207
22 10 2 2 6971 4749 0.937 872 6221 2989 1.272 872
23 10 3 3 6811 5847 3.336 1004 6501 3053 81.719 1004
24 10 4 4 7735 6,139 1.003 749 8217 3113 3.688 749
25 10 5 5 10426 8065 1.514 1401 10940 3934 39.03 1401
26 11 2 2 7272 5254 1.05 987 6491 3207 4.963 987
27 11 3 3 7222 5,910 1.524 915 7148 3136 74.908 915
28 11 4 4 9186 7044 2.413 1448 9568 3622 433.52 1448
29 11 5 5 11024 8579 1.859 1359 11725 4218 40.691 1359
30 12 2 2 9965 6249 1.811 953 8810 3994 1.33 953
31 12 3 3 9826 7035 2.293 1097 9480 3894 558.492 1097
32 12 4 4 15949 9605 2.184 1353 15340 5280 45.466 1353
33 12 5 5 14870 10327 10.149 1585 15146 5188 2876.415 1585
34 12 6 6 16777 11581 2.317 1303 18024 5674 519.536 1303
35 13 2 2 8612 6010 2.419 1066 7876 3706 2.81 1066
36 13 3 3 11077 7770 2.495 1249 10789 4339 292.65 1249
37 13 4 4 14932 9718 4.762 1288 14744 5204 1,036.361 1288
38 13 5 5 24056 13316 2.854 1726 23328 7080 11.98 1726
39 13 6 6 17908 12890 3.332 1728 18696 6172 816.82 1728
40 14 2 2 16225 9192 39.561 1229 16097 5538 33.459 1229
41 14 3 3 17522 10024 2.064 1197 17686 5796 103.585 1197
42 14 4 4 18819 10855 2.493 1482 19235 6053 281.425 1482
43 14 5 5 21761 13494 6.464 2084 21202 6957 5168.055 2084
44 14 6 6 28069 15741 4.508 2665 28648 8,064 7371.535 2665
45 15 2 2 14938 8592 2.329 1178 13410 5636 2.92 1178
46 15 3 3 19558 10794 4.763 1548 18154 6538 101.199 1548
47 15 4 4 15802 10996 6.989 1501 16288 5780 2369.95 1501
48 15 5 5 26376 14619 3.853 1787 26075 7828 7539.428 1787
49 15 6 6 26872 15690 13.288 2429 27813 8049 39952.54 2429
50 15 7 7 34023 19284 6.225 2333 35015 9625 32617.09 2333
Average - - - 10764 7207 3.137 1100 10690 3877 2085.078 1100
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3. PROPOSED ALGORITHM FOR PMSPSP

In this section, an Ant Colony Optimization (ACO) based metaheuristic algorithm is presented to solve the
real life scales of the PMSPSP. Dorigo firstly suggested the idea of optimization based on ants’ behavior [19].
The basic structure of ACO relies on iterative creation of solutions by dispatching a population of artificial ants.
During the ants move, they face with several options regarding direction of their next trajectory. The choice of
a direction by any ant is a function of dynamic pheromone trails secreted by previously transited ants. Heuristic
information is another crucial factor which influences on the chosen direction by an artificial ant. This factor
is predominantly dependent on the special structure of the problem in hand. Notable successful applications of
ACO dealing with a variety of resource-constrained project scheduling problems motivated us to tackle with
PMSPSP by ACO [11,14,15] and [30]. In the proposed algorithm, not only the typical intelligence of ACO is
exploited, but also two efficient local search heuristics are developed to cope with the special characteristics of
PMSPSP.

