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Ensuring the technical and economic consistency of carrying out a project with the contract that
binds it to its client, in particular by respecting the deadlines set, the budget set and the technical
specifications defined is the main objective of the project manager. However, he is limited in his
freedom of choice by a certain number of constraints notably in terms of time, time and
resources to carry out his project. The aim of this article is to design an algorithm for planning
projects subject to a resource constraint. The methodology used is based on the theoretical and
methodological approaches proposed in the field to allow the project manager to achieve its
objectives including in particular the critical path and critical chain method, mathematical
programming as well as a multitude of heuristics and meta heuristics. We propose a
modification to the parallel parallel heuristic method and develop a planning algorithm that we
have computerized. The result obtained in this article is the development of a realistic project
implementation plan which minimizes its duration of realization in the event of a limitation of
the allocated resources. The major innovation of this work is the proposed tools which allow the
project manager to be able to simulate the impact on the duration of realization of different
scenarios of resource allocation.
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INTRODUCTION

We offer an algorithm for planning a project subject to
resource constraints. We introduce a priority criterion in the

The main objective of the project manager is to carry out
his project within the deadlines, the budget set and the
specifications defined, all in a risky context. However, its
action is limited by a certain number of constraints, notably
in terms of timing, budget, quality and resources. Different
theoretical and methodological approaches are used to
enable the project manager to achieve these objectives,
including the Critical Path Method (CPM) and that the
critical chain. However, there are still many scheduling
problems under constraints that have not yet been resolved.
This article is part of the search for solutions to these
project scheduling problems under resource constraints.
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allocation of limited resources to different activities, the
concept of start-up margin for the calculation of the
criticality of an activity. First we present the state of
research on the optimization of the planning of projects
subject to constraints and then design a planning algorithm
in the case where the realization of the project is subject to a
resource constraint.

Literatures on the optimization of the planning of
constrained projects: One of the most difficult tasks for the
project manager today is probably managing deadlines and
optimizing the allocation of resources in a context
characterized in particular by continuous and increasing
restrictions on resources. To ensure compliance with the
deadlines, the project manager must focus his attention on the
critical path of his project but also on the critical resources
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used, especially those which are distributed over several
projects. Several methods for optimizing project planning
are proposed in the literature. Many researchers have
studied the problem of optimizing project planning, in
particular the optimal allocation of resources to the different
tasks of a project when the resources allocated are limited.
This type of project scheduling problem with limited
resources is not resolved (Koné 2009). The researchers'
objective is to propose a solution that minimizes the end
date of the project, while respecting both the constraints of
prior art and resources, which ensures that at all times of the
project, the sum of the needs of the activities running
should not exceed the capacity of the resource.

Other researchers have dealt with the problem of leveling
such resources by trying to both allocate the resources to be
allocated to the project and allocate them to different tasks
while minimizing the overall duration of the project and
thus its cost. In practice, the solution is to breakdown the
problem into two stages. For our contribution, we will first
try to determine the optimal resources to allocate to the
project. The amounts of resources thus allocated to the
project become limits. Next, we will plan the execution of
the project tasks. By adopting this decomposition approach,
several researchers leave the determination of the resources
to be allocated to the discretion of managers and limit
themselves to proposing methods to solve the problem of
planning projects which consider the limits on the resources
to be used as an exogenous decision (Herroelen et al. (1998)
and Kolisch and Padman (2001)). There are two classes of
contributions in this area: those dealing with the problem
where it is assumed that each task can be performed in one
way (characterized by a duration and a combination of fixed
required resources) and those where there are several ways
for the execution of each of the tasks (with variable
execution times).

Many works aiming at solving this problem relate in
particular to exact resolution methods and approximate
methods. This work is based on various theoretical tools
such as linear programming in whole numbers (PLNE),
constraint programming, heuristics and meta-heuristics, and
exact branch-and-bound methods. However, despite all this
work, there are no exact methods for systematically
resolving instances of more than sixty activities (Koné
2009). In the case where it is assumed that the duration of
the tasks and the combination of resources required are
fixed, some researchers have proposed optimal methods
(Demeulemeester and Herroelen 1992) but most of them
propose the use of heuristic methods (Boctor 1990,2005,
Lee et al. 1996, Baar et al. 1997, Gemmil et al. 1997,
Hartman 1998, Hartman et al. 2000 and Fleszar et al. 2003)
notably the parallel heuristic method, the heuristic method
in series, the Muller, de Wiest, Dewitte, Burgess and
Killebrewmethods. This problem of leveling of resources
consists in modifying the execution dates of tasks according
to the resources available in order to reduce the fluctuation
of their load by performing a scheduling in multiple stages.
The literature on this methodology is abundant, see
Bandollini et al. (1994), Younis (1996), Hegazi (1999), Son
et al. (1999) and Hiyassat (2001). The serial algorithm
reviews activities in order of priority. The scheduling of

