
International Journal of Engineering Research and Technology. ISSN 0974-3154, Volume 13, Number 2 (2020), pp. 212-228 

© International Research Publication House.  http://www.irphouse.com 

212 

Cost-Resource Replacement Trade-off Algorithm for Multi-Skilled 

Resource Scheduling 

 

Narongrit Wongwaia* and Suphawut Malaikrisanachaleeb 

a Department of Civil Engineering, Kasetsart University Sriracha Campus, Chonburi, Thailand. 
b Department of Civil Engineering, Kasetsart University, Bangkok, Thailand. 

                              *Corresponding author: Narongrit Wongwai 

ORCIDs: 0000-0002-8056-6260 (Narongrit), 0000-0001-9031-457X (Suphawut) 

 

 

Abstract 

Conventional single-skilled resource scheduling uses heuristic 

rules to decide which activities have higher priority and hence 

they have the privilege to claim resources first while other 

activities with lower priority will receive remaining resources. 

Some activities have to be delayed unless their required 

resources can be completely fulfilled. This, in effect, seems to 

be unreasonable while construction project will be delayed just 

the only one insufficient resource, especially in large-scale 

project. Existing multi-skilled resource scheduling is greedy 

where it relies on replacing the insufficient resources 

immediately whereas the financial worthiness is not take into 

consideration. This research presents cost-resource 

replacement trade-off algorithm where the resource 

replacement cost and the one-day delaying activity cost are 

compared before to decide whether to replace the insufficient 

resources or to delay the activity. Project float is used to 

indicate penalty cost occurred when the project goes beyond 

the contract time. Total float is considered to avoid unnecessary 

cost from the resource replacement for non-critical activity and 

increased project completion from delaying the critical activity. 

Several project case studies illustrate that it guarantees 

significant minimum project cost due to better decision-making 

process for resource scheduling. 

Keywords: Resource scheduling, resource replacement, multi-

skilled resource scheduling, minimum project cost. 

 

INTRODUCTION 

Construction project includes activities which require the use 

of resources in order to achieve its goals. The basic resources 

necessary for the project are man, money, method, material and 

machine. However, since the mentioned resources are limited 

as some days there were more than an activity demanding on 

the same resources, the shortage of resources becomes 

unavoidable. This results in the delay of project finish time and 

the increase of project cost. Researches related to resources-

constrained project scheduling conducted by those interested 

scholars during the long decades have provided numerous 

methods of study. One among them is exact solution method 

such as dynamic programming [10], implicit enumeration with 

branch and bound [20] and zero-one programming [30,31,33-

34]. Another one is metaheuristic method like ant colony [29], 

genetic algorithm [13-14,15,18,27-28,38], simulated annealing 

[3,5,8,35] and tabu search [32,36] It is observed that despite 

being optimal and nearly optimal solution, both the methods 

lead to time consuming due to the complicated aspect of the 

problem in resources constrained project scheduling known as 

NP hard problem. In the worst case, sometimes they may lead 

to combinatorial explosion. It is therefore not suitable in 

practice. 

Heuristic method is an alternative way of study to find out the 

solution with simple rules. The method contributes to nearly 

optimal solution and sometimes gives optimal solution. 

Because of the ability of finding out the solution fast, it is 

suitable for the complicated problems.  Heuristic method is 

generally used for resources-constrained project scheduling. It 

involves in heuristic rules focusing on priority order of the 

activities that demand the same resources on the same day. 

According to the method, the resources are first given to the 

higher priority activities, then the resources will be given to the 

lower priority activities accordingly. Although, there are some    

differences in various methods of heuristic rules [1-2, 4, 6, 7, 

9, 11-12, 17, 19, 21-26, 37, 39], they share the same assumption 

that each resource has only single skill. However, this 

assumption is not in conformity with the reality of construction 

projects containing of some workers who are capable of multi-

skills. It is also found that in some occasions when the number 

of workers is not enough, the workers may be assigned to cope 

with the unfamiliar activities. Besides, a number of researches 

in the past demonstrates that the project scheduling assuming 

that a resource has only single skill causes the inefficient 

resource utilization. As a result, the project finish time is 

delayed and the project cost increase unnecessarily. 

 Heuristic method developed by Hegazy et. al. [16] aimed to 

improve traditional single–skilled resource allocation 

procedure by allowing insufficient resources to be replaced 

with other multi- skill resources. For example, two steel 

workers who have half productivity of formwork can be 

replaced a carpenter when there is a shortage of carpenters in 

the construction sites. This method helps in the starting time of 

a critical activity instead of being delayed which could reduce 

the project finish time. 

AHAMRS proposed by Wongwai et. al. [40] has improved the 
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process of multi-skilled resource scheduling by rearrange the 

sequence of resource assign and resource replacement so that 

the two processes would run more efficiently. It starts with 

resource assignment in vertical direction where available 

resources are assigned matching with exact resource 

requirement to all current eligible activities following with 

priority order regardless of insufficient resources. This method 

also presents the concept of resource-driven task duration 

where an activity that is not under the team constrained 

condition can start with partial resource fulfilment in order to 

increase starting opportunity of activities at earlier time. The 

results on various case studies demonstrate that AHAMRS can 

significantly reduce the project duration compared to resource-

constrained scheduling approaches. 

 

LIMITATION OF EXISTING RESOURCE 

SCHEDULING APPROACH 

Critical activity consideration 

Existing single-skilled resource-constrained project scheduling 

relies on the principal of delaying an activity with insufficient 

resources. If the respective activity is considered to be critical, 

the one-day delay of the critical activity results in one-day 

delay of the project finish time. Consequently, the indirect and 

opportunity cost increase. Moreover, the delay of project finish 

time that goes beyond the contract time would automatically 

cause penalty cost. To say in short, the approach of existing 

single skilled resource constrained project scheduling seems to 

be unreasonable in solving the problem of resource shortage 

especially in the large-scale construction project which is 

subjected to high amount of daily indirect cost, daily 

opportunity cost and daily penalty cost when compared with 

the resource cost per unit. This is a reason why the expenditure 

derived from all increased cost in the large-scale project due to 

one-day delay of project is unworthy when considering the fact 

that the project lacks just the only one resource. Drawing from 

the mentioned reasons, it is therefore unavoidable to state that 

the substitution of the insufficient resources with multi–skilled 

resources and/or external resources provides better solution to 

the concerned problem as shown in a simple example of Fig. 1. 