3.1. Construction of solutions

While in many evolutionary algorithms the initial solutions are generated at random, solutions in ACO
are created using a special guided procedure. In this mechanism, n®'t feasible solutions are created by n®™
artificially contrived ants considering pheromone update. In our proposed algorithm, the problem is partitioned
into two sub-problems; determination of the activity list representing the sequence of activities, and assignment
of workforces to the required skills of the activities. Each artificial ant in each cycle of the search process creates
an activity list and a staff assignment scheme. Before beginning the construction phase, we replace each activity
¢ with duration of p; by p; activities with duration of 1 by preserving all the prerequisite relations. Therefore,
the reorganized project has >, p; activities (sub-activities) with duration of 1. For the first sub-problem, ant
constructs an activity list by selecting activity 7 to be located at position j with probability pfj as follows [33]:

a B
p?j _ [7:5] [77;]] - : Vj,Vi € S, (3.1)
2tes; (13l [mig]

where 7;; is pheromone, S; is set of activities that are selectable at position j, o and 3 are control parameters
related to the relative impact of pheromone and the heuristic information, respectively. Herein, the heuristic
information 7;; is defined as follows:

1
"= et)s;
where (et);; is earliness—tardiness cost of locating activity ¢ at position j. This gives higher priority to select
the activity with small earliness—tardiness cost. For the second sub-problem, ant assigns a staff ¢ to do skill j

with the same probability defined as equation (3.1), where S; is set of staffs that are assignable to skill j. In
this case, the heuristic information 7;; is defined as follows:

.. — 1
i = pe;

(3.2)

(3.3)

This gives higher priority to assign the staff ¢ with small cost PCj; to process skill j.

With illustrative purpose, let us consider an example with 3 activities, 3 staffs and 3 skills. Assume that the
first skill can be performed by staffs 2 and 3, the second skill can be done by all staffs and the third skill can
be done by staffs 1 and 2. The other data are summarized in Table 4.

By reorganizing the example project we will have Zle p; = 6 activities with duration of 1. Construction of
a solution for the first sub-problem (activity list) related to this example is depicted in Figure 1, where (1(1),
2(1), 2(2), 1(?), 3(1), 3(?)) is created as a solution. Also, construction of a solution for the second sub-problem
(staff assignment) related to this activity list is depicted in Figure 2, where 1st skill of activity 1(!) is assigned
to staff 2, 1st and 2nd skill of activity 2(!) is assigned to staffs 2 and 3, respectively, and so on.
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TABLE 4. The data for the illustrative example.

Activity  Predecessors  b;s pi DY D¥ TW' TW
1 - 1st skill 2 2 4 0 6
=1
2 - 1st skill 2nd skill 2 4 5 1 7
b=1b=1
3 1,2 2nd skill 3rd skill 2 4 7 3 8
b=1b=2
Position 1 Position 2 Position 3 Position 4 Position 5 Position 6
Activity 1 —|—> 1 1 1 1
Start — /@AY ‘ ’
Activity 2 2 2 — 2 2
Activity 3 3 —— 3 — W™ g
FI1GURE 1. Schematic representation for construction of activity list.
Position 1 Position 2 Position 3 Position 4 Position 5 Position 6
Staff 1 skill 3 skill3 — ® — End
Start —s /@AY, ! t
Staff 2 g Lo skl 1 —— sin3 Skill 3 —— sill 1 skill 3 skill 3
' t ‘ t
Staff 3 Skill 2 ——— Skill 2 Skill 2 —— Skill 2

FIGURE 2. Schematic representation for construction of staff assignment.

The above mentioned activity list and staff assignment should be transformed to a precedence and resource
feasible schedule. In order to determine the start or finish time for activities we use a scheduling generation
scheme which is compatible with special structure of PMSPSP. Let C be set of scheduled activities in a partial
schedule. To do this, we select the first unscheduled activity (with duration of 1) from the activity list. Then,
we schedule the selected activity with its assigned staffs to be finished at the first possible time after ¢t =
max(FTP™ + 1, D! — P; +1). In doing so, staffs availability and the hard interval due-date are satisfied. FTFr
denotes the finish time of the all predecessors of activity i. This process is done for the activity provided it
doesn’t be the last part of an original activity. In this case, the activity will be set to finish at the nearest time
to D} which the required staffs are available. Implementation of this procedure for the solution associated with
Figures 1 and 2 is demonstrated in Figure 3. It is obvious that the activities 1 and 2 are preempted, while
the activity 3 is scheduled without preemption. Also, all the three activities are finished within their hard/soft
interval due date (Tab. 5).
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Activity 3 Part 1 Part2
Activity 2 Part 1 Part 2

Activity 1 Part 1 Part 2

FI1GURE 3. Gant chart related to scheduling activities for the illustrative example.

