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Abstract—In the recent decade, numerous researchers have proposed extended version of scheduling problem named as multi-

mode resource constrained scheduling problem (MMRCSP), claiming it to be a more practical way of capturing production 

characteristics. However, this flexibility comes with increased complexity. The present work proposes a framework for such multi-

mode scheduling problems in order to provide solution via simulation of various heuristics and execution strategies. It allows user 

to select preferred parameters for transparent scheduling as compared to the commercial scheduling softwares which behave like a 

black box. As this extended constrained scheduling problem involves decision of activity allocation time and choice of performing 

method (mode option), the proposed framework provides heuristics for both decisions. The aim of the newly proposed heuristic for 

listing activity priorities is to incorporate the information of position, slack and size of an activity according to the project network 

characteristics. Additionally, a non-greedy heuristic has been adopted for selection of a performing method described as mode 

option. The developed framework seeks to aid decision manager for multiple trade-offs among cost, time and resource utilization in 

case of an in-exact optimal; a situation widely encountered in the field of operations management.  
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I. INTRODUCTION

Owing to the multiple skills acquired by resources, researchers have focused on the scheduling problems where activities 

require specific skill or set of skills to be performed whereas time required for completion of the activity is dependent on the 

type and/or amount of resource being used. For example, consider a jobshop environment where an activity requires drilling. 

The production floor has two machines which can perform drilling while one being smaller takes a longer time than the other 

machine. In another case, consider a number of ordered products which need to be delivered. In this case, the duration to 

complete this task would depend on the number of workers devoted to this particular task.  

In essence, activities can be performed in multiple ways which have been termed often as mode options in literature [1]. 

These numerous possibilities can be modelled variably, basically depending upon the type of industry. Some researchers cope 

with this problem by considering it a multi-skill problem where each resource has multiple skills with varying skill levels. 

For example, a resource A can be used as an expert electrician or a lousy driller while for another resource B, these set of 

skill levels could be vice versa. Hence, the time required for performing a task in such type of production environment would 

depend only on the choice of resource and not on the quantity. In contrast, in case of a delivery company, the time required to 

transport a specific order varies significantly with the amount of dedicated resources. This extended version of modelling aids 

decision managers to manipulate their limited resources and to maximize resource utilization, additionally, proving to be a 

more practical way of modelling production environment. On the other hand, it also increases the complexity of the problem 

by increasing the number of decision variables. This class of problem is declared as NP-hard problem [2] that led researchers 

to explore efficient inexact methods for providing solutions.  

Resource constrained scheduling problem is basically defined as a task sequencing problem with the addition of resource 

constraints provided by limited availability of resources in any production environment. In the past couple of years, 

researchers came up with numerous heuristics to solve this extended resource constrained project scheduling problem 

(RCPSP) with multiple modes. In addition to the decision of allocation of a time slot to perform a task (as required in 

RCPSP), the choice of mode is essential as well in this extended version of MMRCPSP. The state-of-the-art literature in this 

area mainly addresses the problem by splitting it into two sub-levels and locating the optimal decision for each stage 

sequentially. The present study utilizes an interesting approach of proposing decision making for activity time slot and mode 
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options, coupled with each other. Additionally, comparison of well-known priority heuristics in this extended version of 

constrained scheduling needs attention.  

As stated earlier, the previous commercial softwares available behave like a black box where user is not able to select and 

analyse various parameters for heuristic scheduling. This transparency of scheduler is an essential need since it has great 

impact on the performance of the baseline schedule. Unfortunately, present commercial softwares are unable to provide this 

flexibility. The performance of these softwares decreases with increased number of activities and resource types [3] in 

addition to the fact that most of them do not support the multi-mode option for activities. This paper aims in providing a 

scheduling tool that compares multiple priority heuristics along with schedule generation scheme for the sake of finding the 

best match in case of multiple mode options and provides control to the user in order to improve transparency. In addition to 

the existing priority heuristics available for task scheduling, mode selection and shift rule have been provided in order to use 

the best mode option under different project instances. Moreover, an additional priority rule named as Critical Index (C.I) has 

been proposed for ranking activities. This rule is based on the position and slack of the activities calculated through soft 

computing fuzzy methodology. Simulation experiments have been performed through the tool proposed in order to evaluate 

the performance of the schedule under the effect of various factors. The aim of the present study is to focus on the working 

and parameters of proposed framework and comparison of heuristics with a novel generation scheme provided for the 