According to bar chart in Fig. 1, since activity B and C proceed 

parallelly, the demand on resource R1 exceed the available 

resources on the third and fourth day of work. The first solution 

for the problem by delaying critical activity c, having lower 

priority when compared with activity B, in spite of being able 

to solve the problem of insufficient resource R1, it creates the 

delay of project finish time for two-days, from the sixth day to 

the eighth day. Besides, it results in the increased project cost 

from 9,000 Baht to 11,400 Baht. The change on project finish 

time (from sixth day to eight days) and project cost (from 9,000 

Baht to 11,400 Baht) is in fact based its calculation on the idea 

that the resources are limited. The study also focuses on the 

other alternative solution. The second solution replaces a unit 

of resource R1 with two units of resource R2 on the third and 

the fourth day of work. This solution emphasizes on the 

difference of capability between R1 and R2 as it is evident that 

R2 acquires about half of productivity of R1. As a result, the 

project finish time is not delay. In addition, the project cost is 

cheaper than the first solution. In conclusion before deciding to 

delay an activity due to insufficient resources, it is necessary to 

consider whether that particular activity is a critical activity or 

not because the delay of critical activity may cause the delay of 

project finish time and the increase of project cost. 

 

Non – critical activity consideration 

The existing multi-skilled resource-constrained project 

scheduling decides to choose the rest of multi-skilled resources 

to substitute the insufficient resources immediately. If the 

activity having insufficient resources is non-critical activity, 

the project cost will increase unnecessarily. Due to the fact that 

the non-critical activity is able to be delay within its total float, 

it does not affect the project finish time. Consequently, the 

project cost is not affected automatically.  

In the Fig. 2, it demonstrates the simple examples. In this 

regard, the activities B, C and D are proceeded parallelly. This 

results in the exceed of resource R 1 on the fourth and fifth day 

of work. The first solution to solve this problem is to use 4 units 

of R2 to replace 2 units of insufficient R1 and 2 units of R2 to 

replace one-unit of insufficient R 1 on the fourth day and the 

fifth day of work respectively. The result of project finish time 

from the first solution in fact is not different from the second 

solution which is going to described below. 

The second solution deals with the insufficient resources R1. 

This solution opts to have one-day delay of activity D which 

has lower priority than activity B and C.  

Then one-unit insufficient R1 of activity D is replaced with 2 

units of resources R2 on the fifth and sixth day of work. Since 

activity D is still considered as non-critical activity on the 

fourth day of work because one day of total float is left, the 

delay of activity D only one day does not have an effect on the 

project finish time. 

Comparing between the first solution and the second solution, 

it is clearly shown that the result of project cost deriving from 

the second solution is cheaper than the first solution. This is due 

to the fact that the second solution tries to reduce the quantity 

and chances of using unnecessary resource replacement.  

In brief, before deciding to replace insufficient resources with 

multi- skilled resources and/or external resources, it is 

important to consider whether the insufficient resource activity 

is the non - critical activity or not. The fact that the non – critical 

activity can be delayed within its total float, it is, therefore, does 

not affect the project finish time. To be precise, the delay of 

non-critical activity having insufficient resources within its 

total float is the better solution when compared with the 

resource replacement solution because of its ability to reduce 

the unnecessary cost. 

 

Project cost consideration 

Even if the existing multi-skilled resource-constrained project 

scheduling causes the fastest project finish time, it does not 

include the cheapest project cost. The use of the lower 

productivity resources employed by the multi- skilled resources 

to replace the insufficient resources is the crucial evidence 
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proving that the multi-skilled resource- constrained project 

brings about the increase of resources cost which finally leads 

to the increase of the project cost. 

In Fig. 2 the study shows the third solution. This solution 

attempts to solve the problem of insufficient resources R1 by 

two-day delaying activity D which has lower priority than 

activity B and C. Next, one-unit of insufficient resources R1 is 

replaced with 2 units of resources R2 on the sixth day. This 

solution, although, is slower than the second solution 1 day, the 

project finish time is still within the contract time. When 

consider about the project cost, it is found the project cost of 

the third of solution is cheaper than the second solution. The 

question is if the activity D is delayed one more day from the 

sixth day, what will happen. Will the project cost be reduced 

the same way as the third solution? The answer is not at all. On 

the contrary, the project cost increases. What is worse is that 

the project finish time delays from the contract time which 

means that the construction project are supposed to pay for 

penalty cost.  

Therefore, in order to reach the goals of the construction 

project: the minimum project cost and the earliest project finish 

time, it is necessary to compare between the resource 

replacement cost and the one-day delaying activity cost. The 

result of the comparison will be used in the decision-making 

process to select the best solution for the problem. 

 

COST-RESOURCE REPLACEMENT TRADE-OFF 

ALGORITHM (CRT ALGORITHM) 

Cost-resource replacement trade-off algorithm (CRT 

algorithm) is the procedure which is developed to overcome the 

limitations of the existing heuristic approach as shown in Fig. 

3. CRT algorithm begins with the critical path method 

calculation. Then the resource assignment step is conducted by 

allocating available resources to the eligible activities 

according to their priority order. During the resource 

assignment step if the available resources are found to be 

insufficient for the given requirement of an eligible activity, 

CRT algorithm will trade-off the result of the project finish 

time and the project cost between the two alternatives: the 

resource replacement and the one- day delaying activity. Trade-

off stage of CRT algorithm can be divided into 3 categories as 

follows. 

 

Total float of an eligible activity is greater than 0. 

In this category, if an eligible activity having insufficient 

resources has remaining total float, to delay this particular 

activity within its remaining total float is compulsory.  The 

delay of a non-critical activity is allowed to do because it does 

not have any effect on the project finish time and the project 

cost as well. 

 

The total float of an eligible activity is equal to 0, but the 

project float is greater than 0.  