activities is carried out according to their start date at the
earliest, respecting the constraints of precedence and
resources. The parallel algorithm advances the project start
date to the end date and schedules, for each date, activities
that meet the precedence and resource constraints. If several
activities can start on the same date but the resources are
insufficient, the activities are selected according to the order
of priority determined by the criticality of the activities.
Rabbani et al. (2007) present a method combining multiple
stage scheduling and the principles of the critical chain.
They introduce a new priority rule used at decision points.
The priority of an activity is the multiplication between its
average duration and its criticality. Bruni et al. (2011) have
developed a heuristic that uses the concept of joint
probabilities to find a schedule that has a good probability
of being respected. The SDGS heuristic (stochastic dynamic
generation scheme) inspired by the parallel algorithm
assumes that the functions for distributing the durations of
activities are known. At each decision point, when one or
more activities start, a conditional probability problem is
solved. It allows you to choose the duration of the activities
started, so that the probability that these activities delay the
rest of the project does not exceed the chosen risk factor.
This method has the advantage of solving this problem.
However, the quality of the solutions found is comparable
to that of the solutions found by the parallel algorithm in
terms of the total duration of the project, often far from the
minimum duration. For the optimization of project
planning, some authors recommend the "critical chain"
approach. which is an application of the theory of
constraints to project management the fundamental
principle is that the flow generated by an organization is
limited by at least one process, that is to say a bottleneck or
bottleneck. The critical chain proposes to provide practical
answers to practices deemed ineffective, in particular:

e the overestimation of the time security margins
allocated to each task,

e starting work at the last moment (or student
syndrome),

e the use of the entire planned duration of a task even
if the effective time for completion is much lower
(Parkinson's law).

The critical chain approach helps the project manager to
plan and manage a project through an optimization process
linking the critical task-dependent path to the critical chain,
that is to say the resource-dependent tasks, which determine
the end date of the project. Although the method works
well, Herroelen and Leus (2001) explain that its simplicity
is dangerous and that it can generate unnecessarily large
time buffers that do not protect the end date of the project
well Zhang et al. (2011) also conclude that time stamps do
not have to be as large as suggested in the literature. In
addition, although this technique protects the end date of the
project, it does not allow to know a priori the start date of
the different activities of the project.

Presentation of the optimization algorithm of resource-
constrained planning: As Rabbani et al. (2007) the method
we propose combines multi-stage scheduling and the
principles of the critical chain. It introduces the start-up
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margin as a new criticality criterion for activities used at
decision points as a priority rule for the allocation of
available resources. It uses the Critical Path Method (CPM)
which is a planning algorithm which identifies the critical
path.

Basic notions of the CPM method

The main basics of a CPM network are the activity (task), the
duration of the activity, the event (stage, milestone or decision
point), the dates of an event, the start dates and end of an
activity, margins and paths. The activity (task, operation) is the
actual accomplishment of a job. The event (step, milestone) is
an important decision point in the job such as starting or
ending an activity. A path is a set of sequential tasks (having
an interdependent link) which connect two stages. There are
two methods of representing the ordering of logical
relationships between the activities of a CPM / PERT network:
representing activities in nodes or boxes (used in MsProject)
and representing activities on arcs (arrows) In this last case that
we use in this article, we find two basic elements: the activity
and the event.

An event is characterized by its earliest date (ED) and latest
dzte(LD) as well as by a serial numberi.

ED | LD » |ED|LD

i = event i immediate predecessor of j ;j = event j immediate
successor to I; ES earliest date of event I ; LS Latest date of
event I ; D duration /of activity ij ; ES earliest start time of
activity ij; LS Latest start time of activity ij of activity ij ; EF
earliest finish time of activity ij ; LF latest finish time of
activity ij ; 7SLK total slack of activity ij

Le calcul des dates et des marges
ED = Maximum (ED, + D)
LD, = Minimum (LD , - D, )

ES, = ED,
LS, =LD,-D,
JEF; = ES; +1;

JLF; =LS; + D,

TSLKi=LSi—ESi=LFi—EFi

In table 1 we have the data of the treated example and the
result of the calculations are given in table 2. The CPM
network of the example is shown in Figure 1.