MMRCPSP. Details on the development and adaptation of fuzzy inference system are not discussed in this study. The next 

section provides a background of related work for the sake of readers. In the later sections, after a brief problem description, 

procedure adopted for simulation and scheduling is explained in detail followed by simulation experiments and drawn 

conclusions.  

II. RELATED WORK 

Priority rule based heuristics for scheduling and planning have been explored along with meta-heuristics over the past 

couple of years for resource constrained scheduling [4]. One of the earliest researches on priority rule heuristics can be found 

in [5]. These heuristics are comprised of two main fragments which are ranking of tasks (priority heuristic rules) and 

schedule generation schemes. A priority rule is deployed in order to rank the activities and is essential for assigning limited 

resources. In general, priority heuristics are divided into two main characteristics of being greedy or either non-greedy. 

However, in state-of-the-art literature related to scheduling, researchers have widely focused on greedy heuristics [6]. These 

heuristic rules can be obtained through the information assembled from project network such as number of predecessors or 

successors, resource utilization, average duration of the task or it can be acquired via scheduling information such as total 

slack of the activity. Details for priority rule based heuristics can be found here [7]. Many researchers have proposed, 

evaluated and compared the effect of priority rules on performance measures [8-10]. In [8] simple priority rules mostly based 

on slack information were compared while concluding that MINSLK (minimum slack rule) works the best with proposed 

dataset. In another research conducted [9], priority rule based on resource utilization was deployed where at each decision 

level, resource availability was checked and then the activities were ranked based on their resource utilization with respect to 

the available resources at that point of the decision. However, this involved several calculation steps. A similar heuristic was 

proposed [10] where the activities were allocated resource in a stage-wise fashion. They suggested a new dataset created with 

the help of Volvo-IT department in Wroclaw. They concluded that resource based priority rule perform the worst and slack 

based measures were simple in calculations and provide better performance results. In [11], it was deduced that FIFO came 

out to be the best in case of achieving number of finished products while shortest processing times rule (SPT) works the best 

with the objective of maximum machine utilization. In a research conducted by Kühn et al. [12], sensitivity analysis was 

performed to measure the impact of priority rules on various factors of a single performance measure.  

Some researchers have compared the standard priority rules in the light of single and multi-pass heuristics. Multi-pass 

heuristics is a type of sampling method in which priority rules are iteratively checked in each simulation run for the sake of 

exploring the best for the target value. As most of the researchers have agreed that multi-pass heuristics provide better results 

[13], they have argued on the matter that whether it is worth to implement it due to the massive increase in computation load 

[14]. Schedule generation schemes are typically of two types termed as series or activity scanning method [15] and parallel 

generation schemes [16]. Despite the fact that priority rule based scheduling is composed of priority rules and a generation 

scheme, where numerous efforts are being made towards the development of priority rules, hardly any attention has been 

given to the effect of generation schemes on performance measures. In a study conducted by [17] it was concluded that 

generally parallel algorithms provide non-delay schedules while series generation scheme provides active schedules. In 

essence, these efforts were found to be limited in their capacity along with the fact that they only concentrate on the resource 

constrained version of scheduling problem.  
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As discussed previously, writers have proved this constrained scheduling problem to be categorized as NP-hard and 

suggested the use of heuristics to find near optimal solutions. However, some decomposition techniques can be found in 

literature that suggested the use of exact heuristics. The earliest efforts can be found in the works of Danzig and Wolfe [17], 

