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3
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5

6

7 Abstract

8 Overtime and over-budget construction projects are not pleasant to any stakeholder. Stakeholders want construction

9 projects to be completed without delay and excessive cost. It is possible to meet these objectives by using resource
10 management techniques such as resource leveling. Due to the limitation of resources and different types of them in
11 a construction project, optimizing the resource utilization is crucial. In this paper, a meta-heuristic simulated
12 annealing resource leveling model is presented. The novelty of this model lies not only in the type of modeling and
13 optimization but also in its assumptions. Our model simultaneously allows activities to split and considers a
14 limitation in resource availabilities. The developed model was implemented in a computer program. Then, it was
15 applied to an example from the literature of resource leveling. The model successfully solved the problem. The
16 results of our model are compared with those already available in the literature.
17 Keywords: Resource management, resource leveling, Simulated annealing, Meta-heuristic, Activity splitting
18
19

20 1. Introduction

21 A common definition for project is a temporary endeavor undertaken to create a unit product, service or result (PMI
22 2007). Based upon a more extended definition, a project is a unique and temporary endeavor that can be subdivided
23 into various activities that require time and renewable resources, such as machines, equipment, or manpower, for their

24 execution. Therefore, projects share the quality of uniqueness. Construction projects are no exception. They are also
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unique and temporary, hence more difficult to manage. Furthermore, a construction project often involves general
temporal constraints among activities resulting from technological or organizational restrictions. Thus, developing a
project schedule is necessary for managing such constraints and restrictions. Project scheduling consists of
determining start times for all activities such that temporal and/or resource constraints are satisfied, and a series of

objective are optimized (Hendrickson and Au 2003; PMI 2007).

Construction resources are expensive, and their fluctuation imposes unwanted costs on contractors. To avoid these
undesirable fluctuations, and their consecutive extra costs, contractors usually use resource leveling. According to
(PMI 2007), resource leveling is defined as a technigue in which the start and finish time of activities are adjusted
based on resource constraints in the hope that the demand for resources would be balanced with the available supply.

Resource leveling aims at minimizing the fluctuation in resource utilization throughout the project.

As a particular type of project, the construction projects are heavily dependent on the resource leveling (Hendrickson
and Au 2003). Construction schedules generated by network scheduling techniques often need to be modified to reduce
significant fluctuations in resource utilization. As mentioned, these fluctuations impose negative effects on different
stakeholders specially the contractor. Some of these effects are the cost of hiring and releasing workers in a short
interval, the disruption in the learning curve effects and maintaining an unproductive level of workforce on site that
keeps some workers idle during low demand periods (EI-Rayes and Jun 2009). Consequently, over the last few
decades, researchers have tackled the resource leveling problems (RLPs) in the construction projects (Easa 1989; Leu

et al. 2000; El-Rayes and Jun 2009; Koulinas and Anagnostopoulos 2012; Menesi and Hegazy 2015).

Different methods have been applied to RLPs, specially optimization models, which have been widely used in
construction engineering and management (Leu et al. 2000; EI-Rayes and Jun 2009; Kaveh et al. 2013; Piryonesi
and Tavakolan 2017; Moradi et al. 2017). These methods could be categorized in three major groups: analytical or
mathematical methods, heuristic methods and meta-heuristic methods (Leu et al. 2000). As an example of
mathematical programing, Easa (1989) used an integer programming to solve the RLP in construction projects. As
another example of mathematical programming, Rieck et al. (2012) applied a mixed-integer linear programming to

the problem. Similar studies are available in the literature. Although the analytical methods are completely accurate
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in finding optimal solutions, but they need an extensive computational effort for large problems, hence sometimes
impractical. This issue is especially important when tackling resource leveling problems. (Easa 1989; Harris 1990;

Piryonesi and Tavakolan 2017; Najibi and Devineni 2018).

Resource leveling problems (RLPs) are among the problems with combinatorial explosion. Therefore, using analytical
methods to solve RLPs for projects with many tasks is not reasonable. Heuristic methods have been used as a simple
and efficient tool to avoid this pitfall (Easa 1989). Two famous examples of heuristic methods are PACK (Harris
1990) and NASTRAT (Padillaand Carr 1991). Other heuristic rules to solve RLPs are available in the literature (Wiest
and Levy 1977; Antill and Woodhead 1990). Notwithstanding their efficiency, such heuristic models have a significant

drawback. They are problem-dependent, hence cannot be equally applied to different projects.