TABLE 5. The pseudo code for construction of solutions.

Initialize parameters: number of ants [n%"!], pheromone exponential weight [a], heuristic exponential
weight [0];
Replace each activity ¢ with duration of p; by p; activities with duration of 1, nVar;

Calculate heuristic matrix for the first sub-problem from equation (3.1);

Generate an activity list by selecting activity ¢ to be located at position 5 with probability computed
from equation (3.3);

Calculate heuristic matrix for the second sub-problem from equation (3.2);

Assign a staff i to do skill j with probability computed from equation (3.3);

for k =1 to n®* do
for j=1 to nVar
Select the first unscheduled activity from the activity list;
Schedule the selected activity with its assigned staffs to be finished at the first possible
time after t = max(FT"" + 1, D} — P, 4+ 1);
End for
End for
Report Ants;

3.2. Pheromone updating

In order to update pheromone density, we use local and global pheromone updating mechanisms for both of
the sub-problems. At the beginning of the algorithm the values of pheromone are set 79 = 1. Local mechanism
for the first sub-problem updates the value of pheromone when an activity is added to the current partial
activity list, while for the second sub-problem value of pheromone is updated when a staff is assigned to the
corresponding required skill as follows:

Tij:(l—f)ﬂj +&70 (3.4)

where £ € [0, 1] is control parameter of pheromone such a way that 79 < (1 — &) 7;; +§79 < 75;. This guarantees
Tij > To during throughout the algorithm.

Global mechanism emphasizes on forgetting worse solutions and updates the value of pheromone based on
the best found solution at the end of each iteration. To do this, the value of pheromone is updated as follows
when all the ants have built their solutions [12]:

Tij = (1= p)-7ij + p- A7/ (3.5)
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Activity 3 Part 1 Part2
Activity 2 Part 1 Part 2
Activity 1 Part 1 Part 2

FIGURE 4. Schedule for the illustrative example after implementation of PBLS.
where p € [0, 1] is the rate of evaporation and ATZ—s’gs denotes the pheromone increase on the arcs applied by
best found solution at the end of each iteration. ATff’g 5

first — Cost?9°
A ,b,s’gs = _— 1 . .
Tij (ﬁrst — firstBest + ) ¥ (3.6)

for both of the sub-problems is computed as:

where first and firstBest represent the objective value of the first found solution by the first ant and the best
objective value in the first iteration of the algorithm. Also, Cost?*9% denotes the objective value of the best
found solution at end of the iteration and throughout the algorithm. ¥ > 1 is control parameter of the impact
of pheromone values.

3.3. Local search heuristics

Upon the termination of each iteration, we implement two local search heuristics on the feasible solutions
constructed by the ants. The first heuristic is a preemption based local search (PBLS) which tries to remove
the time gaps between different parts of an activity to decrease the preemption penalty. On the other hand, the
second heuristic is an early-tardy based local search (ETBLS) which tries to shift the activities with earliness
or tardiness to right or left to decrease their earliness or tardiness penalties.

e PBLS

As mentioned before, each activity is replaced by sub-activities with duration of 1. Also, in construction of
solutions the last part of each activity ¢ is set to finish as much near as to D;*. Although this procedure leads
to the solutions with minimal earliness—tardiness cost, but each activity may be preempted several times which
incurs huge amount of preemption penalty. The preemption based local search (PBLS) iteratively considers the
first unconsidered activity in the activity list which is preempted. Assume that in the current schedule ¢th part
of activity ¢ is preempted from its (¢ + 1)th part. PBLS procedure shifts the part (¢4 1) of the activity 4 to the
left such a way that this part is connected to part ¢. In doing so, the precedence and resource constraints are
preserved. Then, the cost-decreasing benefits of this shift is investigated. If it is a beneficial shift, finish time of
the involved activities are updated and the current schedule is replaced by the resulting schedule with updated
activity list. This procedure is repeated until no further improvement be possible. Implementation of PBLS on
the solution depicted in Figure 3 is shown in Figure 4 where it has been beneficial to schedule the activity 2
without preemption.