In this category, the total float of an eligible activity having 

insufficient resources remains 0. The delay of the Particular 

activity just only one-day results in not only the increase of the 

one-day project finish time but also the increase of the project 

cost. The increasing project cost comes from the increasing cost 

of indirect cost and opportunity cost. However, since the 

project float between the project finish time and the contract 

time is greater than 0, the penalty cost is not applicable. Thus, 

before deciding to delay an eligible activity having insufficient 

resource, the trade-off procedure between the resource 

replacement cost and the total cost of the increasing indirect 

cost and opportunity cost derived from the one-day delaying of 

an eligible activity having insufficient resource is required. If 

the result of the resource replacement cost is more expensive 

than the one-day delaying activity cost, delaying that particular 

activity to the next decision point is regarded as the appropriate 

choice as the resource replacement in this situation leads to the 

increase of the project cost. In contrast to the mentioned 

situation, if the result of the resource replacement cost is 

cheaper than the one-day delaying activity cost, the resource 

replacement is considered the suitable alternative. 

 

The total float of an eligible activity and the project float equal 

to 0 

In this category, the one-day delay of an eligible activity having 

insufficient resource and 0 total float (critical activity) does not 

cause only one-day increase of the project finish time, it also 

brings about penalty cost in addition to indirect and opportunity 

cost. The penalty cost originates from the fact that the project 

float of the given situation is 0. When the project float becomes 

0, the one-day delay of a critical activity results in the 

exceeding of the project finish time from the contract time. 

Drawing from the above reasons, it is important to note that 

before deciding to delay the particular critical activity, the 

remaining days of the project float needs to be taken into 

account. In the given situation that the remaining days of the 

project float does not exist any longer, it is necessary to trade-

off the resource replacement cost and the one-day delaying 

activity cost coming from indirect cost, opportunity cost and 

penalty cost. The result of trade-off determines the directions 

of decision making process. If the resource replacement cost is 

more expensive than the one-day delaying activity cost, the 

critical activity can be delayed to the next decision point. But 

if the result of the resource replacement cost is cheaper than the 

one-day delaying activity cost, the resource replacement is 

regarded as the proper choice. 

 When the available resources are allocated for the eligible 

activities at the current decision point by CRT algorithm, the 

critical path method (CPM) will be recalculated to update the 

information of the activities before stepping into the next 

decision point. According to procedure showed in Fig. 3, the 

next decision point can be calculated from the 1, 2 and 3 

equations. However, the different situations employ different 

equations. In the first situation which the total float of the 

delayed activities is greater than 0, the next decision point will 

be calculated from the earliest time between the times which 

the total float of the delayed activities is changed to 0 and the 

finish times of the activities being able to start from the last 

decision point. The second situation which the total float of the 
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delayed activities is equal to zero and the project float of the 

last decision point is greater than zero, the next decision point 

will be calculated from the earliest time between the time which 

the project float of the last decision point is changed to 0 and 

the finish times of the activities being able to start from the last 

decision point. In the third situation which both the total float 

of the delayed activities and the project float of the last decision 

point are equal to zero, the next decision point will be 

calculated from the earliest finish times among the activities 

being able to start from the last decision point. After finding out 

the next decision point, then the resources which once were 

assigned for the completed activities at the last decision point 

will be returned to the resource pool. Later, the next eligible 

activities will be selected for the new resource assignment step 

following their priority order. Meanwhile, if it is found that the 

resources are not enough for an eligible activity, the trade-off 

process will be introduced again. Finally, when the allocation 

of resources for all activities with CRT algorithm is completed, 

the start and finish time of activities, the daily resources 

utilization, the project finish time and the project cost are the 

final result.  

 

PROJECT CASE STUDY 

The information of the case study includes daily resource 

requirement of the activities, daily available resources, daily 

resource cost, daily indirect cost, daily penalty cost, the 

contract time and the multi-skilled resource replacement rules 

as shown in Table 1. It also assumes that the external resource 

cost is doubled price when compared with the internal resource 

cost. However, the opportunity cost arising from the delay of 

the project finish time is not taken into consideration so that it 

would simplify the calculation. 

The case study begins with the initial CPM calculation, which 

does not consider the limitation of available resources. The 

result of the initial project finish time from initial CPM 

calculation is forty-nine days. Thus, when comparison is made 

between the initial project finish time and the contract time 

(fifty days), the initial project float has one-day left.  

 

CRT algorithm with multi-skilled resource replacement 

(CRT-MRR) 

This CRT algorithm is in fact based its calculation on the idea 

that the external resource replacement is not allowed. During 

the resource assignment step, if it is found that the insufficient 

resources problem needs the resource replacement, only the 

remaining multi-skilled resources will be considered. 

Meanwhile, if the quantities or the total cost of the remaining 

multi-skilled resources cannot fulfill the insufficient resources 

in an activity, this activity has to be delayed to the next decision 

point. The simplified table demonstrated RTS with multi-

skilled resource replacement (RTS-MRR) applied the heuristic 

priority rule of the earliest finish time is shown in Table 2. 

From the Table 7, when each decision point of column 1 is 

considered, the eligible activities of column 2 will be selected 

on ground of precedence relationship. In column 3, the priority 

value of each eligible activity is calculated from the earliest 

finish time of itself. According to the earliest finish time rule, 

the lower priority value the eligible activity holds, the higher 

priority order it has. The eligible activities at each decision 

point are arranged on the rows according to their priority order. 

The number of the daily available resources R1, R2, R3, R4 and 

R5 are shown on the top of columns 4 5 6 7 and 8 respectively. 

The numbers shown in column 4-8 indicate the number of the 

resources assigned for the eligible activities. The minus 

numbers in the parentheses are the number of insufficient 

resources. The total float of the eligible activities in column 9, 

the project float in column 10, the additional indirect cost in 

column 11, the additional penalty cost in column 12, the multi-

skilled resource replacement cost in column 13, and the 

external resource replacement cost in column 14 are used to 

trade off before to decide whether to replace the insufficient 

resources or to delay the activity. The results of the decision 

making is shown in column 16. If any activity can be started on 

the current decision point, its finish time in column 17 is 

calculated from the sum of the current decision point in column 

1 and its duration in column 15.  