The limitations of mathematical and heuristic methods prompted researchers to use more powerful techniques such as
meta-heuristic algorithms. Genetic algorithms (GAs) are among the most powerful and popular meta-heuristic
algorithms. Many researchers have successfully solved RLPs using GAs (Leu et al. 2000; Leu and Hung 2002; Toklu
2002; Kim 2009; El-Rayes and Jun 2009; Zahraie and Tavakolan 2009). Leu et al. (2000) used the GA to solve the
problem of resource leveling in construction projects. Their GA did not allow activity splitting. They developed a
prototype of a decision support system (DSS) for analyzing different what-if scenarios. Another example of using
GAs is done by Leu and Hung (2002). They considered the duration of activities to be probabilistic and used Monte
Carlo simulation to handle probabilities. Their model did not allow the activities to split either. Toklu (2002) solved
the problem of resource leveling using GAs with and without resource constraints. Scheduling project without resource

constraint, however, could be done using methods such as the CPM.

The studies mentioned above were dealing with one type of resource and did not allow activity splitting. Other studies
on solving RLPs with multiple resources are available as well. Damci et al. (2013) used a GA to solve the multi-
resource leveling problem in a line of balance scheduling. Another example of using GAs in solving multiple resources
RLPs in construction is available at Ponz-Tienda et al. (2013). Using a Weibull distribution to establish an estimation

of the global optimum as a termination condition made the last work different from other previously developed GAs.
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In real construction projects, activities could be, and sometimes even must be, split. Splitting the activities in resource
leveling could result in a smoother profile of resources. The studies mentioned above did not allow the tasks to split.
However, research has been done on the impact of splitting activities on resource leveling. For instance, Peteghem
and Vanhoucke (2010) reported that splitting activities resulted in smaller fluctuation of resources. They used a genetic
algorithm to solve the problem of multi-mode resource leveling. Another example of allowing splitting is done by

Hashemi Doulabi et al. (2011) who used a hybrid GA to solve an RLP.

Other meta-heuristic algorithms have been used as well. Geng et al. (2011) deployed an ant colony optimization
algorithm to tackle nonlinear RLPs. Another example is a tabu search-based algorithm that was proposed by Koulinas
and Anagnostopoulos (2013) for solving construction RLPs with limited resource availabilities. Simulated annealing
(SA) is another algorithm used by researchers, such as Son and Skibniewski (1999) Anagnostopoulos and Koulinas
(2010), to solve RLPs. Bouleimen and Lecocq (2003) used a simulated annealing for the resource-constrained project
scheduling problem with multiple resources. One of the advantages of their study was proving the effectiveness of
choosing feasible initial solutions over random solutions. Their study, however, did not allow activity splitting. Based
on what was discussed above, there has been limited effort on solving RLPs with simulated annealing which is capable

of considering activity splitting and resource constraints. Developing such a model is the focus of this research.

As explained above, researchers have used various optimization algorithms in solving RLPs. After reviewing the
literature of resource leveling and studying the strengths and the weaknesses of previous models, a meta-heuristic
simulated annealing algorithm is applied to the RLP in construction projects. What makes this study different from
previous research is the type of modeling that makes both activity splitting and considering the limited resource
availabilities possible. As explained, limited research is done on integrating activity splitting into simulated annealing
optimization. In the real construction projects, sometimes an activity cannot be completed in a continuous time due to
resource limitations. Although this activity splitting might cause extra costs, but it will result in a smoother resource

profile (Hashemi Doulabi et al. 2011).
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2. Simulated Annealing

Simulated annealing (SA) is a probabilistic meta-heuristic method proposed by Kirkpatrick et al. (1983) and Cerny
(1985). As the name of algorithm suggests, it is imitating the process of physical annealing of a solid, in which a
crystalline solid is heated and then allowed to cool gradually until it achieves its most regular crystal configuration
(i.e. the lowest amount of energy). Some features such as ease of implementation, convergence properties and its use
of hill-climbing moves to escape local optima have made it a popular technique over the past decades. It is usually
used to solve discrete, and to a lesser extent, continuous optimization problems (Henderson et al. 2003).

