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Following the increasing growth of urbanization in recent decades in Iran, housing has become 

one of the most critical issues in the country. In this regard, mass production of housing has 

received more attention, and residential complexes can be considered a physical manifestation of 

the idea of mass housing in cities. Operational efficiency in residential construction production 

systems is evaluated based on average house completion time, the number of houses under 

construction, and processing time of activities. However, these systems are prone to non-

uniformity problems and suspensions resulting from different variables, such as adverse weather 

conditions, workplace accidents, fluctuations in house demand, and rework. The purpose of this 

research is to show the effect of reprocessing on the manufacturing process.  In this study, the 

rework parameter and the variables of frequency, duration, and time of call-back have been 

considered. Also, the effects of these parameters on tangible performance criteria have been 

investigated. In this regard, we apply the combined approach of discrete-event simulation and 

computational modeling; then, we compare the results. Measurements show that the systems 

fragmented by repeated and short repetitions while referring to early are in optimal performance. 
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 Introduction 
 

The success of a project depends on many factors. In the meantime, the quality of the project 

schedule and control of the project phases is very important. In project management, scheduling is 

one of the most significant factors because it determines the time of completion of the project. In 

addition, the credibility of project managers is closely linked to the schedule because the deadline 

must be estimated. If the project is not completed on time, project costs will increase, and profit 

margins will decrease [17]. For this purpose, Hosseinabadi and Tirkolaee [26], propose a new local 

search algorithm for task scheduling in multi-agent system. An acceptable approach to project 

planning and control is to use network-based tools such as the critical path method and the project 
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evaluation and review. The critical path method has a significant weakness. In this method, before 

starting the project, the duration and start time of activities are deterministic. If the scheduling 

program is more realistic based on the time, its effect will be evident over the project. Also, 

evaluating and reviewing projects is associated with network events integration results and cannot 

model the correlation between project activities [13]. Recently, Golpîra and Tirkolaee [27], due to 

the special importance of management in construction projects, studied an overview of the 

construction management concept. In traditional project planning, the critical path method is used 

as the primary tool. However, in the management of interrelated construction processes, the 

capacity and capability of this method are questionable [19]. Residential construction operations 

involve interconnected processes, so contractors regularly release their resources and use them in 

the following construction. Under such situations, the weakness of traditional project management 

tools such as the critical path method, earned-value analysis, and cost-estimating is entirely 

apparent. To address these issues, a global production planning in construction, inspired by the 

production section, focuses not only on individual activities but also on interconnected resources. 

This concept has emerged in construction management based on the theory of hierarchical 

construction operations. Production management uses discrete-event simulation for modeling and 

planning [3]. By using a discrete-event simulation model, interruptions in the workflow can be 

explored [2]. In construction operations, reprocessing disrupts the construction process in several 

ways. Supervisors inspect defects in contractors' performance, and the contractor is called upon to 

correct the defect. Reprocessing is usually done between two manufacturing processes. However, it 

is often prioritized and considered an activity that must be done immediately [18]. 

According above mentioned, in this research the rework factor in the presence of three variables, 

named length of interruptions caused by rework, rework frequency, and timeframe of call-backs for 

rework, have been considered. Then, to show the effect of reworking on the construction process, a 

hybrid approach of discrete-event simulation and computational modeling has been used. 

Computational modeling is performed separately for process contractors, and then the construction 

steps of multi-story residential houses are modeled using discrete-event simulation tools. The 

building-housing sector has been chosen as the case study of this research because mass builders 

usually systematically record data of construction. Important questions of the paper are as follows: 

Q1: How can the length of interruptions caused by rework, the frequency of rework and 

timeframe of call-backs for rework be measured for construction projects? 

Q2: How can scheduling rework on performance metrics be considered? 

Main objective of the paper is as follows: 

O1: developed a hybrid approach using discrete-event simulation and computationally 

modelling for showing rework effects. 

This article is organized as indicated: In Section 2, a theoretical background and review of the 

relevant literature are provided. In Section 3, the research method is presented. In Section 4, the 

application of the proposed method for the case study is shown. Finally, In Section 5, the 

conclusion and future study are presented. 