On the first day of the project, there are the eligible activities 

C, B and A arranged by their priority order. When the resource 

assignment step is proceeded following the priority order, 

activity C and B can be started because the available resources 

are sufficient. Consequently, the remaining resources are not 

enough for the requirement of activity A. Due to the remaining 

total float of activity A, it can be delayed within its total float, 

and hence it does not affect the project finish time. Then, the 

next decision point is identified by the earliest time between the 

time which the total float of an activity A is changed to 0 (on 

the third day) and the finish time of activity C (the fifth day) 

and B (the seventh day). Therefore, the next decision point is 

on the third day. Before continuing the resource assignment on 

the third day, CPM is recalculated. The result of CPM 

recalculation brings out the fact that the project finish time still 

remains forty-nine days and the project float is one day.  
Nevertheless, the total float of an activity A is 0. Owing to the 

fact that on the third day, the eligible activities are the activities 

C, B and A arranged by their priority order, the activities C and 

B can be continued with available resources from the first day. 

This leads to insufficient resources R2 for activity A. As an 

activity A has 0 total float, it is imperative that other resources 

have to be found in order to replace two units of insufficient 

resource R2. The fact that resource R3 and R4 can be replace 

insufficient resource R2 but their quantity is not enough and the 

other external resources R2 are not allowed to replace 

insufficient resource R2. As a result, an activity A has to be 

delayed to the next decision point. Then the next decision point 

becomes the fourth day which the project float is changed to 0. 

Before continuing the resource assignment on the fourth day, 

CPM is recalculated. The result of CPM recalculation brings 

out the fact that the project finish time is delayed to fifty days 

and the project float is changed to 0. On the fourth day, the 

quantity of the remaining resource R3 and R4 is still not enough 

for replacing two units of insufficient resource R2 for activity 

A. Based on this result, an activity A has to be delayed to the 

next decision point on the fifth day. On the fifth day, because 

the remaining resources R4 are enough for replacing one-unit 

insufficient resource R2 of activity A, the trading off between 

the one-day delaying activity A cost and two units of resource 
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R4 cost is conducted. The trade-off process reveals that the one-

day delaying activity A cost is more expensive than the cost of 

two units of resource R4. Following this result, two units of 

resource R4 are used for replacing of two units of insufficient 

resource R2 in activity A. Automatically, activity A can be 

started from the seventh day and finish on the fourteenth day. 

The process is repeatedly operated through all of the cycles 

until all activities are scheduled. Finally, this results in sixty-

one days of project finish time, and five hundred eighty-nine 

thousand and six hundred baht of project cost.  

 

CRT with multi-skilled resource and external resource 

replacement (CRT-MRR/ERR) 

The simplified table demonstrated RTS with multi-skilled 

resource and external resource replacement (RTS-MRR/ERR) 

applied the heuristic priority rule of the earliest finish time is 

shown in Table 3. During the CRT algorithm, if it is found that 

the insufficient resources problem needs the resource 

replacement, both of the multi-skilled resources and the 

external resource will be considered.  

On the first day of the project, there are the eligible activities 

C, B and A arranged by their priority order. When the resource 

assignment step is proceeded following the priority order, 

activity C and B can be started because the available resources 

are sufficient. Consequently, the remaining resources are not 

enough for the requirement of activity A. Due to the remaining 

total float of activity A, it can be delayed within its total float, 

and hence it does not affect the project finish time. Then, the 

next decision point is identified by the earliest time between the 

time which the total float of an activity A is changed to 0 (on 

the third day) and the finish time of activity C (the fifth day) 

and B (the seventh day). Therefore, the next decision point is 

on the third day. Before continuing the resource assignment on 

the third day, CPM is recalculated. The result of CPM 

recalculation brings out the fact that the project finish time still 

remains forty-nine days and the project float is one day. 
Nevertheless, the total float of an activity A is 0. Owing to the 

fact that on the third day, the eligible activities still involve in 

the activities C, B and A arranged by their priority order, the 

activities C and B can be continued with available resources. 

This leads to insufficient resources R2 for activity A. As an 

activity A has 0 total float, it is imperative that other resources 

have to be found in order to replace two units of insufficient 

resources R2. The fact that resource R3 and R4 can be replace 

insufficient resource R2 but their quantity is not enough, the 

external resources R2 are considered as another option. 

However, before going through the process of using R2, trade-

off between the external resource R2 cost with the one-day 

delaying activity A cost needs to be pursued. The one-day 

delaying activity A cost includes only the additional indirect 

cost because the project float is greater than 0. It is found that 

the 2 units of external resource R2 cost is more expensive than 

the one-day delaying activity A cost.  As a result, an activity A 

has to be delayed to the next decision point. Then the next 

decision point becomes the fourth day which the project float 

is changed to 0. Before continuing the resource assignment on 

the fourth day, CPM is recalculated. The result of CPM 

recalculation brings out the fact that the project finish time is 

delayed to fifty days and the project float is changed to 0. On 

the fourth day when the project float is 0, the one-day delaying 

activity A does not only cause the additional indirect cost but 

brings about the additional penalty cost as well. With this 

reason, the one-day delaying activity A cost on the fourth day 

is more expensive than the cost of using two units of external 

resource R2 for replacing two units of insufficient resource R2. 

The replacement of two units of insufficient resource R2 with 

two units of external resource R2 makes an activity A being 

able to start on the fourth day. Subsequently, the next decision 

point is identified on the fifth day, the finish time of activity C. 

Before continuing the resource assignment on the fifth day, 

CPM is recalculated. 

The result of CPM recalculation brings out the fact that the 

project finish time still remains fifty days and the project float 

is 0. On the fifth day, because the remaining resources R4 are 

enough for replacing one-unit insufficient resource R2 of 

activity A, the trading off between the one-day delaying 

activity A cost and two units of resource R4 cost is conducted. 

The trade-off process reveals that the one-day delaying activity 

A cost is more expensive than the cost of two units of resource 

R4. Following this result, two units of resource R4 are used for 

replacing of two units of insufficient resource R2 in activity A. 

