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ABSTRACT In today's real-life implementations, projects are executed under uncertainty in a
Keywords: dynamic environment. In addition to resource constraints, the baseline schedule is affected
due to the unpredictability of the dynamic environment. Uncertainty-based dynamic events
experienced during project execution may change the baseline schedule partially or
Dynamic Project, substantially and require projects' rescheduling. In this study, a mixed-integer linear
programming model is proposed for the dynamic resource-constrained project scheduling
problem. Three dynamic situation scenarios are solved with the proposed model, including
Mathematical Model machine breakdown, worker sickness, and electricity power cut. Finally, generated reactive
. schedules are completed later than the baseline schedule.
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DINAMIK PROJE CiZELGELEME PROBLEMI ICIN MATEMATIKSEL BIR
MODEL VE REAKTIF CIZELGELEME UYGULAMASI

0z Giintimiiz gercek hayat uygulamalarinda projeler belirsizlik altinda dinamik bir
Anahtar Kelimeler: ortamda yiiriitiilmektedir. Kaynak kisitlanimin yam sira dinamik ortamdaki ongériilemezlik
nedeniyle de temel ¢izelge etkilenmektedir. Proje yiiriitiilmesi sirasinda yasanan belirsizlik
temelli dinamik olaylar temel ¢izelgenin kismen veya biiyiik ¢lciide degismesini ve projelerin
Dinamik Proje, yeniden cizelgelenmesini gerektirebilmektedir. Bu ¢calismada, dinamik kaynak kisith proje
Reaktif Cizelge cizelgeleme problemi icin bir karma tamsayil dogrusal programlama modeli onerilmistir.
! Onerilen modelle, makine arizalanmasy, isci hastalanmas: ve elektrik kesintisi iceren ii¢
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1. INTRODUCTION

A project is a sequence of actions related to the start and end events. The project
is aimed to be completed before a specific time or in time, not to exceed the budget,
and to have certain features desired by the customer (Krajewski; Ritzman, Malhotra,
2010: 54). Dynamic projects initially contain a high degree of uncertainty and
uncertainties throughout the schedule (Collyer and Warren, 2009: 356).

With the project scheduling, detailed time and resource use plans are made that
indicate when the project and the activities completed and how the resources assigned
to the activities (Hazir, Eryillmaz, and Hafizoglu, 2014: 7). Dynamic scheduling, also
known as online scheduling, involves real-time disruptions. The process of changing
the current schedule to minimize the negatory effects of these disruptions by analyzing
the current situation and minimizing possible interruptions is called dynamic project
scheduling. The dynamic project scheduling is classified into four groups. (Leusin,

Frazzon, Uriona Maldonado, Kiick and Freitag, 2018: 5):

1. Completely Reactive Scheduling: In this method, real-time scheduling is done

without generating a baseline schedule.

2. Predictive Reactive Scheduling: In this method, the baseline schedule is

generated first and then rescheduling in response to real-time disruptions.

3. Predictive Reactive Robust Scheduling: It is the method where the baseline
schedule is generated first and then rescheduled when the effect of

deterioration in performance criteria is significant.

4. Robust Proactive Scheduling: It is the method in which the effect of disruptions
in the production process is predicted, and the baseline schedule is developed

accordingly.

Dealing with uncertain situations and real-time disruptions encountered in the
project scheduling environment and producing solutions are significant for every
project manager (Van de Vonder, Ballestin, Demeulemeester and Herroelen, 2007, p.
11). There are some difficulties with uncertainty. These (Collyer and Warren, 2009:
357):
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* Product life is short.

* The rate of use of new materials is high.

* Finding and managing a skilled workforce is challenging.
* It is necessary to understand the customer very well.

* Needs and objectives are changing rapidly.

* Planning is more complicated.

* Employees' morale and motivation are affected.

* Other projects with which it interacts are also changing.

The uncertainty can be internal or external. Internal ones can be controlled
highly by the company and directly related to the project. Hazir and Ulusoy (2019)
have categorized uncertainties into three groups; organizational, related to the
project's scope, or available resources. Uncertainties in the project's extent may arise
from changes in activity periods, resource use, needs, or quality. However, the
company's external uncertainties cannot be controlled and caused by factors outside
of the project. External ones can be about market, technology, sociopolitical,

environmental, and logistics (Hazir and Ulusoy, 2019: 4).

The scheduling systems in practice must respond to these uncertainties in real-
time within an acceptable time. When and how to react to real-time events have been
identified as two significant policies. First, we decide when the system to be revised.
There are three alternatives for this. Revision can be done in a periodic, event-based,
or mixed-method. While the schedules are generated at regular intervals with the
periodic policy, revisions are made with the event-based policy when uncertainty
arises. With the mixed policy, the system can be revised both at regular intervals and
when uncertainty arises. It is also important how to react after deciding when to
respond to uncertainty. In case of system breakdown, doing nothing while

rescheduling or a schedule repair is an option (Sabuncuoglu and Bayiz, 2000).