2. Theoretical background 

2.1. Production system of residential buildings 

Construction environments are dynamic, and construction processes are usually modeled into 

interconnected precedents and continuations. The workflow is hand-in-hand between different 

contractors, and construction supervisors are responsible for managing the flow. At the end of each 

process, the contractor will release his resources and use them again in the following work. The 

project goes on as usual when each process starts and finishes on schedule. According to the schedule, 

there are two main preconditions for starting a process: 1) timely completion of previous processes 

and 2) providing high-quality work without the need for a call-back [2]. For example, the building 
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skeleton contractor relies on the quality of the building foundation as a prefabricated process. If there 

is a deficit in the foundation, the skeleton process does not begin, and the foundation contractor is 

called in to correct the defect. 

2.2. Modeling interruptions from reprocessing 

Production cycle time is usually considered one of the project's main performance criteria [7]. In 

practice, the frequency and duration of reprocessing, among other parameters, can affect the 

completion time of the house. The interval in which the rework call-back occurs, changes the duration 

and effects of the interruptions. In the following, three periods for requesting re-employment, as stated 

by Arshpour et al. [2], will be presented. 

2.2.1. On-time call-back for rework before releasing resources 

Reworking is usually requested when a specific manufacturing process has been completed. 

Supervisors of builders and construction supervisors carry out relevant inspections to identify any 

defects. If there is a defect, the contractor will be called to that process to correct the mistake. Once 

the necessary rework has been completed, the following contractor can begin work. Figure (1) shows 

a schematic interpretation of an on-time call-back. As can be seen from the figure, after the 

completion of process a, the inspectors noticed a defect in completing this process. Therefore, a 

rework call-back is made before releasing the resources. Reworking also delays the completion of 

process b. In other words, the reprocessing factor causes the process not to be completed on time and 

to be delayed. 

 

 
Figure 1. On-time call-back structure 

 

2.2.2. Late call-back for rework after releasing resource 

Sometimes defects are discovered after the manufacturing process has begun. So, a call-back 

for rework is made after the responsible contractor has left the site and released the resources. In 

this case, reprocessing is a priority for the responsible contractor. Figure (2) shows a schematic 

interpretation of the late call-back. As can be seen from the figure, the late call-back for 

reprocessing has split process b into separate parts. Therefore, it has the potential to cause long 

delays. 

 

 
Figure 2. Late call-back structure 

 

2.2.3. Early call-back for rework before completion 
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Close and public monitoring of construction can lead to a call-back for rework during a 

process. Under such situations, the reworking contractor can use the resources already used to 

correct the defect. Due to sufficient resources, the contractor can complete the rework using some 

labor while others have moved on to the subsequent work. Figure (3) shows a schematic 

interpretation of this call-back method. 

 

 
Figure 3. Call-back structure during processing 

2.3. Related studies 

This section examines the concept of rework and previous research that has focused on modeling 

of construction reworking.  

In this study, field of construction management is considered from the point of view of reworking 

computational modelling and discrete-event simulation. Because, reworking in construction projects 

refers to unnecessary activities related to a process that has not been done correctly from the 

beginning [9]. The nature of reworking can be considered an activity that must be done due to non-

compliance with the requirements by completing or correcting at least one more time [14]. So far, 

many researchers have investigated the causes of reworking in the field of construction. For 

example, Fayek et al. [4] presented a precise model to the Construction Owners Association of 

Alberta (COAA) to provide a standard method for measuring and classifying construction 

reworking. It consists of five broad areas of reworking, and each of these areas includes four 

possible causes. The five broad areas are: 1) human resource capability, 2) leadership and 

communications, 3) engineering and surveillance, 4) construction planning and scheduling, and 5) 

supply of materials and equipment. Excessive overtime is often used when the project is behind 

schedule. Fayek [4] stated that this excessive overtime causes fatigue to the workers and reduces 

productivity resulting in low quality of work and so reworking. Palaneeswarn et al. [16] identified 

the lack of managerial and supervisory skills as the main factor causing rework. They showed that 

the skills of supervisors and the workforce are fundamental requirements for every construction 

project. Huang et al. [6] showed that poor leadership and communication and ineffective decision-

making lead to reworking. Low et al. [11] stated that the main factors of reworking are: poor 

leadership, strategic decisions made by senior managers or key decision-makers, processes, 

practices, and technologies for the project. Lopez et al. [10] cited a change in design as one of the 

most important factors in reworking and increasing costs. They identified the factors that cause 

design errors, such as inadequate design consultants, inefficient computer-aided automation, 

insufficient quality assurance, and poor design team integration. Josephson et al. [8] investigated the 

causes of rework in construction planning, scheduling, and the supply of materials and equipment. 