Automatically, activity A can be continued from the fourth to 

the seventh day. The seventh day, then becomes the next 

decision point which is the finish time of activity B. Before 

continuing the resource assignment on the seventh day, CPM is 

recalculated. The result of CPM recalculation brings out the 

fact that the project finish time still remains fifty days and the 

project float is 0. Nevertheless, the total float of an activity A 

is 0. On this particular day, there are additional eligible 

activities E, G and F arranged by their priority order. The 

eligible activities A and E can be started with the available 

resources but the remaining resources are not enough for 

activities G and F. Since the activities G and F still have 

remaining its total float, it is possible for the activities to be 

delayed until the next decision point on the eighth day when the 

total float of activity F is changed to 0. Before continuing the 

resource assignment on the eighth day, CPM is recalculated. 

The result of CPM recalculation brings out the fact that the 

project finish time still remains fifty days and the project float 

is 0. Due to the fact that on the eighth day, the eligible activities 

still involve in the activities A, E, G and F arranged by their 

priority order, the activities A and E can be continued with 

available    resources and hence they can be finished on the 

thirteenth and seventeenth day, respectively. This leads to 

insufficient resources R2 for activities F and G. Owing to the 

remaining total float of activity G, it can be delayed within its 

total float without effecting the project finish time. On the 

contrary, an activity F has 0 total float, it is imperative that 

other resources have to be found in order to replace the two 

units of insufficient resources R2. The fact that resource R3 and 

R4 can be replace insufficient resources R2 and their remaining 

quantity is still enough, the trading off between the one-day 

delaying activity F cost and the total cost of two units of 

resource R3 and two units of resource R4 is conducted. The 

trade-off process provides the evidence that the one-day 

delaying activity F cost is more expensive than the total cost of 

two units of resource R3 and two units of resource R4. Based 

on this result, two units of resource R3 and two units of 
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resource R4 are used to replace the two units of insufficient 

resource R2 in activity F. Unavoidably, activity F can be started 

on the eighth day and finished on the twenty-second day. The 

process is repeatedly operated through all of the cycles until all 

activities are scheduled. Finally, this results in fifty days of 

project finish time, and five hundred seventy-one thousand and 

six hundred baht of project cost. 

 

Case Study Analysis 

CRT algorithm is experimented with nineteen heuristic priority 

rules as previously shown in Table 4. The results of project 

finish time and project cost from two categories of CRT 

algorithm are compared with the existing heuristic approaches 

and commercial scheduling software, MS project, as shown in 

Table 5. 

As a result of project finish time demonstrated in Table 5, the 

existing multi-skilled resource scheduling provides faster 

project finish time than MS project and the existing single-

skilled resource scheduling. The cause of faster project finish 

time relies on the fact that the existing multi-skilled resource 

scheduling tries to avoid delaying the critical activity having 

insufficient resources by searching for the remaining qualified 

multi-skilled resources to replace the insufficient resources. 

Nevertheless, if the quantities of remaining qualified multi-

skilled resources are not enough, the existing multi-skilled 

resource scheduling will immediately delay this critical activity 

and hence the project finish time will be delayed. In the same 

situation, before deciding to delay the critical activity having 

insufficient resources, RTS-MRR/ERR will try to find out 

qualified external resources to replace insufficient resources. 

For example, it is noticeable in Table 3 that on the fourth day, 

a critical activity A has the two units of insufficient resource 

R2 and also the quantities of the qualified resources R3 and R4 

are not enough to solve the problem. Unlike multi-skill 

resource scheduling, RTS-MRR/ERR is able to solve the 

insufficient resources with two units of external resource R2. 

Its result can save the project finish time by avoiding 

unnecessary delay the critical activity. It is worth mentioning 

that, although, RTS-MRR provides the result of faster project 

finish time when compared with MS project and the existing 

single-skilled resource scheduling, its result may not be faster 

than the existing multi-skilled resource scheduling. The reason 

is in any decision point, RTS-MRR can delay the critical 

activity having insufficient resources if the resource 

replacement cost is more expensive than the one-day delaying 

activity cost. 

As a result of project cost demonstrated in Table 5, the existing 

multi-skilled resource scheduling provides more expensive 

project cost than MS project and the existing single-skilled 

resource scheduling. The reason supporting the result is the 

existing multi-skilled resource scheduling bases its decision on 

the use of the remaining of multi-skilled resources to replace 

the insufficient resources immediately. If the activity having 

insufficient resources is non-critical activity, it can be delayed 

within its total float. Therefore, it can be concluded that, the use 

of the lower productivity resources for the replacement of 

insufficient resources for non-critical activity may bring about 

the unnecessarily increasing project cost. In contrast to the 

existing multi-skilled resource scheduling, CRT algorithm 

considers whether that the activity having insufficient 

resources is non-critical activity or not by examining its 

remaining total float. If it is non-critical activity, CRT 

algorithm can delay it within its total float without affecting the 

project finish time. Consequently, the project cost naturally is 

not affected. To summarize, RST procedure provides cheaper 

project cost than what existing multi-skilled resource 

scheduling can do. For example, the fact in Table 3 insists that 

on the seventh day, the remaining resource R2 are not enough 

for activity G.  Being different from multi-skill resource 

scheduling, CRT algorithm decides to delay non-critical G for 

three days but not beyond its total float. Accordingly, the 

project finish time still remains fifty days but it can save 600 

baht of two units of resource R4 cost to replace one unit of 

insufficient resource R2. Furthermore, CRT algorithm has the 

trade-off process for considering the worthiness between 

delaying the activity having insufficient resources and 

replacing insufficient resources alternative. This all processes 

make CRT algorithm to provide more advantages of the faster 

project finish time and cheaper project cost when compared 

with the existing heuristic approach as it has the better ability 

in decision making of the resource scheduling. 