——T7T7TTmFm 77—« -— 7 —HNKm7+—— -

Business & Management Studies: An International Journal Vol.:8 Issue:4 Year:2020 85



Murat RUHLUSARAC & Filiz CALISKAN

2. CONCEPTUAL FRAMEWORK

Van de Vonder (2006) examined the impact of uncertainty on project
scheduling. He proposed a proactive method for generating baseline schedules. As the
proactive method seems insufficient, he developed reactive methods that define how
to behave in case of interruptions in the schedule. He applied his suggested

approaches in a real-life project in the Belgian construction industry.

Van de Vonder, Ballestin, Demeulemeester, and Herroelen (2007) proposed
heuristic reactive scheduling methods to repair resource-constrained project baseline
schedules damaged by multiple disruptions during project execution. They aimed to

minimize the deviations between the baseline schedule and the actual schedule.

Van de Vonder, Demeulemeester, and Herroelen (2007) have addressed a multi-
objective problem that maximizes both schedule stationarity and the probability of
completing projects in time. They proposed a reactive resource-constrained project

scheduling method foreseen for the problem and tested the method's performance.

Da Silva, Ochi, and Santos (2008) developed a new example for the dynamic
resource-constrained project scheduling problem. They proposed a genetic algorithm
for the problem and demonstrated the competitive performance of new crossover

operators.

Van de Vonder, Demeulemeester, and Herroelen (2008) have developed new
multiple algorithms that include buffer times in a given schedule to comply with
deadlines in the project. They have proposed various heuristics and metaheuristics for

these buffers. They analyzed the performance of all algorithms with simulation.

André Renato Villela Da Silva and Ochi (2010) studied the dynamic resource-
constrained project scheduling problem (DRCPSP) that includes an uncommon
resource type. They developed a new mathematical model for DRCPSP and proposed
two-hybrid heuristics together with the genetic algorithm.

Capa (2013) has addressed a dynamic resource-constrained project scheduling
problem that has been faced by a household goods company in Turkey. She developed
a three-step method for this problem. In the first phase, she developed models; in the
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second phase, she proposed a genetic algorithm. In the third phase, she presented a

reactive method to revise the baseline schedule when unexpected situations occurred.

Ruhlusarag and Caliskan (2018) discussed the multi-mode resource-constrained
multi-project scheduling problem. They based this problem on a just-in-time
production philosophy and minimized weighted earliness and tardiness costs. They
solved the problem of four activities with three projects and two modes in GAMS

optimization software.

Song, Xi, Kang, and Zhang (2018) proposed a simulation model for resource-
constrained multi-project scheduling problem under uncertainty. Their goal has been
to develop robust schedules for multiple complex projects and make information easy
to access. They have designed proactive and reactive scheduling algorithms to solve
unforeseen interruptions and increase the robustness of solutions in the simulation

system.

Adamu, Akinwumi, and Okagbue (2019) proposed a model called the hybrid
resource-constrained project scheduling problem to solve the project's delays. They

validated their solution method using two project examples.

Joo, Chua, Cai, and Chua (2019) addressed a reactive multi-mode resource-
constrained project scheduling problem with limited construction material storage
space. They proposed a coordination-based reactive scheduling method for the
problem. They argued that the method they proposed was acceptable for businesses

with limited raw material space and work-to-order.

Wang, Ge, Li, and Su (2019) described the proactive and reactive multiple
scheduling problem. To create the baseline schedule, they first used the proactive
multi-scheduling sub-model and then generated a reactive scheduling sub-model
when activity was interrupted. They developed a genetic simulated annealing

algorithm with the models they proposed to produce alternative schedules.

Ben Issa, Patterson, and Tu (2020) presented a generalized resource-constrained
multi-project problem with ABD activity assumptions (RCMPSPABD). They developed
heuristics for solving the RCMPSPABP. Experimental results have shown that

significant reductions in the entire project's makespan have been possible while the
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resources used in other projects are released. To define the combined problem, they
also presented a mixed integer-linear program (MILP) formulation. Their problem has
a wide range of applications such as project type production and construction

environment.

Hauder, Beham, Raggl, et al. (2020) introduced a new resource-constrained
project scheduling problem (RCPSP) that has both decisions (time and activity
flexibility). They presented two new alternative maximization objectives: time balance
and resource balance, and the minimization of makespan. They proposed new mixed
integer and constraint programming models for the integrated flexible project
scheduling problem. Then, they solved their developed new problem and existing
benchmark instances on flexible RCPSP. Finally, they stated that the proposed CP

models have a wide application area.