They showed that changes due to improper planning have a significant impact on the cost of 

reprocessing. They showed that non-compliance with specifications and untimely delivery of 

materials lead to reworking in the Swedish construction industry. They stated that prefabricated 

parts with the wrong dimensions and quantities are not uncommon in the construction industry and 

cause rework. They also pointed out that the unavailability of materials in the right place at the right 

time is a factor leading to rework. Simultaneous project implementation is another reason to rework. 

Mobini et al. [15] pointed out that concurrence in project implementation is one of the reasons for 
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reworking. Also, they stated that since fast delivery to the market is becoming an important issue in 

the construction industry, pre-construction processes start before the previous ones finish entirely. 

So more market share is gained, but the cost of redevelopment is imposed on the construction 

project, leading to decreased profits and productivity. 

Another factor in rework in the construction industry is customers. Huang et al. [7] identified 

reprocessing as an important challenge in construction projects. Their research focused on exploring 

customer-related rework in Singapore construction projects. To achieve this goal, they collected 

information on 381 construction projects from 51 construction companies. Out of them, 41 

companies and 226 construction projects were involved in customer-related rework. Their results 

showed that changes in raw materials and project scope from the customer will be the main factors 

in increasing rework and costs. In other words, the intervention of customer tendency in the project 

leads to rework. Recently, relevant studies have predicted delays in construction projects using 

meta-heuristic methods to identify the factors influencing project delays. For example, Zhao et al. 

[20] predicted delays in prefabricated projects using neural networks to consider the effects of risk 

on these types of projects. Overall, they aim to provide a model of delay prediction for construction 

applications, providing key information for controlling the delay effects of risk-related factors in 

construction planning. Goodarzizad et al. [21] examined the prediction of construction efficiency 

using an artificial neural network and Grass Hopper optimization algorithm. Their research aims to 

measure the construction efficiency of concrete pouring operations related to commercial-office 

complex projects in Iran. They identified 19 important factors that significantly affected 

construction efficiency and classified them into five groups: personal, managerial, economic, 

technical, and environmental. Then, a hybrid model based on an artificial neural network (ANN) 

and Grass Hopper optimization algorithm (GOA) is proposed to determine the most influential 

factors and increase the accuracy of the proposed model. Ebrahimi et al. [22] presented a novel 

approach, using hybrid feature selection (HFS), machine learning (ML), and particle swarm 

optimization (PSO) to predict and optimize construction labor productivity (CLP). HFS selects 

factors that are most predictive of CLP to reduce the complexity of CLP data. Guido et al. [23] 

studied the evaluation of the effective factors in accidents using machine learning techniques. For 

this purpose, in this research work, two machine learning algorithms including the group method of 

data handling (GMDH)-type neural network and a combination of support vector machine (SVM) 

and the grasshopper optimization algorithm (GOA) are employed for evaluating the number of 

vehicles involved in the accident based on the seven factors affecting transport safety including the 

Daylight (DL), Weekday (W), Type of accident (TA), Location (L), Speed limit (SL), Average 

speed (AS) and Annual average daily traffic (AADT) of rural roads of Cosenza in southern Italy.  

Kazerooni et al. [24] proposed a model applied to determine CLP improvement strategies for 

concrete pouring activities in building projects. This study contributes to the body of knowledge by 

providing a systematic approach for selecting appropriate CLP improvement strategies based on 

interrelationships among the factors affecting CLP and the impact of such strategies on CLP.  