 

CONCLUSION AND RECOMMENDATION 

CRT algorithm is a heuristic approach for resource scheduling 

consisting of the rigorous sequence of resource assignment and 

the solutions of insufficient resources where the resulting time 

and the cost are taken into consideration. It also focuses on the 

concept of checking the critical or non-critical activity and the 

trading-off the worthiness between the alternatives of solving 

insufficient resource. In addition to the multi-skilled resource 

replacement, CRT algorithm simultaneously offers external 

resource replacement in order to increase the starting 

opportunity for the critical activity. The results on various 

heuristic priorities rules demonstrate that CRT algorithm can 

significantly reduce the project finish time and the project cost 

while comparing with existing heuristic approach. Moreover, it 

offers manifold benefits including better job stability for 

workers and higher flexibility for work assignment.  

In spite of this, when it comes to the practical aspect, the 

success CRT algorithm greatly relies on the ability of the 

project managers to properly utilize multi-skilled and external 

workers to fit certain activities. The managers do not only need 

to put the right man on the right job, but also should 

contemplate on the continuity of each individual worker on the 

activity he/she performs. Apart from what has been mentioned, 

in order to ensure that workers are really multi-skilled, trainings 

and tests should be provided by an enterprise on a regular basis. 

Like other processes, CRT algorithm is still under certain 

limitations. It overlooks the overtime work and omits the 

change of construction methods in solving insufficient 

resources. What is more, it is currently validated only to the 

finish-to-start relationship. Those interested in the further study 

are able to implement CRT algorithm on other types of 

relationship with additional lag and lead times. 

 

http://dict.longdo.com/search/worthiness
http://dict.longdo.com/search/worthiness
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Table 1. Case study data 

Activity Duration Predecessor Daily Resource Requirement 

(days) R1 R2 R3 R4 R5 

A 9 - 2 2 4 1 2 

B 7 - 2 3 5 2 1 

C 5 - 1 1 2 1 1 

D 11 A, B 1 2 4 0 1 

E 10 B 1 2 3 2 1 

F 14 B 0 2 3 2 1 

G 12 B, C 2 1 2 1 0 

H 12 D, E 1 0 1 1 1 

I 10 D, F 2 2 3 0 1 

J 11 E, G 3 1 0 2 2 

K 13 F, G 1 3 7 1 1 

L 15 J, K 3 3 4 2 3 

M 14 H, I 4 2 5 1 2 

Daily resource available (units/day) 10 4 12 7 10 

Daily resource cost (/day) 300 400 400 300 300 

Daily indirect cost (/day) 1,000 

Daily penalty cost (/day) 2,500 

Contract duration (days) 50 

   Substitution rules: 2R3=1R2, 2R4=1R2, 2R5=1R4 
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Table 2. Simplified table of CRT-MRR using earliest finish time priority rule 

Ta Ab Pc 

Resources 

TFd PFe Ci
f Cp

g Cm
h Ce

i Dj Decision Fk Replacement 

R1=10 R2=4 R3=12 R4=7 R5=10 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) 

0 C 5 1 1 2 1 1 4 1     5 Start   

 B 7 2 3 5 2 1 0      7 Start   

 A 9 2 2(-2) 4 1 2 3      9 Delay   

3 C  1 1 2 1 1 4 1     5 Continue   

 B  2 3 5 2 1 0      7 Continue   

 A 9 2 2(-2) 4 1 2 0      9 Delay   

4 C  1 1 2 1 1 5 0     5 Continue 5  

 B  2 3 5 2 1 1      7 Continue   

 A 9 2 2(-2) 4 1 2 0      9 Delay   

5 B  2 3 5 2 1 2 0     7 Continue 7  

 A 9 2 2(-1)+1 4 1+2 2 0  1,000 2,500 600  9 Start  2R4=1R2 

7 A  2 2 4 1 2 0 0     9 Continue   

 E 17 1 2 3 2 1 8      10 Start   

 G 19 2 1(-1) 2 1 0 4      12 Delay   

 F 21 0 2(-2) 3 2 1 2      14 Delay   

9 A  2 2 4 1 2 0 0     9 Continue   

 E 17 1 2 3 2 1 8      10 Start   

 G 19 2 1(-1) 2(-2) 1(-1) 0 2      12 Delay   

 F 21 0 2(-2)+2 3+2 2+2 1 0  1,000 2,500 1,400  14 Start  2R3=1R2,2R4=1R2 

11 A  2 2 4 1 2 0 0     9 Continue 14  

 E  1 2 3 2 1 8      10 Continue   

 F  0 2(-2)+2 3+2 2+2 1 0  1,000 2,500 1,400  14 Continue  2R3=1R2,2R4=1R2 

 G 19 2 1(-1) 2(-2) 1(-1) 0 0      12 Delay   

14 E  1 2 3 2 1 11 0     10 Continue 17  

 F  0 2 3 2 1 3      14 Continue   

 G 19 2 1(-1)+1 2 1+2 0 0  1,000 2,500 600  12 Start  2R4=1R2 

 D 20 1 2(-2) 4 0 1 3      11 Delay   
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Ta Ab Pc 

Resources 

TFd PFe Ci
f Cp

g Cm
h Ce

i Dj Decision Fk Replacement 

R1=10 R2=4 R3=12 R4=7 R5=10 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) 