Zaman, Elsayed, Sarker, et al. (2021) studied RCPSPs with uncertain activity
durations. They proposed a simulation-based evolutionary algorithm including two
operators based EAs, two heuristics for optimization, and a simulation method to deal
with the uncertain durations. With the simulation approach, they generated the
problem instances based on uncertainty. In the EA framework, they proposed a new
plan descending the number of simulation runs. There was not be any discretization
of the periods in their mathematical programming approach. They solved more than
1600 test problems and some industrial problems with 120 activities using the
proposed approach. The results were quite acceptable in terms of quality and

computational time.
3. RESEARCH METHOD

In the study, as a research method, firstly, a mixed-integer linear programming
model was given for the resource-constrained project scheduling problem. Then, we
presented a model proposal for rescheduling with the predictive reactive scheduling
logic in case of various disruptions in the schedule by making adjustments to this static
model. We obtained distinct solutions for a project example with this dynamic model,
consisting of 6 activities for machine breakdown, worker sickness, and electricity

power cut.
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3.1. Resource-Constrained Project Scheduling Problem (RCPSP)

The integer linear programming model for the resource-constrained project

scheduling problem is as follows (Pritsker, 1968):

Notations:

T:Time set

J: Activity set

R:Resource set

a:Subset of activity,element of the ] set
b:Subset of activity ,element of the ] set,a <b
h: Subset of time set,element of the T set

Parameters:
pj: The processing time of activity j (min.)

qjr: The amount required by activity j from resource r (pieces)
Q,:The available amount of resource r (pieces)

Variables:

Xje: 1if activity j completes at time t, 0 otherwise

T
Min Z t X (1
t=1
T
s.t. Zth = Vje] 2
t=1
T T
D e ) K= py v(a,b) €] ©)
t=1 t=1
J t+p]-—1
2 Z qjr Xjn < Qr Vr€R, VteT (4)
j=1 h=t
X €{0,1}, j=1..], t=1,..,T (5)

The objective function at number 1 minimizes the completion time of the last
activity. At constraint number 2, we ensure that executing each activity only once. At

constraint number 3, priority relationships between activities a and b are provided. At
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constraint number 4, we provide that not exceed the number of available resources. At

constraint number 5, we give information about the X variable, j, and t set.

(15,2,1) (10, 2, 1)

: (rj, qj1,952 )
( : ) (5,1,1)

Figure 1. Network Model of The Sample

The network model of a project consisting of 6 activities is given in Figure 1. In
this activity on node (AON) model, the nodes' information is the processing time of
the activity and the usage amounts from the first resource and the second resource.
The first resource is the worker, and we have two workers. The second is the cutting

machine, and we have one cutting machine.
3.2. Dynamic Resource-Constrained Project Scheduling Problem (DRCPSP)

The integer linear programming model suggested for dynamic resource-

constrained project scheduling problem is as follows:

Parameters:

pj: Process time of activity j in the reactive schedule (min.)

qjr: The amount required by activity j from resource r in the reactive schedule (pieces)
Qy: The available amount of resource r in the reactive schedule (pieces)

Variables:

Xip: 1if activity j completes at time t in the reactive schedule, 0 otherwise

T T*
Min Z tX;e— ) tXj (D
t=1 t=1
T
s.t. ZX,’} =1 vjeJ* 2
t=1
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T* T

> tXars Y X1} v(a,b) €J° ®3)
t=1 t=1

J* t+p]-—1

2 2 qjr Xin < Q7 Vr €RY, VteT" (4)
=1 h=t
X;, € (0,1}, i=1..J", t=1,.,T* (5)

The objective function in number 1 minimizes the absolute difference between
the completion time of the last activity in the baseline schedule and the end activity's
completion time in the reactive schedule. At constraint number 2, we ensure that each
activity is scheduled only once in the reactive schedule. At constraint number 3,
priority relationships between activities a and b are provided in the reactive schedule.
At constraint number 4, we ensure that not exceed the number of available resources
in the reactive schedule. At constraint number 5, we give information about the

variable X]*t and the set j, and t.