The high-level algorithm of SAs could be described as follows.

Select an initial solution (current solution)

Select a temperature change counter

Select a cooling schedule

Select an initial temperature

Select a repetition schedule that defines the number of iterations executed at each temperature
Repeat

Generate a solution (candidate solution)

If the candidate solution was better than current solution:

Replace the current with the candidate

Otherwise replace it with a probability

Until stopping criteria are met

Note that this is just a rough description of how SA algorithm works. For a better understanding of the algorithm used

in this paper see Figures 1 and 2.

3. Problem formulation

Based on given explanations, a new model was developed for the problem of resource leveling. The common
mathematical formulation of resource leveling problem is used to define the objective function (Hegazy 1999).

Accordingly, the problem may be formulated as follows:
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Minimize Z = ¥.1_ (1, — 1,_1)? (1a)
S.T.

Z't[“=1 Xit = di Vi= 1, 2, 3, e, n (1b)
Z,izlxl-k +Sit = di Vt= 1,2,3,...,T (1C)
s <MA—-2,) Vi=123,..,nandt =1,2,3,..,T (1d)
Xe<z;y VYij=123,..,n and Vt=1,23,..,T (Le)
Xp+x.<1 Vij=123,..,nand Vt=123,..,T (1)
= Zln:lxitrit < Rt Vt= 1, 2, 3, ,T (1g)

where n = the number of activities, T = the feasible time of project that is usually the output of a CPM analysis, r: =
the required resource in time t, xjt = a binary variable that takes a value 1 if activity i is done at time t and otherwise
takes 0, d; = the duration of activity i, si= an integer number that is calculated by subtracting Yk_, x;x from di and
varies from di (as activity i is not started yet) to 0 (as activity i is completed), M= a very large number, zi; = a binary
variable to oblige the precedency of every activity i to every activity j, ri= resources that are available at time t for

activity i and Ry = the total number of available resources at time t in the project.

The objective is to minimize the difference between the resources needed for every activity in subsequent unit of time
during the project (i.e. rt and rt-1). Equation (1b) is used to set the duration of activities. The constraints (1c) to (1f)
handle the precedency of activities. For more convenience, the variable s;; is defined to incorporate the splitting of
activities. It is worth noting that si: cannot be negative due to Equation (1b). The activity j will not start until zj;: would
take a value 1 that means the activity i is completed (sitbecomes 0). Another constraint that is addressed in this model

is the limitation in resources. Dropping the last constraint will result in an RLP with unlimited resources.
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The presented model is a mixed integer non-linear programming (MINP) model with 2nT variables and 4n+5T
constraints. Obtaining an optimal solution (i.e. using analytical methods) for this model is difficult. Currently, only
problems with a very limited number of activities can be solved by software such as GAMS and Lingo. Motivated by
this situation, a meta-heuristic procedure is developed in this article, which uses a simulated annealing to tackle the

problem.

4. Resource leveling using SA

As it was explained above in section 2, solving a problem using SA needs initial solutions. These initial solutions are
taken as current solutions and then new solutions will be generated. The new solutions and the current ones are
compared, and the best are selected. Generating random solutions may be an approach for generating new solutions,
but it is not effective enough. The randomness in initial solutions creates several insufficiencies including slower rate
of annealing and larger number of iterations (Bouleimen and Lecocq 2003). Therefore, the answer of the CPM analysis
is taken as an initial solution, as it satisfies the precedence relations and will be certainly a feasible solution. To
increase the effectiveness of model, new solutions are generated by selecting two points randomly between the earliest
start (ES) and the latest finish (LF) of an activity and then swapping them. This process is illustrated in Figure 1. If
these new solutions violate the constraints of model, a very large value is assigned to their associated objective function
values. On the other hand, the feasible solutions are evaluated and will be selected, if they are better than the current
answer. Otherwise, they will be chosen with a probability. The flowchart shown in Figure 2 explains the steps of the

algorithm.