17 F  0 2 3 2 1 3 0     14 Continue 23  

 G  2 1 2 1 0 0      12 Continue   

 D 20 1 2(-1)+1 4 0+2 1 0  1,000 2,500 600  11 Start  2R4=1R2 

23 G  2 1 2 1 0 0      12 Continue 26  

 D  1 2 4 0 1 0      11 Continue   

26 D  1 2 4 0 1 0      11 Continue 28  

 J 30 3 1 0 2 2 2      11 Start   

 K 34 1 3(-2)+2 7 1+4 1 0  1,000 2,500 1,200  13 Start  4R4=2R2 

28 J  3 1 0 2 2 2      11 Continue   

 K  1 3 7 1 1 0      13 Continue   

 I 31 2 2(-2) 3 0 1 2      10 Delay   

 H 32 1 0 1 1 1 0      12 Start   

30 J  3 1 0 2 2 2      11 Continue 37  

 K  1 3 7 1 1 0      13 Continue   

 H  1 0 1 1 1 0      12 Continue   

 I 31 2 2(-2) 3 0 1 0      10 Delay   

37 K  1 3 7 1 1 7      13 Continue 39  

 H  1 0 1 1 1 7      12 Continue   

 I 31 2 2(-1)+1 3 0+2 1 0  1,000 2,500 600  10 Start  2R4=1R2 

39 H  1 0 1 1 1 7      12 Continue 40  

 I  2 2 3 0 1 0      10 Continue   

 L 49 3 3(-1) 4 2 3 7      15 Delay   

40 I  2 2 3 0 1 0      10 Continue   

 L 49 3 3(-1) 4 2 3 6      15 Delay   

46 I  2 2 3 0 1 0      10 Continue 47  

 L 49 3 3(-1)+1 4 2+2 3 0  1,000 2,500 600  15 Start  2R4=1R2 

47 L  3 3 4 2 3 0      15 Continue 61  

 M 46 4 2(-1)+1 5 1+2 2 0  1,000 2,500 600  14 Start 61 2R4=1R2 
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aTime, bEligible activity,  cPriority Value, dTotal float,   eProject float, fAdditional  indirect cost,  gAdditional penalty cost, hMulti-

skilled resource replacement cost, iExternal resource replacement cost,  jActivity duration, kFinish time 

Project cost (589,600) = Resource cost (474,900) + Multi-skilled resource replacement cost (26,200) + External resource 

replacement cost (0) + Indirect cost (61,000) + Penalty cost (27,500) 

 

Table 3. Simplified table of RTS-MRR/ERR using earliest finish time priority rule 

Ta Ab Pc Resources TFd PFe Ci
f Cp

g Cm
h Ce

i Dj Decision Fk Replacement 

R1=10 R2=4 R3=12 R4=7 R5=10 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) 

0 C 5 1 1 2 1 1 4 1     5 Start 5  

 B 7 2 3 5 2 1 0      7 Start 7  

 A 9 2 2(-2) 4 1 2 3      9 Delay   

3 C  1 1 2 1 1 4 1     5 Continue 5  

 B  2 3 5 2 1 0      7 Continue 7  

 A 12 2 2(-2) 4 1 2 0  1,000   1,600 9 Delay   

4 C  1 1 2 1 1 5 0     5 Continue 5  

 B  2 3 5 2 1 1      7 Continue 7  

 A 13 2 2(-2)+2 4 1 2 0  1,000 2,500  1,600 9 Start 13 Ext.2R2 

5 B  2 3 5 2 1 1 0     7 Continue 7  

 A  2 2(-1)+1 4 1+2 2 0  1,000 2,500 600  9 Continue 13 2R4=1R2 

7 A  2 2 4 1 2 0 0     9 Continue 13  

 E 17 1 2 3 2 1 7      10 Start 17  

 G 19 2 1(-1) 2 1 0 3      12 Delay   

 F 21 0 2(-2) 3 2 1 1      14 Delay   

8 A  2 2 4 1 2 0 0     9 Continue 13  

 E  1 2 3 2 1 7      10 Continue 17  

 G 19 2 1(-1) 2(-2) 1(-1) 0 2      12 Delay   

 F 21 0 2(-2)+2 3+2 2+2 1 0  1,000 2,500 1,400  14 Start 22 2R3=1R2,2R4=1R2 

10 A  2 2 4 1 2 0 0     9 Continue 13  

 E  1 2 3 2 1 7      10 Continue 17  

 F  0 2(-2)+2 3+2 2+2 1 0  1,000 2,500 1,400  14 Continue 22 2R3=1R2,2R4=1R2 

 G 19 2 1(-1)+1 2(-2)+2 1(-1)+1 0 0  1,000 2,500  3,000 12 Start 22 Ext1R2,Ext2R3,Ext1R4 

13 E  1 2 3 2 1 7 0     10 Continue 17  

 F  0 2 3 2 1 0      14 Continue 22  

 G  2 1(-1)+1 2 1+2 0 0  1,000 2,500 600  12 Continue 22 2R4=1R2 

 D 20 1 2(-2)+2 4 0 1 0  1,000 2,500  1,600 11 Start 24 Ext.2R2 
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Ta Ab Pc Resources TFd PFe Ci
f Cp

g Cm
h Ce

i Dj Decision Fk Replacement 

R1=10 R2=4 R3=12 R4=7 R5=10 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) 

17 F  0 2 3 2 1 0 0     14 Continue 22  

 G  2 1 2 1 0 0      12 Continue 22  

 D 20 1 2(-1)+1 4 0+2 1 0  1,000 2,500 600  11 Continue 24 2R4=1R2 

22 D  1 2 4 0 1 0 0     11 Continue 24  

 J 30 3 1 0 2 2 2      11 Start 33  

 K 34 1 3(-2)+2 7 1+4 1 0  1,000 2,500 1,200  13 Start 35 4R4=2R2 

24 J  3 1 0 2 2 2 0     11 Continue 33  

 K  1 3 7 1 1 0      13 Continue 35  

 I 31 2 2(-2) 3 0 1 2      10 Delay   

 H 32 1 0 1 1 1 0      12 Start 35  

26 J  3 1 0 2 2 2 0     11 Continue 33  

 K  1 3 7 1 1 0      13 Continue 35  

 H  1 0 1 1 1 0      12 Continue 36  

 I 31 2 2(-2)+2 3 0 1 0  1,000 2,500  1,600 10 Start 36 Ext.2R2 

33 K  1 3 7 1 1 0 0     13 Continue 35  

 H  1 0 1 1 1 0      12 Continue 35  

 I  2 2(-1)+1 3 0+2 1 0  1,000 2,500 600  10 Continue 36 2R4=1R2 

35 I  2 2 3 0 1 0 0     10 Continue 36  

 L 49 3 3(-1)+1 4 2+2 3 0  1,000 2,500 600  15 Start 50 2R4=1R2 

36 L  3 3 4 2 3 0 0     15 Continue 50  

 M 46 4 2(-1)+1 5 1+2 2 0  1,000 2,500 600  14 Start 50 2R4=1R2 

aTime, bEligible activity,  cPriority Value, dTotal float,   eProject float, fAdditional  indirect cost,  gAdditional penalty cost, hMulti-

skilled resource replacement cost, iExternal resource replacement cost,  jActivity duration, kFinish time 

