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Abstract: The problem of optimal allocation of resources in limited circumstances to handle assigned
tasks has been dealt with in a wide variety of research fields. Various research methodologies have
been proposed to address uncertainties such as waiting and waste in construction projects, but they
do not take into account the complexity of construction production systems. In this study, a research
approach was proposed that simplified the construction production system into a work package to be
serviced and a work group to provide services. In addition, a conceptual 4D digital twin framework
considering the uncertainty of the construction production system was proposed. This framework
includes BIM as an information model and a queuing model as a decision-making model. Through
case projects, we have presented how this framework can be used for decision making in several
statuses. As a result of the analysis using the performance index of the queuing model, it was possible
to monitor the status of the system according to the allocation of resources. In addition, it was possible
to confirm the improvement of the performance index according to the additional arrangement of
the work group and the activity cycle of the work package. The framework presented in this study
helps to quantitatively analyze the state of the system according to the input data based on empirical
knowledge, but it has a limitation in that it cannot present an optimized resource allocation solution.
Therefore, in future research, it is necessary to consider the grafting of machine learning technology
that can provide optimal solutions by solving complex decision-making problems.

Keywords: resource allocation; BIM; queue model; digital twin

1. Introduction

Large-scale construction projects always involve uncertainty and risk. Therefore,
there is a need to quantitatively analyze the construction production system to minimize
uncertainty and risk. Through monitoring of the production process, decisions on the
allocation of resources must be made quickly. In particular, the decision making on the
allocation of human resources is a very important research issue due to the effects of the
COVID-19 pandemic crisis and a decrease in working hours due to changes in the social
environment. The input of human resources in a construction project is based on a contract
between a general contractor who manages the project and subcontractors who perform
various processes. Therefore, the optimal decision making on the allocation of human
resources has a great influence on the success or failure of the project [1]. In fact, in previous
studies, it has been revealed that the tasks performed by subcontractors, time waiting or
waste occurring between tasks, account for 32% of time lost [2]. As such, the issue of the
placement of subcontractors deserves to be addressed in the study.

The general contractor needs to quantitatively determine the amount of work to be
performed in order to manage the placement of subcontractors. Building Information
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Modeling (BIM) is defined as supporting the decision making of project participants by
providing information related to the entire life cycle of a construction project [3]. As such,
BIM, which can support collaboration by physically expressing the process and information
required by participants in the construction project, has been used as a major material in
many studies over the past decade. Since BIM is a physical representation of the building to
be built, studies were able to analyze the loss cost due to design errors through BIM-based
design verification and calculate the BIM ROI (Return on Investment) accordingly [4–6]. In
addition, studies using BIM as a tool for visualizing processes and costs have been found.
In the case of 4D simulation research, in many cases, BIM provides a method to visualize
the planned schedule and the executed schedule, or to solve a constructability problem
that occurs at a specific point in time [7,8]. In addition, 5D simulation research suggests a
framework for decision making in the financial part of a construction project [9], and there
are studies exploring the functions of 5D CAD in terms of process management [10]. BIM
provides valuable information to project managers in a unit process or decision-making
situation at a specific point in time, but it does not express the degree of uncertainty and
risk such as waiting or waste in the production system.

This study intends to propose a digital twin framework for optimal decision-making
support that can minimize subcontractor waiting or waste by the convergence of manage-
ment science methodologies that can predict probabilistically.

2. Literature Review
2.1. Subcontractors Allocation in Korean Apartment Construction Project

The Korean apartment construction project involves simultaneous input of human
resources in several residential buildings. Although the plans and elevation shapes vary be-
tween construction companies that supply apartment houses, the sequence of construction
is generalized to conventional methods such as formwork installation, rebar installation,
and concrete pouring. Therefore, the work package of formwork installation, rebar in-
stallation, and concrete pouring for one floor can be managed sequentially by repetitive
processes. Since the general contractor cannot arrange subcontractors indefinitely, the sub-
contractor allocation plan must be established based on the overall construction quantity.
However, in most cases, subcontractors’ allocation and management depend on the empiri-
cal knowledge of general contractors and subcontractors. The general contractor performs
the following decision making and analysis at the micro level. How much work (number
of buildings, number of floors) will be allocated to one workgroup in charge of installing
formwork, installing rebar, and pouring concrete in frame construction? Conversely, given
the number of residential buildings involved in the apartment construction project, how
many workgroups is appropriate? How will the performance of the team change if the
amount of work to be done per unit time increases or decreases? How much does increas-
ing the number of teams improve performance? Or is increasing the crew economical
given the wait and waste? What is the maximum number of people that can be allocated
per workgroup? The subcontractor performs the following decision making and analysis
to establish a staffing plan at a micro level. What is the minimum amount of work that
must be ordered so that the input manpower is not waiting or wasted? How many work
packages can be completed per day depending on the hourly productivity of formwork,
rebar installation, and concrete pouring? The complexity of resource allocation problems
faced by general contractors and subcontractors varies according to the characteristics of
the project. In the field, these problems have been solved based on empirical knowledge
and information. However, there may be limitations in empirical decision making because
there are a lot of variables and uncertainty that exists for each variable.