Bender [19] and Deckro et al. [20] which are mainly based on block angular structures which models the problem in set of 

linear equations. In the context of exact approaches which are applied to solve NP Hard problems, implicit enumeration 

method are the most famous one. The solution procedure used implicit enumeration and computed all feasible schedules but 

it was shown that for the projects having 50 or more activities, possibility of finding a solution in reasonable computation 

time was low [21]. Later on, meta-heuristics were proposed in order to optimize these NP-hard problems. A comparison of 

the priority heuristics was made in a research conducted [22] where GA proved to provide comparable results. In another 

research [7], it was concluded that the drawback of using scheduling priority heuristics was their less flexibility in providing 

final results for multiple conflicting objectives like time and cost. Later on, several hybrid techniques were suggested in the 

recent decade [23-25] which made use of priority rule based heuristics for the generation of initial schedules and afterwards, 

evolutionary algorithms were utilized to reach a near optimal solution in short computational time. Hence deduced, that 

although meta-heuristics can provide flexible results, still, priority heuristics are implemented as an obligatory method for the 

initial feasible solutions. These state-of-the-art researches explore the performance of different priority rules for time and cost 

analysis of the project. The studies evaluating the performance of these priority heuristics in pair with generation schemes are 

almost none to be found. Moreover, these comparisons revolve around RCSPSP and the same results are assumed and 

employed for the MMRCPSP. The research conducted for multiple mode resource constrained problems is primarily 

concerned with exploring optimization algorithms. As mentioned earlier, the solutions mainly composed of splitting the 

problem into two sub steps for the decision making of mode selection and allocation of starting time to an activity [26-28]. 

Some literature was dedicated to simulation studies in this area with the realization of problem size [29-32]. Various priority 

rules are compared in order to evaluate the performance measures while using the activity scanning method to run the 

simulation program. The simulation based optimization strategies comprise of two loop strategies where scheduler and 

optimizer work in interaction with each other. However, almost none of the studies proposed have been performed under the 

category of MMRCPSP while searching for the best mode available in sequence with the activity time allocation decision.  

This study is a step towards providing this analysis in addition to the comparison of well-known priority heuristics along 

with generation schemes, an area which needs attention. Moreover, since the past researches prove to provide good results for 

resource constrained problems while working with the slack based or anteriority based priority rules, this study proposes a 

new heuristic rule for ranking activities by combining these two factors. Researches have proposed that in order to provide 

reliable robust schedules, near critical path activities should be considered along with critical path activities. This statement 

also supports the fact that since the problem under discussion has been declared as NP-hard, soft computing methods could 

prove to be more instrumental in this area. Hence, this simulation based scheduler uses fuzzy logic in order to identify near 

critical path activities as well and then proposes a heuristics rule based on the soft computing technique of fuzzy logics, for 

ranking activities with this information. The next section provides in detail description of the problem area and of the 

proposed scheduling tool followed by simulation experiments. 

III. PROCEDURE DESCRIPTION 

The problem under consideration can be described as group of activities that need to be performed with limited resources. 

Activities pre-emption is not allowed and an activity may or may not have multiple possible ways of execution known as 

mode options. The project network constitutes of precedence constraints among the activities which need to be followed 

essentially along with non-renewable resource constraints. No hard constraints on the time and budget have been applied in 

the present scenario and it is left up to the choice of decision manager to choose best option according to the production aims.  