e ETBLS

After implementation of PBLS, the resulting solution would be subject to an early—tardy based local search
(ETBLS). This procedure is conducted on the activities with earliness and tardiness in a different way. For the
activities with earliness, ETBLS iteratively considers the first unconsidered activity in the activity list which
has earliness in the current schedule, i.e. its last part is finished before D!. This procedure shifts the last part
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TABLE 6. The pseudo code for the proposed ACO algorithm.

model=input-problem-data

initialize parameters: number of ants [n%"!], pheromone exponential weight [«],
heuristic exponential weight [3], evaporation rate [p], initial pheromone [7p], and maximum number iterations [MaxlIt];

Calculate heuristic matrix for the first sub-problem and save it to ';
Calculate heuristic matrix for the second sub-problem and save it to n?;
Calculate initial pheromone for the first sub-problem and save it to 'r&;
Calculate initial pheromone for the second sub-problem and save it to Tg;
Generate n®"* empty ant structure;

for Iter=1 to Mazlt do
for k=1 to n®" do
for j=1 to nVar
Select activity for position j of the ant(k);
Update pheromone matrix for the first sub-problem from equation (3.4);
End for

for j=1 to nVar

Select staff for the activity in the position j of ant (k);

Update pheromone matrix for the second sub-problem from equation (3.4);
End for

Schedule solution obtained by ant (k);
Evaluate ant (k);

Apply PBLS for solution obtained by ant(k);
Apply ETBLS for solution obtained by ant(k);

if cost of ant(k) is lower than GlobalAnt
GlobalAnt = ant(k);
End if
End for

Find the best ant in this iteration and save it to BestAnt;

Update pheromone matrix for the first sub-problem from equation (3.5);

Update pheromone matrix for the second sub-problem from equation (3.5);
End for

Report globalAnt;

where
n Var is number of positions

of the activity one time unit to right if it is beneficial so that the precedence and staff constraints may not
be violated. The same strategy acts on the activities with tardiness, which shifts the last part of the activity
one time unit to left if it is beneficial. After each beneficial shift, finish time of the activities are updated. This
procedure continues until no further improvement be possible.

3.4. General structure of the algorithm

The proposed ant colony algorithm will be continued until a maximum number of search cycles is met. The
pseudo code of the algorithm is shown in Table 6.
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Main Effects Plot for SN ratios for ACO

Data Means
Max It N Ant CIP
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Signal-to-noise: Smaller is better

FIGURE 5. S/N ratio plots for each level of the factors for the proposed ACO.

TABLE 7. Factors of ACO and their levels.

Parameters Parameter levels
Level 1 Level 2 Level 3

Maximum number of iterations (Max It) 10*n 20"n 30"n
Number of ants (N Ant) 5 10 15
Controller for impact of pheromone (CIP): ¢ 1 2 3
Pheromone exponential weight (PEW): « 1 2 3
Heuristic exponential weight (HEW): 3 2 3 4
Evaporation rate (ER): p 0.05 0.10 0.15

3.5. Calibration

In order to escalate performance of the developed algorithm, the Taguchi design is applied to calibrate its
key parameters [40]. This method suggests the optimal level of factors to minimize the effect of noise. In the
proposed algorithm, there are six controllable factors that should be tuned. These factors and their different
levels are shown in Table 7.

As it is concluded in [10], there is no uniquely optimal set of ACS parameters yielding best quality solutions
in all instances. So, we randomly selected an instance to tune the parameters. To do this, problem instance 8
from Table 3 is applied for calibration of the parameters and a L7 orthogonal array design is executed using
MINITAB software which is shown in Table 8. To prepare more reliable data we do 3 runs for each experiment
and we use the best result. In Taguchi method, signal to noise ratio measures the effect of noise which is defined

as follows:
S S (v?)
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TABLE 8. The orthogonal L?7 design for calibration of the parameters.