In cases of disruption in the baseline schedule, we will reschedule using the
proposed dynamic model to generate reactive schedules. Thus, firstly, we produce
sample scenarios related to disruption situations, then rescheduling will be made

using a dynamic model in response to these situations.
3.2.1. Scenario 1: Machine Breakdown

Suppose one machine breaks down on the 11t minute and will be back in
service on the 30™ minute. Accordingly, the baseline schedule created will be
interrupted on the 11t minute, and the reactive schedule will need to be obtained by

rescheduling with updated data.
3.2.2. Scenario 2: Worker Sickness

Suppose one worker gets sick on the 26" minute, and his treatment will be over
on the 40t minute. Accordingly, the baseline schedule created will be interrupted on
the 26 minute, and a reactive schedule will need to be obtained by rescheduling with

updated data.
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3.2.3. Scenario 3: Electricity Power Cut

Suppose the electricity is cut off unplanned on the 234 minute, and we learn
that it will come back on the 40t minute according to the information we have
obtained. Accordingly, production will suddenly stop on the 23rd minute, and the
baseline schedule will be interrupted. According to the new plan, a reactive schedule

will be created to continue production from the 40t minute.
4. RESULTS AND DISCUSSION

We coded the sample problem whose network model was given above and
solved it in the GAMS program. Then, we gave Table 1 for the GAMS solution results.
According to the solution, we obtained 68 minutes that the project completion time for

the sample problem.

Table 1. The X Variable GAMS Solution Results

X; X4 X, X3 X4 Xs X
t results 11 38 23 63 53 68

The Gantt chart of the sample shows the solution in Figure 2. When Figure 2 is
examined, we can see that activities are carried out one after the other, but there are

no activities executed in parallel.

= N WA o

1 6 11 16 21 26 31 36 41 46 51 56 61 66

Figure 2. The Gantt Chart of Sample

For all scenarios, the solutions were obtained by coded the DRCPSP
mathematical model in the GAMS program. According to the solution results of

scenario 1, the project completion time was 87 minutes. The objective function value
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was 19 since there are absolute differences between the baseline schedule and the
reactive schedule completion time. The activities' completion times were at 11, 45, 57,
67, 82, 87th minutes, respectively. The Gantt chart of scenario 1 shows the solution in
Figure 3. When Figure 3 is examined, we can see that activities not be executed due to

the machine breakdown in 11-30 minutes.

RN WSs oo

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86

Figure 3. The Gantt Chart of Scenario 1

According to the solution results of scenario 2, the project completion time was
82 minutes. The objective function value was 14 because there are absolute differences
between the baseline schedule and the reactive schedule completion time. The
activities' completion times were at 11, 26, 52, 77, 67, 824 minutes, respectively. In
Figure 4, there is the Gantt chart of scenario 2 showing the solution. When Figure 4 is
examined, we can see that activities not be carried out between 26-40 minutes due to 1

worker getting sick.

= N W b 01O

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81

Figure 4. The Gantt Chart of Scenario 2

According to the solution of scenario 3, the project completion time was 85
minutes. The objective function value was 17 because there are absolute differences
between the baseline schedule and the reactive schedule completion time. The

activities' completion times were at 11, 55, 23, 65, 80, 85t minutes, respectively. In
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Figure 5, there is the Gantt chart of scenario 3 showing the solution. When Figure 5 is
examined, we can see that activities not be carried out between 23-40 minutes due to

an electricity power cut.

Ll L

=

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

Figure 5. The Gantt Chart of Scenario 3

5. CONCLUSION AND RECOMMENDATIONS

Nowadays, it is inevitable to encounter some dynamic situations because
projects are carried out under uncertainty. Priority changes between projects,
differences in the processing times of activities, problems in raw material supply,
workers quarantined due to the pandemic, suddenly broken machines, changes in
customer requests are among the most common current uncertainties. When such
dynamic situations are encountered while the projects are being executed, it may be

necessary to adapt to the environment immediately and reschedule.

This paper proposed a new mixed-integer linear programming model for the
dynamic project scheduling problem and coded this model in the GAMS optimization
program. We calculated the absolute difference between the baseline schedule
objective function value and the reactive schedules objective function values for the
three scenarios with the model. In the sample problem and dynamic case scenarios,
we observed that the completion times of the generated reactive schedules finished

later than the baseline schedule.

According to the sample's solution result, the project completion time was 68
minutes. This time was found at 87 minutes in scenario 1, 82 minutes in scenario 2, and
85 minutes in scenario 3. Figure 6 shows the shape of these completion times.

Accordingly, when each dynamic situation occurred and the baseline schedule was
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disrupted, the reactive schedule completion times were greater than the baseline
schedule. So, every disruption situation delayed activities. Thus, scenario 1 deviated
from the baseline schedule by 19 minutes, scenario 2 by 14 minutes, and scenario 3 by

17 minutes.

90

84 A —

78
/

72

66 L

60 T T T 1
Sample Scenario 1 Scenario 2 Scenario 3

Figure 6. Completion Times of All Problems

For future studies, it would be appropriate for researchers to turn to larger real-

life problems or test problems to compare their methods' performance.
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