Presentation of the algorithm: In the case where resources
are limited, a heuristic (approximate) method is used, the
principle of which is to allocate resources so as to minimize
delays. The scheduling of project activities consists in
scheduling their execution over time, by allocating the
necessary resources to them, without violating the constraints
imposed (resource and priority constraints for example).

The heuristic method in parallel which constitutes an iterative
process which begins at the first period corresponding to the
beginning of the project and plans, period by period, the
activities likely to start will be preferred. If, at a given period,
two or more activities are competent for the same resource, it
is allocated in priority to the activity that can start on this date
and with the smallest start-up margin but whose need for the
resource is lower. availability of the latter. The start-up margin
is the difference between the activity start date and the current
launch date (decision bridge). For activities that can start but
do not have the resources available to do so, will be delayed
until the next release of resources. If there is equality of
priority between activities, the conflict is lifted by the use of a
second priority criterion. We notably offer SPT (Shortest
Processing Time) which gives priority to the task with the
shortest completion time or MCF (Most Critical Followers)
where priority is given to the task which is followed by the
greatest number of tasks criticism.

Without resource limitation figure 2 shows the GANTT of the
project with the start dates at Figure 3 shows the histogram of
resource requirements and shows that the periodic resource
requirements fluctuate from 2 to 14 in the case of planning
without resource constraints. If a resource constraint is
imposed, it will be necessary to redo the planning of activities
so as to complete the project in a minimum duration. Suppose,
for example, that only 6 resources are assigned to execute the
project. We propose here the optimization procedure which is a
modification of the heuristic method in parallel:

e  Determine the amount of resources allocated to the
project (given the problem);

e  for each activity:

determine its duration and resource requirements (given

the problem)

calculate its start date at the latest (dA),

On the start date of the project, ie the period T =0,

Determine the list of activities that can start;

Calculate their margin on start-up (start date at the latest

minus current start date) which gives their degree of

criticality.

e  Allocate the available resources as a priority to
activities in ascending order of margins at start-up;

° Start activities that allocate sufficient resources;

° Calculate the end dates of the activities started;

e  Determine the quantity of resource not allocated on this
start date;

e  Determine the date of the next release of resources (end
of task closest);

e  Determine the activities in the list in (3) that cannot be
launched for lack of sufficient resources and delay them
until the next date of release of resources;

e  Determine the new start date T which is equal to the
next release date of resources,

e  determine the quantity of resources available (those
released by activities completed on this date plus those
not allocated on the previous start date)

e  determine the new list of activities that can start (those
previously delayed plus those that can start due to the
completion of tasks)

e  return to step 4 until all the activities have started;

e  Determine the total duration of the project under
resource constraint (it corresponds to the end date of the
last activity to be completed).
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Figure 4. Activities sheet
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Figure 6. Scheduling sheet

Activités | Durée |Besoins en Ressources| Date de déhut Date Fin GANTT PROJET
A 15 2 0 15
B 20 3 0 20
C 5 3 20 25
D 10 2 25 35
E 10 3 20 30
F 20 4 30 50
G 15 2 35 50
H 10 5 50 60
DUREE DU PROJE 60 10{ 15| 20[ 25| 30 70)

Figure 7. Extract of the application results
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Figure 8. Constrained resource use histogram

Activités | Durée |Besoins en Ressources| Date de début Date Fin GANTT PROJET
A 15 2 0 15
B 20 3 0 20
C 5 3 20 25
D 10 2 25 35
E 10 3 20 30
F 20 4 25 45
G 15 2 35 50
H 10 5 20 30
DUREE DU PROJE 50 55| 60| 65 70

Figure 8. GANTT plan without resource limitatio.