Various research methodologies have been used to solve the resource allocation prob-
lem of the construction project. Cheng and Li [11] proposed a better resource allocation
method by setting the priority of information using the analytic hierarchy process (AHP).
Zhang and Li [12] proposed the optimization of dynamic resource allocation based on sim-
ulation, and Liu et al. [13] conducted a study to optimize resource allocation in construction
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projects using genetic algorithms. Sack and Harel [14] proposed a game theory model for
subcontractor resource allocation. Sharma et al. [15] applied the simulation for resource
allocation in the hospital facility management process. In addition, Ibbs and Nguyen [16]
performed process analysis according to the effect of resource allocation. Recently, Zhong
et al. [17] proposed a quantitative analysis framework for resource allocation in uncertain
construction projects that combines a fuzzy mathematics approach. These methodologies
focus on micro-resource allocation. In order to manage project level waiting or waste, it
is necessary to manage uncertainty about the resource allocation of sub-activities. For
this, a modeling methodology that can quantitatively analyze even the uncertainty of the
production system is required. In addition, it should be possible to maintain the produc-
tion system in an optimal state by examining the parameters of the production system to
respond to various scenarios.

2.2. Simulation Methodologies Considering Uncertainty

A construction project is a production system, and results are derived according to the
input of resources. Therefore, accurate and reliable forecasting of the performance of re-
source allocation is very important to the success of the project. Such forecasting is very nec-
essary in recognizing and solving potential problems that may arise in a construction project.
However, existing project performance prediction models are fragmented by considering
the interdependence between performance variables of very different dimensions [18].

To solve this limitation, a system dynamics model was developed to simulate the com-
plexity existing between interdependent variables and predict the role over time. System
dynamics can identify the complex and dynamic factors that affect rework and project
performance so that direction can be drawn to improve construction quality and reduce
rework costs [19]. It is also used to identify causes for avoiding cost overruns and de-
lays [20,21]. In addition, this model can be utilized for the identification of major risk factors
in construction projects [22]. Macroscopically, it can be implemented to analyze the impact
of new policies and technologies on the industry [23]. Although these methodologies can
analyze the production system of a construction project at a macro level, the management
of human resources performing production requires a research approach at a microscopic
level, such as in manufacturing.

Halpin [24] developed CYCLONE (a Cyclic Operation Network) to model repetitive
work processes in construction. CYCLONE was developed to depict real-world projects
and is a management tool to measure productivity. Using a deterministic or probabilis-
tic approach, it focuses on resources, time of work, and logical relationships between
tasks [25]. Many researchers have developed methodologies and simulation systems based
on CYCLONE [26–28]. What these methodologies have in common is to derive the optimal
resource combination by adjusting the resource input through productivity prediction and
sensitivity analysis through simulation [29]. Although this method contributes to process
optimization, there is a limit to deriving an optimized decision on the allocation of human
resources at a micro level.

In this respect, workflow management (WfM) systems, which have been used since
the early 1990s, can improve the performance of business processes related to lead time,
wait time, service time, and resource utilization [30]. Among them, a queueing model
that can formulate numerical results is commonly used [31]. When the queueing model
is applied to research in the field of construction, a microscopic approach is required and
several assumptions are required. First, you need to define the units of work that must
be completed over a period of time. In addition, it is necessary to define the resources
and productivity required to perform unit tasks. For example, it is necessary to define
the work to be processed in the production line, such as the production system in the
manufacturing industry. Table 1 shows various studies that have applied the queuing
model for decision support. There are various application areas, and optimal decision
making for resource input was made through the definition of the server that provides the
service and the customer who requests the service. In the queuing model, various models
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can be applied in consideration of the uncertainty of the service capability of the server
and the uncertainty of the customer’s service request. As such, the queuing model can
be used as a decision-making model through the simplified expression of the production
system and the selection of a model considering uncertainty.

Table 1. Different types of servers and customers in the queuing model application study.