According to above mentioned main contribution of the research are as follows:   

 Effect of the length of interruptions caused by rework, the frequency of rework and 

timeframe of call-backs for rework were measured and analyzed for construction 

projects.  

 A computationally approach was used to analytically model the performance of project 

construction.  

 Then, a discrete-event simulation was developed to modelling and analyzing the 

process of the construction project to be solved analytically problem. 
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3. Research method 
In this paper, we aim to investigate the effects of call-back intervals and the frequency and 

duration of rework on the performance of the whole mass-scale housing process. In this regard, the 

hybrid approach of computational modeling and discrete-event simulation has been used to 

accurately model the volume of residential buildings in Mehr housing complex in Rasht city. For 

this purpose, in the first stage, production data such as process time and available resources were 

collected from companies active in constructing Mehr Rasht residential complex. In this step, input 

analyzer tool of Arena 14.0 was applied to fit the probability distribution with the rework data. 

Because, the input analyzer automatically checks the data for all acceptable distributions and finds 

the best fit based on test statistics and minimum squared values. Then, in the second stage, 

computational modeling was employed. The Availability of Contractors (A), as the primary source 

in residential buildings, has been calculated using computational models developed by Little [9] and 

improved by Hopp and Spearman [5]. 

𝐴 =
𝑅𝐼

𝑅𝐼 + 𝐷𝑂𝑅
 

                                                                    (1) 

In equation (1), RI indicates the rework interval, and DOR indicates the duration of rework. 

Reworking leads to delayed and sequential processes. The well-known logic of work processes in 

the construction is first in first out (FIFO), and its parameters can be calculated as equations (2) to 

(5). 

𝑡𝒆 =
𝑡

𝐴
                                                                     (2) 

Q = DOR ∗ TH                                                                     (3) 

𝑄𝐷𝑅 =
1

𝑡
− 𝑇𝐻 =

1

𝑡
−
1

𝑡𝑒
                                                                     (4) 

𝑄𝐷𝑇 =
𝑄

𝑄𝐷𝑅
 

                                                                    (5) 

 

 

In the above equations, 𝑡 represents the process time, and 𝑡𝒆 represents the effective process 

time. TH is Throughput of the Process, and QDR indicates the Queue Depletion Rate, and QDT is 

Queue Depletion time. In other words, to calculate the depletion time of a process queue, it is 

sufficient to form the ratio of the queue length of that process to its depletion rate. In the Third step, 

discrete-event simulation model is built, and construction processes of a residential building is 

presented in ARENA 14 software. Then, in the Fourth step, for assess accuracy of the simulation 

model 12 experiments were performed so that three call-back time frames with different durations 

and intervals were combined. The combined use of computational modeling and discrete-event 

simulation strengthens the research reported in this paper, and then the results are compared and 

adapted. In Figure (4) shown the research methodology framework.  

The application of a combined methodology, in which both computational and simulation 

modeling are conducted, suggests a robust research approach in the field of construction 

engineering and management. Simulation has been recommended as a decision support tool (DSS) 

that is able to predict the physical behavior of the system in the long-term periods Abolghasemian et 

al [25]. In addition, comparison analysis both of simulation and computational models provides a 

measure of validation and accuracy of the built models. 
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Figure 4. Framework of the research  

4. Results 

4.1. Description of the system 

The residential buildings section was selected as the research area of this article, as this 

section usually records good documentation of construction data. Mehr residential complex in Rasht 

city is a case study of this article. Construction data was collected from a company active in the 

field of housing construction. The information received is related to a 5-storey building that 

includes 10 residential units with 100 to 120 square meters. Figure (5) presents the conceptual 

model of residential construction operations. 

Stage 2: Computational 

modelling 

Stage 3: Develop a discrete-

event simulation 

Stage 1: Data gathering 

Stage 4: Verification 

Finish 
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Figure 5. Conceptual model of residential house construction operations 

As the conceptual model shows, construction processes are modeled in an interdependent 

network of precedents and continuations. Accurate modeling was done so that the resulting model 

reflected the complex interrelationships at construction sites and workflows within the 

interconnected network of contractors. Workflow varies between different contractors. If the 

construction project goes through its normal direction, each contractor will start their work and 

delivers it to the contractor of the following process on time, without any breaks. If there is a break 

in a process, the relevant contractor will be called to correct the defect. Since contractors do not act 

independently in construction operations, the activity of the previous job must be completed to 

continue the project path. 