Experiments Max It N Ant CIP PEW HEW ER Response
1 1 1 1 1 1 1 1138
2 1 1 1 1 2 2 1142.3
3 1 1 1 1 3 3 1143.3
4 1 2 2 2 1 1 1113
5 1 2 2 2 2 2 1108
6 1 2 2 2 3 3 1107.3
7 1 3 3 3 1 1 1115.7
8 1 3 3 3 2 2 1103
9 1 3 3 3 3 3 1108
10 2 1 2 3 1 2 1108
11 2 1 2 3 2 3 1110.7
12 2 1 2 3 3 1 1108
13 2 2 3 1 1 2 1130.7
14 2 2 3 1 2 3 1110.7
15 2 2 3 1 3 1 1120.7
16 2 3 1 2 1 2 1113
17 2 3 1 2 2 3 1098
18 2 3 1 2 3 1 1111.3
19 3 1 3 2 1 3 1108
20 3 1 3 2 2 1 1103
21 3 1 3 2 3 2 1115.7
22 3 2 1 3 1 3 1103
23 3 2 1 3 2 1 1108
24 3 2 1 3 3 2 1098
25 3 3 2 1 1 3 1131.3
26 3 3 2 1 2 1 1126
27 3 3 2 1 3 2 1112.7
TABLE 9. Response table for S/N ratios of ACO parameters.
Level Max It N Ant CIP PEW HEW ER
1 —3.4564 —3.3613 —4.439 —7.8705 —3.338 —2.7179
2 —2.5011 —-1.1161 —2.1415 —-0.0775 —0.8061 —2.6655
3 —1.0205 —2.5126 —0.9927 1.52168 —2.8488 —168691
Delta  2.43591 2.2452 3.4463 9.3922 2.53195 1.03103
Rank 4 5 2 1 3 6

The average S/N ratio for each level is depicted in Figure 5. The level with maximum average S/N ratio
determines the optimal level of parameters which are highlighted in Table 7.

The response table for the signal to noise ratios is reported in Table 9. It is obvious that pheromone exponential
weight (PEW), Controller for impact of pheromone (CIP) and Heuristic exponential weight (HEW) are the three
most important factors which influence on the signal to noise ratio S/N, respectively.

4. COMPUTATIONAL RESULTS

This section is devoted to evaluating performance of the proposed ACO algorithm. To do this, a set of 30
small scale project instances with up to 30 real activities are applied to measure the efficiency of the suggested
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TABLE 10. The parameter settings for the test problems.

Control parameter Value
Activity durations Integer [2, 4]
Number of initial activities Integer [1, 3]
Number of terminal activities Integer [1, 2]
Processing cost of skills by staffs [10, 30]
Earliness and tardiness penalty (10, 50]
Preemption penalty [5, 10]
Maximal number of successors and predecessors 3

Lower bound of soft interval due dates [max(DL.,), max(Dke,) + pi]
Upper bound of soft interval due dates Dl +3
Lower bound of hard interval due dates Dl—5
Upper bound of hard interval due dates Di+5

local search heuristics beside the results obtained by GAMS software. In addition, 60 project instances with 40
and 50 activities are applied to measure the robustness of the developed method. The algorithm is coded in
MATLAB environment and the experiments are implemented on a PC with 4 GB RAM and Core i5 CPU.

4.1. Test problems setting

Project networks of all the problem instances are generated using a program called ProGen developed by
Drexl et al. which is a problem generator [20]. Other parameters of the test problems which are used throughout

the paper are given in Table 10.

The notation [a,b] denotes that the corresponding parameter is generated uniformly from [a, b]. Also, Dém

denotes the maximum lower bound of soft interval due date for predecessors of the activity. The problem
instances are generated with different purposes. As mentioned before in section 2.3, 50 problem instances are
applied to compare the performance of the developed integer formulations. For that problem set, number of
skills and staffs are considered equally from 2 to 7. For the 30 instances which are used in evaluation of the
proposed local search heuristics, number of skills and staffs are set equally between 3 and 8. Finally, for the
problem set with 40 and 50 activities applied in assessment of the algorithm’s robustness, number of skills and
staffs are considered equally between 5 and 10.