Application Area Researcher Server
(Service Provider)

Customer
(Service Request)

Health care Gillard and Knight [32] Administrative and
clinical staff Patients

Emergency
services

Kolesar et al. [33] Police patrol cars Calls for police
service

Ingolfsson et al. [34] Police patrol cars Calls for police
service

Bookbinder and Martell [35] Helicopters
(initial attack crews) Forest fires

Repair facilities Jung [36] Serviceable units
(safety stock) Failed units

Air traffic
Koopman [37] Landing service Stacked aircraft

Bookbinder [38] Landing service Stacked aircraft

Transportation
planning Partha et al. [39] Toll plaza Vehicles

Container
terminal Zhang et al. [40] Port expansion Containers

Through this approach, research using the queuing model in the construction field has
been conducted recently. Lee et al. [41] conducted a study on the optimal personnel input of
specialty contractors for the fabrication documents extraction task produced through digital
fabrication. Ham et al. [42] conducted a study on the problem of determining the optimal
number of BIM staff based on the RFI obtained through BIM-based design validation from
an economic point of view. Kim et al. [43] modeled the frame construction process to
optimize the construction period of an apartment construction project and evaluated the
expected construction period through the queueing model. As such, the queueing model
can be used as a tool to support decision making on optimal resource management by
quantitatively analyzing the state of the system according to resource allocation. Therefore,
this study proposes to present a conceptual 4D digital twin framework that can optimize
the allocation of human resources applying the queueing model.

2.3. Next Generation of BIM: Digital Twin

BIM has been recognized as a tool that can provide a wide variety of information [44],
and has been widely used to support decision making in limited areas such as design
verification, constructability review, and quantity review. According to the level of detail
(LOD) of the BIM model, it is possible to calculate very accurate information about the
planned work. However, BIM cannot provide all of the detailed information on material
cost, labor cost, and expense for all work included in the bill of quantity (BoQ). In particular,
it cannot provide information related to the human resources accompanying sub-activity
at a micro level. The information required for planning the placement of human resources
to perform the planned work often relies on the experience of the general contractor. No
matter how valuable BIM is and how much information it contains, it is only a reference
information to support good decision making. Therefore, it is necessary to present a new
framework by changing the research perspective in order to enhance the value of BIM in
the level of project management.
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The digital twin of the manufacturing industry was introduced in 2002 as a concept
that supports production planning and the control of products [45]. Digital twin frame-
works provide a more detailed and widely accepted definition in the field of research [46].
“Digital twin is an integrated multiphysics, multiscale, probabilistic simulation of a com-
plex product and uses the best available physical models, sensor updates, etc., to mirror
the life of its corresponding twin [47]”. Digital twin can describe real-world objects beyond
providing pure information, and include algorithms that support decision making about
operations in production systems based on the processed data [48–50]. Kritzinger et al. [51]
classified digital twin into three categories according to the level of data integration: digital
model, digital shadow, and digital twin. Digital representations are modeled manually,
similar to BIM, and may not be linked to real objects that exist (digital models). On the
other hand, ideally, not only can the digital representation be able to exchange real-time
data with real objects, but it can also be fully integrated (digital twin). These different levels
of digital twins are used in production planning and control [50], maintenance [52,53], and
layout planning [54] to increase productivity and efficiency in manufacturing and other
major fields.

However, the digital twin of the construction industry has not been actively discussed
yet. Sack et al. [55] conducted a study called construction using a digital twin information
system based on project status and project information and knowledge. The digital twin
construction (DTC) workflow utilizing this system focuses on data collection, state anal-
ysis of buildings and processes, and prediction, accordingly, through monitoring of the
physical twin construction site. Based on this, digital twin analyzes the production system
and requires a framework that can make various predictions. Therefore, in this study, a
conceptual 4D digital twin framework that can support decision making on the resource
allocation for schedule management is presented and verified through case analysis.

3. Research Problem Statement

A large-scale project such as a Korean apartment construction project is complex and
difficult to manage because there are many input resources and various tasks are carried
out simultaneously. In particular, the frame construction not only takes up a very large
proportion of the construction period and construction cost but also directly affects the
resource input plan for the finishing construction. Project management for framing works
is based on a contract between the general contractor and the subcontractor for the assigned
amount of work. At this time, the general contractor should establish a resource allocation
plan in consideration of the amount of work to be performed and the productivity of
the subcontractor performing the work. Private construction companies usually set the
construction period for the repeated framing of the reference floor to a 7-day cycle. Based
on the 7-day cycle, the subcontractor simultaneously allocates resources to formwork,
rebar installation, and concrete pouring to perform construction on the assigned residential
building. Table 2 shows the main activities for the 7-day cycle.