The aim of the scheduler is not only to provide feasible schedules with best mode options, but to provide comparison 

between various coupled priority rules with generation schemes. Activities consume resources (cost and time) and are 

divided into four basic states which are Active, Recess, In-process, and End state. Activities jump from one state to another in 

case of an event. An event is defined in general as a decision point in a generation scheme which would be the earliest finish 

time from the group of activities currently in the state In-process. Due to the limited resources, activities need to be sorted 

and prioritized for the assignment of resources. Additionally, each activity may or may not be assigned a different resource or 

different amount of the same resource (depending upon the production model), in case the lowest priced or the shortest 

duration mode is unavailable (insufficient resources). The algorithm adopted from [33] is further extended in the current 

research. Fig. 1 below describes the functioning of the developed scheduler, described further below in detail for the readers. 
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A. Upload Project Network  

This step involves inputting project information in excel format. The main parts of this data include activity anteriority, 

resource, and general information regarding resource requirements for activities. 

B. Parameter Setting  

This step involves multiple parameter setting options which control the next phase of simulation run. The main contents of 

this part are as follows. 

a) Priority Rule Selection: To resolve conflicts when competing for limited resources, activities are prioritized 

according to these rules. Several simple rules adopted from literature [9, 10] have been implemented in the scheduler. Among 

various heuristics rules that have been proposed over the past couple of years, these were chosen based on state-of-the-art 

literature on their comparison [9]. Apart from these standard rules, another heuristic i.e. critical index (C.I) has been 

proposed. The details regarding this heuristic rule would be provided for the readers in the later sub-section.  

 

 
 

Fig.  1. Proposed Framework for Scheduler 

b) Mode Selection: Modes can be ranked based on their cost and duration. At the beginning of simulation, these modes 

according to the selection are chosen for initial calculations followed by mode shifting rule. The mode shifting rule is based 

on non-greedy heuristic. This rule is named as conditional mode change rule (CMCR) [33]. According to this heuristic, an 

activity in remains in state Recess if the waiting time between Recess and Active state is less than the difference of time 

duration in case of performing the respective activity in another mode (different resource/amount of resource option). 

c) Scheme Selection: User can select from two options available which are series and right shift (loosely based on 

parallel generation) method. Both of the schemes have been modified to incorporate mode selection and conditional shifting 

rule. 

C. Run Simulator 

This step uses parameters selected in the previous step as controlling measures to run the scheduler. Completion of the 

run occurs when every activity of the input project network has reached its End state. 
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D. Perform Analysis 

After the scheduling run, defined data values are stored in the analyzer for further processing. In addition to the allocation 

of time and resources to an activity, its slack and position based information is also stored in the analyser. This information is 

stored for further calculating C.I of an activity. This Index may or may not be used by the user as a priority rule in the next 

simulation runs. 

Critical Index: In state-of-the-art comparisons on priority heuristics for resource constrained scheduling, it has been 

proposed several times that heuristics based on float/slack properties derived from critical path without resource constraints 

tend to deliver good performance [8] in terms of makespan. Furthermore, some writers have advocated the use of position 

based heuristics such as FIFO, to provide better results [8-10]. However, it may be noted that these procedures work on exact 

knowledge of float or position of an activity in the project network and disregard near critical path activities. Consequently, 

the total float of such activities can lead to overestimation of actual free time slots available which may result in delay of the 

project.  

This problem partially arises due to the usual human behaviour according to which work will expand and utilize all the 

resources (either in the form of time or cost) available. Goldratt [34] proposed the concept of critical chain management to 

avoid such behaviour and to consider non-critical chain activities as well but many researchers argue on this technique of 

being arbitrary while the technicians are hesitant to practice [35]. 

The proposed heuristic uses fuzzy based knowledge to consider the effect of near critical path activities. Moreover, the 

critical index assigned to each activity for priority heuristics is not solely based on its float but on its position as well. This is 

to take in account the phenomena which is usually observed and depicts that activities at the end of the project are more 

susceptible to be delayed, and hence, can prove to be more critical in nature for project’s in time completion. Thus a position 

index (P.I) is assigned to each activity based on its execution time determined by the scheduler during the simulation run. 

Additionally, a novel float index (F.I) is implied in the present study to take account of the particular characteristics of each 

individual activity which seemed to be ignored in all other past researches. For instance, a float of 5 time units cannot have 

the same impact on two activities having duration of 10 and 100 time units. Equations (1) and (2) describe calculation of 

these indexes.  