4.2. Development of the computational model 

Firstly, for development of the computational model is necessary define different types of 

rework. In Table 1, frequency and duration in the different types of rework are shown that are likely 

to occur in a construction project are presented by Arshpour et al. [2]. 

 

Table 1. Different types of rework 

Duration time of rework Frequency of Rework  Type of rework 

Exponential,1 Exponential,7 Very frequent - very short 

Exponential,2 Exponential,14 Frequent –short 

Exponential,3 Exponential,21 Infrequent-long 

Exponential,4 Exponential,28 Very infrequent-very long 

 

Very frequent-very short rework occurs on average once a week and disrupts the project for 

one day. Frequent-short rework occurs on average once every two weeks, interrupting the project 

for two weeks. Infrequent-long rework occurs on average once every three weeks and interrupts the 

construction project for three days, and finally, very infrequent-very long rework occurs on average 

once every four weeks and keeps the construction project suspended for four days. As mentioned 

earlier, reworking leads to delayed and sequential processes. The purpose of computational 

modeling is to calculate the production parameters in the presence of reworking with different 

intervals and periods. The building foundation process, which has a statistical distribution of 19.5 + 
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Erlang [0.792, 2], was analyzed using the principles of queue theory. Table (2) shows the results of 

computational modeling for the foundation process. 

Table 2. Computational modeling results of the foundation process 

Very infrequent-

Very long 
Infrequent-Long Frequent- Short Very frequent-Very short Parameter 

Exp,4 Exp,3 Exp,2 Exp,1 Duration of Rework 

87.5 87.5 87.5 87.5 Availability level 

0.041 0.041 0.041 0.041 
Throughput of the 

Process 

0.164 0.123 0.082 0.041 Queue length 

0.006 0.006 0.006 0.006 Queue Depletion Rate 

27.33 20.5 13.66 6.83 Queue Depletion Time 

The computational modeling results of processes prone to reworking show the effect of rework 

frequency and duration on tangible performance criteria. Although project managers have accepted 

long breaks between rework and are reluctant to have the work process suspended frequently, the 

results show that periodic and short weekly rework is better in terms of performance metrics. 

Comparison of four different frequency and duration modes for the foundation process shows that 

the working lines are shorter in the presence of very frequent and very short rework. Therefore, to 

deplete these queues, less time is spent. In other words, by decreasing the frequency and increasing 

the reworking time, we will observe a significant increase in the values of queue length and queuing 

time for construction processes. These results confirm that by reducing the changes in the workflow 

within the interconnected network of contractors, it will be possible to reduce the duration of the 

construction project. 

4.3. Developing discrete-event simulation model and designing experiments 

The conceptual model of residential construction operations was presented in Figure (4) and 

mentioned in the previous sections. The analytical solution of such a model is very complex. 

Tangible performance metrics such as; the number of completed buildings, the number of buildings 

under construction, and the average cycle time of the building cannot be calculated analytically; 

therefore, simulation modeling is required. The discrete-event simulation model of construction 

operations is designed in Arena 14 software. It is necessary to run the model for a long time to 

measure the steady-state of the system. Therefore, the construction of residential houses is 

simulated in 1500 working days, which includes four days of the warm-up period. An essential part 

of simulation studies is the validation of the simulation model because it allows the analyst to 

ensure the accurate design of the model. Validation is usually achieved by comparing the results 

obtained from the implementation of the simulation model with the actual results. Due to the lack of 

significant differences between these two series, the validity of the simulation model can be 

concluded. Figure (5) shows part of the software modeling window. According to this figure, after 

each stage of the construction process, an inspection is performed to obtain approval. If it is 

approved, the following contractor can start the work process; otherwise, the need for rework will 

be considered for the process. Simulation experiments are designed to analyze the "what-if" 

questions so that each scenario has different levels of workflow variability. 12 experiments are 
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designed by combining three call-back time frames and four items for rework frequency and 