These activities are not carried out in one residential building but are carried out
simultaneously in several residential buildings. Optimized production lines in the manu-
facturing industry minimize waiting and waste through mechanization and automation.
However, in an apartment construction project, each activity is a human-centered work.
Therefore, the productivity of formwork installation, rebar installation, and concrete pour-
ing activities is inevitably uncertain due to inhomogeneous resources. The shape of the
residential building, the composition of household types, the presence or absence of piloti,
and the rooftop floor make the productivity of the traditional construction method lower.
In addition, non-working days due to external factors can be said to be the uncertainty
of a construction project in which all planned work must be completed within a limited
construction period. It is very difficult to realistically model and monitor apartment con-
struction projects that contain these uncertainties. Therefore, it is necessary to solve the
problems faced by apartment construction projects through a new research approach.
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Table 2. 7-day activity cycle description for 1 reference floor in Korean apartment construction project.

D + Day Activity Activity Name Start Finish Time
(Day) Supervise

D + 1
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4. Conceptual 4D Digital Twin Framework
4.1. Research Approach

As discussed above, various research methodologies have limitations due to the
uncertainty of construction projects. Therefore, it is necessary to consider the fundamental
characteristics of the production system of a construction project through a new research
approach. The method proposed in this study is not a complex modeling method but a
simplified modeling method reflecting uncertainty. In order to solve the resource allocation
problem, existing studies have focused on allocating limited resources to locations requiring
physical work. In this case, when the size of the project increases and the types of resources
to be allocated are diversified, the problem to be solved is rather complicated. In the case
of the CYCLONE method reviewed above, it accurately depicts the actual project, but there
is a limit in supporting the decision making of resource input to minimize waiting or waste
at a micro level. In other words, the model is complex, and data collection and analysis are
difficult, so it is not practical.

As discussed earlier, the functions of the digital twin include monitoring the construc-
tion site, analyzing the condition of the construction process, and supporting decision
making, accordingly. To support these functions, we intend to apply a queue model. As
confirmed through previous studies, no matter how complex a production system is, it can
be expressed and analyzed as a queue model if the definition of the project work, the object
requesting the service for the work, and the object performing the service are clear. In this
study, as shown in Figure 1, the production system for the queue model is simplified with
the customer requesting the service and the server performing the service.

The services requested by the general contractor can be broadly divided into formwork,
rebar work, and concrete work, but, as analyzed in Table 2, it includes all the work
included in the 7-day activity cycle. These works contain uncertainty due to the external
environment. In addition, the total work package to be serviced is processed with an
average 7-day activity cycle, but it includes uncertainty that it will not be treated as a 7-day
activity cycle due to several factors. In addition, there is uncertainty that waiting or waste
may occur depending on the input plan of the subcontractor’s work group that provides
the service, the number of manpower input for individual work, and daily productivity.
This study intends to present a conceptual 4D digital twin framework to which a queuing
model is applied through this research approach. Even if a complex production factor
is expressed simply to analyze the state of the production system, the uncertain nature
of the construction project does not change. Factors affecting the construction period of
apartment frame construction include design, labor, materials and equipment, subcontracts,
weather, planning, and execution of work [56]. These factors can cause various types of
uncertainty due to the influence of the applied construction method, materials used, human
resources, and weather, etc. These uncertainties delay work, delay the start of subsequent
tasks, and cause process interference [57]. According to the study results of McTague and
Jergeas [2], 35% of the time wasted is due to waiting or work delay, and 28% is due to
delays in preparation time such as transporting materials and ordering work. Therefore, it
can be seen that the actual working time is less than 50%. Even in the case of formwork,
which occupies the most weight in frame construction, the actual work time is about 50%
of the total work time, and the remaining 50% consists of time spent looking for materials,
idle time, socializing, and moving, etc. [58]. The total work package to be serviced is
processed with an average 7-day activity cycle, but it includes uncertainty that it will not be
treated as a 7-day activity cycle due to several factors. In addition, there is uncertainty that
waiting or waste may occur depending on the input plan of the subcontractor’s work group
that provides the service, the number of manpower input for individual work, and daily
productivity. Therefore, a modeling method that takes these uncertainties into account
should be considered.
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The probabilistic method has mainly been used as a modeling method considering
the uncertainty factors inherent in the construction project. This methodology has been
used to optimize the construction period by using weather information or to optimize the
human resources put into the work. Jung [59] developed a model that can predict how
long the construction period will be delayed depending on weather conditions such as
temperature, wind speed, and precipitation. Lee [60] developed a model that can predict
the construction period based on the total number of floors in the frame construction
and on the meteorological conditions and expert opinions of the area where the project is
being carried out. Leu [61] suggested a way to integrate the existing concepts of time–cost
tradeoff and resource allocation. However, this method has limitations in being applied
to simultaneous projects such as apartment frame construction. In addition, Petruseva
et al. [62] presented a learning algorithm by analyzing contract and price data of 75 projects
using a support vector machine (SVM) to improve the accuracy of the planned construction
period. Golizadeh et al. [63] presented a model that can estimate the working period using
an artificial neural network (ANN) focusing on structural elements of frame construction.
However, it is difficult to support the improvement of detailed processes using these
methodologies based on machine learning.