Float Index = F.I = 0.5 ∗  
𝑀𝑎𝑘𝑒𝑠𝑝𝑎𝑛

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛
 +  0.5 ∗  

𝑁𝑒𝑥𝑡 𝐹𝑙𝑜𝑎𝑡

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 
        (1) 

Position Index = P.I =  
𝐴𝑐𝑡 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖𝑛 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑐ℎ𝑎𝑖𝑛

𝑇𝑜𝑡𝑎𝑙 𝑛𝑜. 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠
 ∗ 100                               (2) 

The analyser separates deterministic values of F.I and P.I among high, medium or low categories according to the 

predefined boundaries provided by the user. C.I is then computed afterwards from these fuzzy variables with the application 

of fuzzy inference rules. The purpose of using such categories is to acknowledge the fact that in practice, linguistic variable 

range such as high and low are more often used by managers rather than exact values, and thus to include near critical path 

activities.  It can be seen from fig. 1 that fuzzy inference rules are provided as an input from the user. For example, if the F.I 

of an activity is high and P.I is low, then this activity has a low C.I. These fuzzy values of C.I are then assigned a crisp value 

by centre of gravity method. 

The function of analyser ends with storing data values and calculation of above mentioned indexes for each activity. 

Fuzzy inference rules provided by the user are utilized to determine C.I for each activity. For brevity purposes, details on the 

fuzzy inference rules and system are not provided here. Readers can refer to [36] for details. Afterwards, these values can 

adopt two possible ways. Either the C.I index of the activities would be used in the next Simulation Run as priority selection 

rule OR it will remain the same as previous. This depends (as described in fig. 1) on the C.I rule being ON or OFF. In case, 

user switches it OFF, the C.I values would be stored for each activity in every run for the evaluation purposes, but would not 

play a part in sorting priority list for the activities. This option is controlled by user during the phase of parameter setting.  

E. Stop Check 

The simulation runs are stopped after maximum number of runs or when the output values become constant, i.e. 

whichever comes first. The later section deals with simulation experiments performed for realizing the effect of various 

parameters on the performance measures. 
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IV. EXPERIMENT RESULTS 

The scheduler was developed with Python 2.7.10 and the experiments were performed on Windows 7 with an Intel (R) 

Core (TM) 2 Duo Processor with 3.00 GHz. J20 instances from PSPLib [37] were adopted for the initial tests. The 

experiments test with different parameters setting of priority rules with respect to the adopted generation scheme can be seen 

in fig. 2a, 2b and 2c below with time, cost and resource utilization as measures of performance respectively. The selected 

modes were ranked according to the increasing order of their duration and the C.I rule was tuned ON for all simulation 

experiments. It was realized that parallel generation scheme tends to provide better results for regular performance measures. 

The resource utilization (RU) seems to have direct relation with project makespan. However, the same cannot be said for the 

cost function. As the instance was adopted from PSPLib and thus, was assigned random costs for comparison; it is limited in 

its capacity for realizing the efficiency of the algorithm and comparison among various performance measures. 

 

 

 

                                                                                                                                                                                                     

Tests were performed on a case study adopted from a real construction project [38] and produced approximately 850 feasible 

solutions with various combinations of priority heuristics for mode and activity selection. Figure 3 describes the pareto front 

solutions which were sorted from the total set of feasible solutions obtained (see Table I for details). The scheduler provided 

comparable results with the genetic algorithm (GA) proposed for optimization. The best makespan achieved was 190 time 

units at the cost of 148000 as compared to the results of proposed GA which gives completion time of 190 time units at the 

cost of 147700. Moreover, it was realized that the heuristics seems to provide better options in some cases for non-dominated 

solutions as well as providing more solution options which remained unexplored in case of GA. 
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Fig.  2a. Comparison of Time as performance measure 

 

Fig.  2b. Comparison of Cost as performance measure 

 

Fig.  2c. Comparison of Resource Utilization as performance measure 
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Fig. 3. Performance results for Construction Case Study  

It was observed that no conclusion can be drawn for an exact optimal for all three objectives and requires a trade-off analysis. 