4.2. The LS heuristics efficiency

The experimental results obtained from implementation of the proposed ACO is reported in Table 11. Each
problem is solved 3 times without and with the local search heuristics and the average result is recorded as
Aver. Sol. In Table 11, the optimal solutions obtained by the GAMS software is reported as GAMS(f*). Besides,
%Gap denotes the deviation percentage of the average results from the optimal solution obtained by GAMS
software. It is clear that the developed ACO without local search heuristics has the worst results measured by
%Gap, while the algorithm with just ETBLS or PBLS leads to better solutions. However, the ACO algorithm
with both the embedded heuristics culminates in solutions with 5.1 average %Gap from the optimal results,
which is a satisfying result for such sophisticated optimization problem. It is also noticeable that the ACO
algorithm with both the heuristics which has resulted in the best solutions, has the most computational time
(6665s) as it would be expected. The last two columns of the table represent the number of variables (var.)
and the number on constraints (const.), respectively, which are increasing functions of the number of project’s
activities.
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4.3. The algorithms robustness

A metaheuristic algorithm would be reliable to apply in real-life problems if its results in different runs of
on a given instance be as closer together as possible. To test this attribute of the developed ACO, a set of 60
problem instances are considered. Each instance is solved 5 times and their relative percent difference (RPD)
in different runs are computed as follows:

Solution; — BestSolution
BestSolution

RPD(i) = x 100. (4.1)

The test set includes 30 instances with 40 activities and 30 instances with 50 activities. The number of skills
and the number of staffs are considered between 5 and 10.

Herein, the ACO algorithm with both of the heuristics which has resulted in the best solutions is applied
for robustness analysis. The details of the results obtained in different runs are reported in Tables 12
and 13.

It can be observed from Table 12 that the maximum values of average RPD is 4.968%. Also, Table 13 shows
that the maximum values of average RPD is 6.621%. The last column in Tables 12 and 13 represents the average
values of RPD which is an index of the algorithm’s robustness. It can be noticed that the average value of RPD
for the instances with 40 activities is 2.845%, while this index for the instances with 50 activities is 4.722.
Another noticeable result is that the maximum and the average values of RPD increases with the size of the
instances, measured by the number of activities. To sum up, the results reveal that all the values of RPD for all
the experiments is less than 7% which is a satisfying value in support of the robustness of the proposed ACO
algorithm.

5. CONCLUSION

This paper deals with a multi-skilled resource constrained project scheduling problem which in activity
preemption is permitted with penalty. Execution of any skill of an activity has staff-dependent processing cost.
Also, completion time of activities is subjected to hard interval due dates that should be strictly preserved, and
soft interval due dates that may by violated with earliness or tardiness penalty. This newly defined problem is
called PMSPSP. Two integer programming formulation is proposed for the problem with an objective function to
minimize total processing costs, earliness—tardiness and preemption penalties. Based on 30 small scale randomly
generated test problems, the developed formulations are compared on GAMS commercial solver. It is observed
that while the first formulation has more number of variables and constraints on average, but its average
run-time to optimality is considerably lower than the second formulation. To tackle the large scale instances
of PMSPSP, a solution procedure based on ACO with calibrated parameters is proposed. To cope with the
complicated structure of the solution space, a preemption based (PBLS) and an earliness—tardiness based
(ETBLS) local search heuristic is contrived at end of each iteration of the algorithm. Experimental results on
30 test problems reveal that the designed heuristics are intelligent in the exploration of the search space in such
a way that the average gap between the algorithm’s results and the optimal results is 5.1%. In addition, the
maximum value of 6.621% for the average relative percent deviation (RPD) for test problems with up to 50
activities confirms that the proposed algorithm gives robust solutions. From these analysis, it can be concluded
that while exact methods and commercial solvers fail to obtain optimal solution for real-size instances of the
problem, the proposed methodology can help decision makers to provide a satisfying schedule for PMSPSP
within a reasonable computational time.

The work of this paper can be extended in several ways. One potential extension is to consider this model with
different levels for the skills with different quality, duration and processing cost. Another extension would be
considering inter-related sequence between different skills of an activity. Furthermore, it is suggested to interested
reader to extend PMSPSP by considering other real life assumptions like setup time after preemptions, rework
and multiple objectives.
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