From this point of view, construction projects with various uncertainties should
consider lead time, wait time, service time, and resource utilization based on workflow
management (WfM) systems, as analyzed in previous studies [30]. In order to analyze
the time related to the performance of the WfM system, as seen in previous studies, the
queue model has been applied in various fields (Table 1). This study intends to present a
conceptual 4D digital twin framework through this research approach and the selection of
a queuing model.

4.2. Conceptual 4D Digital Twin Framework

As seen through theoretical considerations, the main function of 4D is focused on
visualization that links the BIM model and schedule data. In addition, the problem of
linking the object breakdown structure (OBS) of the BIM model with the work breakdown
structure (WBS) and cost breakdown structure (CBS) of the construction project is obscured
by complexity and cannot support decision making.

The theoretical 4D digital twin framework proposed in this study conceptually com-
bines the BIM-based bill of quantity (BoQ) as a quantitative information model and a
queuing model as a probabilistic decision-making model (Figure 2). As suggested in the
previous section, this study divided the complex construction production system into
service providers providing services and customers receiving services. In this process,
resource allocation is made based on the empirical knowledge of the general contractor and
subcontractor. The queuing system of the apartment construction project can be expressed
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as a work group (WG) that provides a service and a work package (WP) that waits to
receive the service, as shown in Figure 2. Depending on how resources are allocated, the
service status of the queuing system changes. The general contractor monitors the status of
the system through the performance indexes of the queuing system. If the performance is
different from the plan, the allocation of subcontractors can be adjusted at the micro level
or the construction plan can be changed at the macro level.
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The conceptual 4D digital twin framework proposed in this study has the following
advantages in terms of schedule management. First, information on the exact amount
of work can be utilized through the BIM model, while the integrity of the design is
secured through BIM-based design verification before the establishment of the construction
plan. According to the level of detail (LOD) of the BIM model, it is possible to obtain an
accurate quantity of work in the microscopic dimension. Figure 3 shows the BIM model
for (a) formwork, (b) rebar work, and (c) concrete work. In the conceptual 4D digital
twin framework, the BIM model can provide detailed quantitative data for a unit work
package [64]. That is, it is possible to accurately analyze the amount of work to be processed
rather than simply grasping the speed of the schedule. However, since this study focuses
on decision making on resource allocation when waiting or waste occurs in the waiting
system of an apartment construction project, data collection and analysis related to BIM
were excluded from the scope of the study. Second, the proposed conceptual 4D digital twin
framework can be applied in each construction stage. That is, in the preconstruction stage,
resource allocation can be established through previous empirical performance data, and
the state of the system can be monitored accordingly. In the construction phase, progress
can be effectively managed through data of planned and executed works. In other words,
it is possible to make decisions about the real-time adjustment of the construction plan and
allocation of subcontractors through a state analysis of the system. When the project is
completed, it can be used in the decision making of a new project by creating a database
of resource allocation adjustment history for planned and executed works. Third, while
previous schedule management is centered on buildings corresponding to the critical path,
this framework can quantitatively monitor the construction progress of multiple buildings
included in one project. This is because the complex construction production system has
been simplified into a work package, which is a unit work to be serviced and a work group
that provides services.
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5. Case Study
5.1. Project Description

Through the conceptual 4D digital twin framework, two apartment construction
projects, as shown in Figure 4, were selected to analyze the research problems raised in the
theoretical consideration and problem statement section, and to support decision making.
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The differences between project 1 and project 2 as a project carried out by the same
construction company are as follows. First of all, the region where the project takes place is
different. In this case, the supply and demand conditions for craftsmen who carry out the
construction are different. As a result, a difference may occur in the productivity (e.g., mean
service rate) of the server that processes the job. However, in general, general contractors
use the 7-day activity cycle as the basis for calculating the period of ground floor framing at
the project level. When a delay occurs after a project is started, a large number of personnel
are temporarily put in based on an empirical judgment to make up for the progress. This
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management method has the problem of being a temporary measure. Next, the size of the
project is different. In the case of Project 1, there are a total of 577 households: 59 m2 (A
type), 59 m2 (B type), 59 m2 (C type), 84 m2 (A type), 84 m2 (B type), and 123 m2. Project
2 consists of a total of 1210 households, including 67 m2, 84 m2 (A type), 84 m2 (B type),
84 m2 (C type), and 115 m2. In this case, Table 3 shows the classification of customers to be
worked by the service provider according to the work package (WP) criteria presented in
this study.