These trade-off points obtained from non-dominated solutions can be analyzed in more clear 2D pictorial views of three 

objective functions (time, cost and resource utilization) depicted in parts of figure 4. For instance, a decreasing trend can be 

analyzed between the time and cost function (see figure 4a). The resource utilization (RU) and time graph (figure 4b) depicts 

a decreasing trend. However, during the selection, the risk factor should be considered which increases with the increase of 

resource utilization. Hypothetically, 100% use of resources may seems to be tempting as to fully utilize the resource potential 

but it can lead to worst scenarios since no resource cushion would be present for uncertain disturbance in schedules. It is upto 

the decision manager to choose according to the needs of production floor among the different optimal options or to assign 

weightage to normalized value of each objective function as per choice. In general, the best results for minimum makespan 

were obtained by using minimum float as initial parameter for ranking of activities. For achieving the purpose of minimum 

cost, it was observed that mode selection criteria should be set for minimal cost as a control parameter.  

TABLE I.   Performance Measures for the Adopted Case Study [38] 

Sol. Time Cost  RU Sol. Time Cost  RU 

1 190 148000 0,68 13 198 147700 0,6 

2 191 147800 0,61 14 199 147200 0,54 

3 191 147900 0,63 15 199 147400 0,6 

4 191 148000 0,62 16 200 147000 0,52 

5 192 147700 0,59 17 202 147000 0,53 

6 192 147750 0,6 18 202 146800 0,55 

7 194 147700 0,64 19 206 146400 0,49 

8 194 147600 0,58 20 212 146700 0,54 

9 194 147000 0,57 21 212 146500 0,56 

10 194 147500 0,58 22 215 146100 0,47 

11 196 147500 0,58 23 226 146100 0,49 

12 198 147300 0,55 24 226 146200 0,5 
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V. CONCLUSION & FUTURE WORKS 

This experiments conducted in the present study were intended to realize the compatibility of the proposed scheduler. The 

initial experiments provide an insight to the utilization of the scheduling heuristic. The heuristics provide near optimal and in 

some cases optimal results for test instances. The proposed heuristic accomplishes best decision for both the time and mode 

allocation for the corresponding task in one loop rather than two loop strategy proposed by meta-heuristic optimization 

algorithms. This characteristic has a potential to save programming effort and significant computation time while dealing 

with large project data. In addition, it includes near critical path activities in the decision making process. Although it is 

observed that C.I rule seems to provide slightly better results for regular performance measures (in some cases equal), the 

non-greedy heuristic of CMCR serves an important role in this extended multi-mode constrained problem in producing better 

results.  

Although, the scheduler proves to provide good results, no conclusion should be drawn for the best heuristic rules. This is 

due to the fact that solution results tend to vary with network characteristics. The scheduler provides various options for the 

decision manager to choose the best path under given circumstances. Additionally, these solutions are applicable while 

considering deterministic project data. For flexible solutions applicable under uncertain disturbances, studies should be 

conducted in future to find the degree of impact of activities on project’s performance measures. Critical index was calculated 

Fig.  4b. Comparison of Time & RU Pareto Solutions 

 

Fig.  4c. Comparison of Cost & RU Pareto Solutions 

 

Fig.  4a. Comparison of Time & Cost Pareto Solutions 
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by assigning fuzzy boundaries to the position and float of each activity. The purpose of this index was not only to suggest a 

novel heuristic, but also to analyze the nature of criticality of an individual activity based on its position and float. This 

information would be further evaluated to produce a stochastical model for activity durations in order to increase robustness 

of the schedule. 
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