duration. Table (3) shows the simulation results in the form of 12 experiments. The simulation 

results show that the time frame of the call-back has a significant effect on the criteria. This means 

that an early call-back for rework significantly increases the number of completed buildings. At the 

same time, it reduces the completion time and the number of houses under construction. Optimal 

form occurs when rework is a very frequent-very short type and referred to early. Experiment 9 

shows that the number of completed units is maximized, and the number of units under construction 

and completion time is minimized. On the other hand, the worst-case scenario occurs when rework 

is a very infrequent-very long type and is referred to late. Experiment 8, in which the number of 

completed units is minimized and the number of units under construction and completion time reach 

their maximum values. 

 

 

 

 

Table 3. Discrete-event simulation results 

Completion 

time 

The number of 

units under 

construction 

The number 

of completed 

units 

Rework 

duration 
Rework 

frequency 

Rework call-back 

framework 
Experiment 

No. 

418 33 49 
Very 

short 
Very frequent On- time 1 

438 36 44 Short frequent On- time 2 

451 38 42 Long infrequent On- time 3 

471 40 40 Very long 
Very 

infrequent 
On- time 4 

441 37 39 
Very 

short 
Very frequent late- time 5 

462 39 35 Short frequent late- time 6 

479 42 32 Long infrequent late- time 7 

498 44 29 Very long 
Very 

infrequent 
late- time 8 

376 27 63 
Very 

short 
Very frequent early- time 9 

379 29 60 Short frequent early- time 10 

411 31 55 Long infrequent early- time 11 

425 34 53 Very long 
Very 

infrequent 
early- time 12 
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4.4. Comparing the results of the computational model and discrete-event simulation model 

As stated in the computational modeling results, although project managers often prefer longer 

intervals between their processes, the number of queues is much less in the presence of very 

frequent-very short rework. Consequently, the depletion time is less in this type of queue. 

According to the 12-experiment discrete-event simulation model results, the number of completed 

buildings reaches its maximum when the rework is very frequent-very short under any call-back 

framework for rework (early, on-time, or late). In this case, the number of units under construction 

and completion time is minimized. It is clear that the results of the computational model and the 

discrete-event simulation model are equal and supportive of each other. 

 

(a) 

 

(b) 
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(c) 

 

 

(d) 

Figure 5. (a;b;c;d) Simulation model designed in ARENA 14.0 software 

4.5. Managerial insights and practical implications 

Previous works have demonstrated the negative impact of variability on performance metrics of 

construction projects. For this purpose, in this study quantitatively analyzed the impacts workflow 

variability on tangible performance metrics in several construction production scenarios. To this 

end, proposed a framework in four steps. In proposed framework computational and discrete-event 

simulation modeling are two basic element of the research methodology. The results obviously 
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show that construction performance and productivity are very sensitive to the interval of activity 

starts, especially when workflow is subject to variability caused by factors such as rework. 

According to the results it is suggested that project managers avoid assigning excessive levels of 

work quantities to trade contractors when the workflow is subject to variability. 

5. Conclusion 

This study focused on residential construction prone to rework. The rework factor with three 

call-back variables of duration, frequency, and time framework was studied. Quantitative analysis 

of computational model and discrete-event simulation model showed that effective construction 

criteria are directly related to rework variables. Infrequent but long reworking has a more negative 

impact rather than frequent but short reworking. Compared to different time frameworks, the worst-

case scenario occurs in late call-back because the contractor has moved its staff and resources to 

another location. The results of the computational model and the simulation model confirmed each 

other. They showed that the frequency and duration of rework along with the time framework for 

call-back are a significant combination of variables affecting the completion time and the number of 

completed units. Therefore they should be considered in construction scheduling. Main limitation of 

the research are: (1) due to the fact that the rework is done by the supervising engineers, therefore, 

in terms of the various number of engineers, pressure is applied to the owner. Also, (2) in many 

countries there are strict rules for the timing of construction projects, in which case the development 

of a general timeline framework can help amateur builders. Interesting topics to suggest future 

study for further work include as: consider more random variables in the problem and examine the 

rework factor in other areas of construction such as tunneling and road construction. 
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