Table 3. Work package data (arrivals of service requests) for project cases.

Classification Project Case 1 Project Case 2

No. of residential building 8 (19F–21F) 12 (19F–36F)

Work package (WP)

No. of floors
including piloti 10 4

No. of floors that
need correction of

gang form
8 4

No. of repeated
reference floors 138 360

No. of rooftop floors 8 12

Total 164 380

Frame construction period of ground floor 311 days 450 days

Planned first floor average construction period 24 days 26 days

Since the residential building is a physically different space, it is not possible to
simultaneously put manpower for the same work. That is, only after the preceding work of
one work package is finished, can the manpower performing the work for the next process
come in and work. Personnel who have completed the preceding task are assigned to
the next task waiting for their turn to perform the task. However, if there are multiple
physical spaces that need to be processed simultaneously, one work group can be arranged
in multiple physical spaces at the same time.

As discussed above, the time to complete the work for one work package varies greatly
depending on the generation composition of the work package and whether the gang form
is used repeatedly. This is because the floor containing piloti or the rooftop floor has to use
the existing Euroform, which makes the work more manpower-oriented, thus extending
the construction period. In particular, in the case of projects with multiple residential
buildings, such as the case projects, if the input plan for the work group is wrong, serious
waiting or waste may occur. When the uncertainty inherent in the construction project
in terms of project management creates synergy with the uncertainty of these individual
projects, the general contractor can suffer serious economic losses.

5.2. Data Collection and Classification

The status of the queuing system can be determined by the number of customers in
the queuing system. However, when a queuing system has recently started running, the
state of the system (the number of customers in the system) is greatly affected by the initial
state of the system and the elapsed time. Such a system is said to be in a transient state.
However, after sufficient time has elapsed, the state of the system becomes independent
of the initial state and the elapsed time. At this point, the system is said to have reached
a steady state. The stationary distribution of the state of the system becomes constant
regardless of the passage of time. Queue theory has mainly focused on the steady state
because it is difficult to analyze the transient state. The following performance evaluation
indexes (1)–(5) assume a stable state.
Pn = Probability o f having n customers in the system (1)
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L = Average number o f WPs in the system, including customers in service (2)
Lq = Average number o f WPs excluding service customers (3)
W = Waiting time within the system f or each WP (4)
Wq = Waiting time in queue f or each WP (5)

Therefore, in order to utilize the conceptual 4D digital twin framework proposed
in this study, it is necessary to collect the work package data waiting for the service and
the productivity data of the work group that provides the service, as shown in Table 2.
System state analysis using the queue model includes several assumptions. When λn is
constant for all n customers (work package), simply denote λ. If the service rate of all
servers serving one or more customers is a constant, it is expressed as µ. In this case, if
the number of customers (n) is equal to or greater than the number of servers (s) and all
s servers are in service, µn is sµ. In this state, 1/λ is the interarrival time, and 1/µ is the
average service time. Additionally, ρ is calculated as λ/sµ as the server utilization rate. It
represents the average percentage of time that individual servers are busy. This is because
ρ represents the ratio of service capacity (sµ) available to customers (λ) arriving on average.
Table 4 shows the number of residential buildings assigned to one work group and the
mean service rate (µ) according to the activity cycle. A person who makes decisions about
resource input would want individual servers to be working all the time without waiting
or wastage.

Table 4. Mean service rate according to work assignment for one work group and activity cycle.