The application of the method requires knowledge of the
critical path method. The limitation imposed by the availability
of resources leads to delaying the start of certain activities. The
method aims to minimize delays by determining, according to
an iterative process that respects the constraints of resources
and priority of activities, the scheduled start dates of the
activities and the resources allocated to these activities. The
allocation obeys selected priority rules making it possible to
settle resource conflicts, if necessary. The result obtained at the
end of the process is a final schedule for a balanced project in
terms of resource use. The start and end dates for each task in
this calendar become the scheduled start and scheduled end
dates, respectively. Although the example treated only
concerns the case of a single resource, the method is applied to
cases of multi-resources for a project, it will be necessary to
apply the procedure simultaneously on the different activities.
This procedure applies to multi-projects, however,
distinguishing between the activities of the different projects.
A manual application of the algorithm is shown in Table 3. We
note that under the limitation of resources to 6, the duration of
the project goes to 60 time units. For large-scale projects,
manual application becomes very tedious, hence the need to
use computers.

Computerized implementation of the algorithm: The
manual application of the method can be tedious but it is easy
to implement thanks to a computer application developed to
lighten the task for managers. We used Visual Basic for
Applications (VBA), for programming the procedure. The use
of the application does not require knowledge of VBA because

the user works only on an Excel workbook comprising five
sheets: Home, Resources, Activities, Scheduling and Guide.
Accueil the Home sheet briefly indicates to the user the
procedure to follow to carry out the scheduling of his project.

Tableau 1. Data of the example treated

Activities Prédécessors Duration Need of ressources
A - 15 2
B - 20 3
C B 5 3
D AC 10 2
E B 10 3
F AC 20 4
G D,E 15 2
H B 10 5

Tableau 2. Calculation of dates and total margin

Activities Duration  Programmedstard date ~ Programmed finish date
A 15 0 15
B 20 0 20
C 5 20 25
D 10 25 35
E 10 20 30
F 20 30 50
G 15 35 50
H 10 50 60

e  The Activities sheet in Figure 4 collects information on
activities

e He Resources sheet in Figure 5 collects information
about resources.
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Tableau 3. Project work program

Activities Duration  Need of ressources ES LS EF LF TSLK
A 15 2 0 10 15 25 10

B 20 3 0 0 20 20 0

C 5 3 20 20 25 25 0

D 10 2 25 25 35 35 0

E 10 3 20 25 30 35 5

F 20 4 25 30 45 50 5

G 15 2 35 35 50 50 0

H 10 5 20 40 30 50 20

Tableau 4. Results of the manual application of the algorithm

Stard date Avelableressources Activity be Need of LS Marge in Activirtstarted Finish Retardedactivity Nextstard Non allocated
can stard ressouces stard date date date ressources
o 6 A 2 10 10 A 15 15 1
B 3 0 0 B 20
15 3 - - - - - - 20 3
20 6 C 3 30 10 C 25 25 0
E 3 25 5 E 30
H 5 40 20 H-25
25 3 H 5 40 15 H-30 30 1
D 2 25 0 D 35
F 4 30 5 F-30
30 4 H 5 40 10 H-35 35 0
F 4 30 0 F 50
35 2 H 5 40 5 H-50 50 0
G 2 35 0 G 50
50 6 H 5 40 -10 H 60 - - 1
. The Scheduling sheet, it is on this sheet that the REFERENCES

scheduling results are displayed as shown in Figure 6.

e  The Guide sheet: by means of examples, it can guide
the user as to how to fill in the information in the
Activities and Resources sheets.

To test the application, we took the example of the project
whose scheduling was manually processed above in Table 1
following the same planning procedure as that of the
application. By launching the application, we obtained exactly
the same results as those of the manually processed example.
Figure 7 shows an extract from the results provided by the
computer application. Under the resource constraint, the total
duration of the project goes from 50 to 60, a delay of 10 time
units compared to the schedule without resource constraint.
This delay is due to the delay in starting activity H from its
start date at the latest. Here the maximum load never exceeds 6
men. As shown in the load histogram in Figure 8.

Conclusion

The problem of optimizing resource allocation and project
completion times remains a major concern for project
managers. The various theoretical and methodological
approaches, including in particular the critical path and critical
chain method as well as many heuristic methods constitute a
significant advance but have not yet made it possible to find
the optimal solution. The planning procedure that we propose
in this article is intended to contribute to this quest for optimal
methods in the case of planning projects subject to resource
constraints. It proposes a modification of the parallel planning
algorithm. Our algorithm applies to both multi-projects and
multi-resources. The computer application developed under
VBA is a significant help for project managers who will thus
be able to carry out What If? in the allocation of project
resources. As the project manager rarely does a single
constraint in the conduct of his project, there is still much to do
in the quest for optimal solutions in project management.
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