Project cost (571,600) = Resource cost (467,200) + Multi-skilled resource replacement cost (26,200) + External resource 

replacement cost (28,200) + Indirect cost (50,000) + Penalty cost (0) 
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Table 4. Heuristic rules 

Heuristic Rules Priority 

Network-Based Rules 

Shortage Processing Time (SPT) min dj 

Most Immediate Successors (MIS) max |Fj| 

Most Total Successors (MTS) max |Fj
*| 

Greatest Rank Positional Weight (GRPW) max dj+ ∑ dii∈Fj
  

Greatest Rank Positional Weight all (GRPW*) 
max dj+ ∑ di

i∈Fj
*

 

Critical Path-Based Rules 

Early Start Time (EST) min ESj 

Early Finish Time (EFT) min EFj 

Early Start Time (Dynamically) (ESTD) min ESj(PS) 

Early Finish Time (Dynamically) (EFTD) min EFj(PS) 

Late Start Time (LST) min LSj 

Late Finish Time (LFT) min LFj 

Minimum Slack Time (MSL) min TFj 

Minimum Slack Time (Dynamically) (MSLD) min TFj(PS) 

Resource-Based Rules 

Greatest Resource Demand (GRD) max dj. ∑ ujr
m
r=1   

Weighted Resource Utilization and Precedence (WRUP) max ω.|Fj|+(1-ω). ∑ ujr ar⁄m
r=1   

Composite Rules 

ACROS max {∑ ∑ uir ar⁄m
r=1iϵПjh

} =acrj   

ACTRES max {∑ ∑ uir
m
r=1iϵ Пjh

. di ar⁄ } =actj   

TIMROS 
max ω.

LSn-LSj

LSn-LS1

+(1-ω).
acrj

acr1

 

TIMRES max ω.
LSn-LSj

LSn-LS1
+(1-ω) .

actj

act1
  

Regret-Based Rules 

Improved Resource Scheduling Method (IRSM) max{0, max{ESi
ra(PS, j) –LSi| (i, j)∈  APn} 

Worst Case Slack Time Rule (WCS) min LSj - max {ES
j

ra(PS, i)| (i, j) ∈ APn} 

Average Case Slack Time Rule (ACS) min LSj - 
1

(|E(PS, t)|-1)
 . ∑ ESj

ra(PS, i)i∈(PS, t)-{j}  

Worst Case Latest Starting Time (WCLS) min {LSj
ra(PS, i)} 
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Table 5. Results comparison 

Priority Rules Time (days) Cost (Million) 

SRSa MRSb RTS1
c RTS2

d SRSa MRSb RTS1
c RTS2

d 

1.SPT 93 59 50 61 0.692 0.700 0.572 0.590 

2.MIS 93 73 51 61 0.692 0.700 0.569 0.590 

3.MTS 82 61 51 61 0.654 0.662 0.569 0.590 

4.GRPW 93 72 51 62 0.692 0.700 0.575 0.591 

5.GRPW* 89 61 51 62 0.678 0.686 0.567 0.591 

6.EST 93 59 50 59 0.692 0.700 0.561 0.584 

7.EFT 94 59 50 61 0.696 0.704 0.571 0.590 

8.ESTD 92 60 50 59 0.689 0.697 0.562 0.582 

9.EFTD 93 59 50 61 0.692 0.700 0.571 0.590 

10.LST 84 58 52 59 0.661 0.669 0.567 0.579 

11.LFT 84 62 52 59 0.661 0.669 0.567 0.579 

12.MSL 91 58 52 59 0.685 0.693 0.567 0.579 

13.MSLD 84 58 52 59 0.661 0.669 0.567 0.579 

14.GRD 89 72 50 59 0.678 0.686 0.561 0.582 

15.WRUP 93 72 51 59 0.692 0.700 0.559 0.582 

16.ACROS 91 56 52 59 0.685 0.693 0.567 0.579 

17.ACTRES 91 56 52 59 0.685 0.693 0.567 0.579 

18.TIMROS 93 56 52 62 0.692 0.700 0.566 0.588 

19.TIMRES 93 56 52 62 0.692 0.700 0.566 0.588 

20.MS Project 92 -   0.689 - -  

aSingle-skilled resource-constrained for project scheduling 

bMulti-skilled resource-constrained for project scheduling 

cResource replacement trade-off for project scheduling with multi-skilled resource replacement  

dResource replacement trade-off for project scheduling with multi-skilled resource and external resource replacement 
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Figure 1. Limitation of critical activity consideration 
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Figure 2. Limitation of non-critical activity and project cost consideration 
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Figure 3. Cost-resource replacement trade-off algorithm 

Assign resources to  

all eligible activities. 

 Required resources 

≤ 

No 

Go to next decision point. 

T(t+1) = min{ t+TF(j, t), F(i, t) }; TF(j,t) > 0                 (1) 

T(t+1) = min{ t+PF(t), F(i, t)}   ; TF(j,t) = 0, PF(t) > 0  (2) 

T(t+1) = min{F(i, t)}                ; TF(j,t) = 0, PF(t) = 0   (3) 

where; 

t         = Current decision point 

T(t+1)   = Next decision point from t 

F(i,t)       = Finish time of activity i started from t  

TF(j,t)  = Total float of activity j delayed from t  

PF(t)   = Project float on t 

 

Yes 

Resource replacement trade-off 

1.TF > 0  (A)     

2.TF = 0, PF > 0 

2.1 Cr > Ci + Co  (A) 

2.2 Cr ≤ Ci + Co  (B) 

3.TF = 0, PF = 0 

3.1 Cr > Ci + Co + Cp  (A) 

3.2 Cr ≤ Ci + Co + Cp  (B) 

where;  

(A) = Delay activity 

(B) = Replace resource 

TF = Total float 

PF = Project float 

 Cr  = Resource replacement cost 

 Ci   = Indirect cost 

 Co  = Opportunity cost 

 Cp  = Penalty cost 

                                                

Update CPM 

 All activities considered? 

End 

Yes 

No 

Calculate CPM 