Activity
Cycle

4 Residential Buildings/Work
Group (WG)

5 Residential Buildings/Work
Group (WG)

6 Residential Buildings/Work
Group (WG)

Work
Package

(WP)

Duration
(Days)

Mean
Service
Rate (µ)

Work
Package

(WP)

Duration
(Days)

Mean
Service
Rate (µ)

Work
Package

(WP)

Duration
(Days)

Mean
Service
Rate (µ)

6 day 13 24 0.5417 16 24 0.6667 19 24 0.7917

7 day 13 28 0.4643 16 28 0.5714 19 28 0.6786

As such, there are many situations to consider in the decision-making problem of
resource input, even if the system is simply expressed. Even if the amount of work is
distributed and the activity cycle is determined, the status of resource input should be
continuously monitored in consideration of the overall process progress. In addition, if the
number of work groups cannot be increased, there should be guidelines for the maximum
number of input personnel that can handle a unit task in order to minimize waiting or
waste of work packages being worked on at the same time or in one activity cycle. The case
projects included 8 and 12 residential buildings, respectively, and the actual construction
progress was operated through two work groups with formwork, rebar work, and concrete
work as one work package. However, the site resource input plan is expressed in Table 5.
For flexible operation, there is a guide on the number of manpower to be put into each
work group. However, since the productivity of the actual inputted manpower is different,
the problem of how much manpower must be put in to complete the work for one work
package contains a lot of uncertainty. In addition to the one work group in charge of one
work package, the stairs team and the gang form team were operated separately. This is an
area that depends on the construction contract. That is, formwork, rebar work, and concrete
work can be managed through a contract with one company. However, at the actual site,
contracts for rebar and formwork, ready-mixed concrete pouring work, rebar shop drawing,
tower crane, and aluminum form and gang form work were made individually. In this
case, the complexity of project resource allocation increases.
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Table 5. Allocation of work groups at case projects.

Classification

Formwork Rebar Work Concrete Work
NoteTeam

Composition
No. of
Labor

Team
Composition

No. of
Labor

Team
Composition

No. of
Labor

Ground
Floor

A Zone 1 work group 15–20
people

2 work group

Flexible
operation
according

to site
conditions

1 work group

7 people
per work

group
required
for one

concrete
pouring

Formwork
labor

(42–56
people)

B Zone 1 work group 15–20
people

Stair
work 1 work group 8–10 people

Gang
form
work

1 work group 4–8 people

The 4D digital twin framework proposed in this study simplifies such a complex
system and can be utilized for decision making considering productivity data and the
amount of work to be processed through the queueing model included in the framework.

5.3. Evaluation of Resource Allocation
5.3.1. M/M/s Queueing Model

In the queuing system of the apartment construction project, the customer is the
work package. The time between customer arrivals is called the interarrival time in the
queuing system. Predicting when a customer work package will arrive in a queuing
system is highly uncertain because, as previously analyzed, due to the characteristics of
the apartment construction project, the work on the preceding work package may take
very long or very short compared to the 7-day activity cycle. However, if sufficient data on
customers arriving at the queuing system can be obtained, the average number of arriving
customers (e.g., work package) per unit time (e.g., construction period) can be estimated.
This is called the mean arrival rate and is denoted by the Greek letter λ. It is also possible
to estimate a probability distribution for the interarrival time. The mean of this probability
distribution can be obtained from the mean arrival rate (λ). Because λ is the average arrival
rate of customers arriving at the queuing system, the average of the probability distribution
over the interarrival time is 1/λ. Most queuing models assume an exponential distribution
as the probability distribution of interarrival time [65].

In most queue systems, customers arrive randomly. The exponential distribution is
the only probability distribution that adequately describes the random arrival property,
which is called a Markovian property. In a basic queuing system, each customer is served
individually on one server. A system with two or more servers is called a multi-server
queuing system. In the case of an apartment construction project, the service provider
(work group) may be a single server or may be multiple servers, depending on the number
of work packages to be processed. The time from the moment a customer starts receiving
a service to the moment the service is completed is called the service time. The service
time is generally different for each customer. In the case of the ground floor framing of the
apartment construction project, it takes much more time than the 7-day activity cycle in the
case of the lower floors where gang forms are installed, the lower floors that require piloti
correction, and the rooftop floors. However, the basic queuing model assumes that the
service time has a certain probability distribution regardless of the server. The symbol used
to represent the average of the probability distribution of service time is 1/µ. µ represents
the average number of customers that one server can serve per unit time, assuming that
the server runs without interruption. This is called the mean service rate (µ).

There are various models to analyze the queueing system, but in this study, a multiple
server queueing model (M/M/s) was used. The first symbol (M) is the probability distri-
bution for the interarrival time, and the second symbol (M) is the probability distribution
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for the service time. M represents an exponential distribution with Markovian property. In
addition, a multiple server queueing model was used because it was necessary to analyze
the performance when multiple work groups were input. This model has the following
assumptions.

• The server utilization rate ρ is defined as λ/sµ.
• The queueing system is infinite.
• The queueing rule is FCFS (First Come, First Served).