Insert Figure 1

Insert Figure 2

5. Application example
In this section, an example is extracted from the literature and solved to show the effectiveness of model. The example
is an 11-activity CPM network from Harris (1990). This is a single resource leveling problem. The precedency of the

activities, their resource demands and their durations are shown in Figure 3. First, the network is analyzed by CPM,
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and the result is presented in Table 1. This analysis gives the duration of project without considering any limitation in

resources.

Insert Figure 3

Insert Table 1

It is worth pointing out that this example is identically solved by Harris (1990) and Leu et al. (2000). Therefore, to be

able to compare the results with the answers of previous studies, the objective function is reformulated in the following

format:

Minimize Z = %1_4[

(ridy)
Z‘lnzlrixif - ?zl%l] (2)

This formulation was first used by Easa (1989), in which the deviation of the required resources from a uniform
desired resource usage is minimized. The minimum Z for this problem reported by Leu et al. (2000) and Harris

(1990) was 25, while before leveling the value of Z was 69.

The problem was solved based on the model presented in Equation (1) and using the proposed simulated annealing
algorithm described in section 4. The algorithm was implemented by MATLAB 2012b run on a personal computer
with a 2.66 GHz Intel® and 4 GB physical memory. The parameters of the SA are shown in Table 2. The minimum Z
found by the model is 22.125 which is clearly better than the answers of two aforementioned studies (i.e. (Leu et al.
2000) and (Harris 1990)). The superiority of this model was somehow predictable, as it has the splitting capability

that results in more flexibility in the problem and obtaining better answers.

Insert Table 2

The process of improving the objective function with more iterations and the convergence of the algorithm is shown

in Figure 4. Figure 4 demonstrates that the value of objective function experiences a very steep decrease in the first
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few iterations. Later, after 19 iterations the algorithm converges, and the curve of Figure 4 becomes completely flat.

It means that the algorithm has reached the optimal answer.
Insert Figure 4

The optimal answer is shown in a bar chart in Figure 5. Figure 5 shows that when an activity i is done at time t, the
binary variable xi: takes a value 1 and otherwise 0. Thus, the activities that are split comprise 0 digits between1 digits.
Tasks A and E are examples of split activities. On the other side, the intact activities are shown by a number of

sequential 1s, without Os in between. Activities B and D are examples of non-split tasks in this example.

Insert Figure 5

The result of solved example proved that our model is effective in solving a typical RLP. The splitting capability
made our model more flexible, hence its resource fluctuation smaller. However, one might argue that splitting some
activities might result in an increase in cost. Therefore, the splitting should not be conducted randomly or arbitrarily.
This is a valid criticism. In real world, contractor must conduct a cost-benefit analysis before choosing a specific
resource leveling model. In other words, the trade-off between the extra cost of a non-smooth resource profile and the
cost of activity-splitting should not be overlooked. Cost analysis is not within the scope of this study. An example of
a study on cost optimization in resource leveling with splitting is conducted by Hariga and El-Sayegh (2010). A
practical solution for incorporating such trade-off in the presented model would be as follows. First, those activities
that are not supposed to split must be identified. Later, a penalty should be assigned to these activities. Following this

approach, the activities that are not supposed to split will remain intact.

6. Conclusions and recommendations

In this paper, a new MINP model was developed to formulate the single RLP. To overcome the drawbacks of
analytical and heuristic optimization methods a meta-heuristic simulated annealing was presented. The model was
implemented using MATLAB. We then tested the model by an example from the literature of resource leveling. Our

model found the optimal answer successfully. Since, in real-world construction projects, activities are sometimes split
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due to resource limitation, the splitting capability was incorporated in the model. Adding this capability resulted in a

more flexible model and better answers in comparison to previous studies, which did not allow splitting.

Splitting the activities was mentioned as an advantage of our model. However, arbitrary splitting could be a limitation
in some projects. Splitting may not be allowable for some particular activities. Therefore, in the course of future
research, a new model will be proposed to allow splitting only in a limited number of activities not all of them. In
addition, a new approach could be used to generate the neighborhoods to make the optimization algorithm more

efficient.
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