The performance of a multiple server queuing model can be analyzed through two
factors. One is to analyze how many customers are usually waiting in a queuing system.
The other is to analyze the waiting time and the probability of waiting time for how long
a customer usually has to wait to receive a service. These factors are usually expressed
as average values. The basic equations for deriving L, Lq, W, and Wq in a multiple server
queueing model are shown as Equations (1)–(5).

P0 =
1

∑s−1
n=0

(λ/µ)n

n! + (λ/µ)s

s!

(
1

1−λ/sµ

) (1)

Lq =
P0(λ/µ)sρ

s!(1− ρ)2 =
P0λs+1

(s− 1)!µs−1(sµ− λ)2 (2)

Wq = Lq/λ (3)

W = Wq +
1
µ

(4)

L = λW (λ : mean arrival rate) (5)

The most important equation for calculating the basic performance indexes in the
queueing model is Little’s formula, which demonstrates the direct relationship between
L and W, as shown in Equation (5) [66], and which also holds for Lq and Wq. If any
of L, Lq, W, and Wq are analyzed, the remaining performance indexes can be obtained
immediately, thus allowing analysis of the queueing system’s basic status. In addition
to the basic performance index, a queueing model enables a probability analysis of the
queueing system’s states, including the number of customers and the waiting time. If
the server utilization rate ρ of the work group is high, the system state could deteriorate,
incurring a waiting cost. Pn represents the stable state probability that there are n customers
in the system. For example, if the goal is to have no more than three customers in the
system for more than 95% of the time, P0 + P1 + P2 + P3 should be greater than or equal to
0.95. Equations (6) and (7) can be used to obtain Pn.

Pn = CnP0 (6)

Cn =
λn−1λn−2 . . . λ0

µnµn−1 . . . µ1
=


(

λ
µ

)n

n! n = 1, 2, . . . , s(
λ
µ

)n

s!sn−s n = s + 1, S + 2, . . .
(7)

The probability of a customer’s waiting time t can be expressed as follows. Equation (8)
represents the probability that a customer’s waiting time in the queueing system is longer
than t, and Equation (9) represents the probability that the waiting time in the queue is
longer than t.

P(W > t) = e−µt

[
1 +

P0(λ/µ)s

s!(1− ρ)

(
1− e−µt(s−1−λ/µ)

s− 1− λ/µ

)]
(8)

P
(
Wq > t

)
=

(
1−

s−1

∑
n=0

Pn

)
e−sµ(1−ρ)t (9)



Sustainability 2021, 13, 11784 15 of 21

Through the data analysis of the case projects in this study, a system state analysis as
shown in Table 6 was assumed. Projects 1 and 2 simplify the input of actual case projects.
Project 2’ is used to analyze the system state when the plan for case project 2 is operated as
three work groups instead of two work groups that are the actual data. The total number
of work packages to be processed during the construction period was calculated using the
sum of the total number of floors of all residential buildings in each project.

Table 6. System state analysis using M/M/s queue model.

Classification Project 1 Project 2 Project 2’

No. of residential buildings 8 12 12

No. of work groups 2 2 3

No. of residential buildings/work group 4 6 4

Total work package 164 380 380

Frame construction period of ground floor 311 450 450

The reason for the analysis of Project 2′ is to find out how improving service produc-
tivity by allocating additional resources to limited tasks reduces waiting for tasks. In this
case, it is possible to improve the limitation of the resource allocation method proposed
by Leu [61], which is applied only to a single building project. In the case of this study, it
is possible to analyze the state of a more complex system because the number of floors of
several buildings constructed in one project is set as the customer. In addition, it can be
used for time–cost tradeoff analysis according to resource allocation. Through the queue
model, it is possible to quantitatively analyze the number of customers (L, Lq) waiting in
the system. These indicators (L, Lq) for the number of waiting customers can be reduced
to waiting costs [42]. If the waiting cost is greater than the cost of additional input of the
resource, the cost for finding the optimal point of the resource is also required. However,
in this study, the analysis to find the optimal point between the waiting cost and the input
cost of the server was excluded due to the difficulty of data collection.

5.3.2. Performance Evaluation Index of Queueing System Status

It is possible to quantitatively analyze the status of the queue system according to
resource allocation through L, Lq, W, and Wq, which are the basic performance indicators
of the queueing model, and the utilization rate of the server. Table 7 shows only some of
the analysis results that can be suggested through this study. In project 1, one work group
was assigned to work in four residential buildings, and in project 2, one work group was
assigned to work in six residential buildings. Through the analysis examples presented in
Table 6, the following analysis results can be derived. If the resource allocation of one work
group to project 1 and 2 is the same, the index of the work group assigned to the work of
six residential buildings will be relatively low. First of all, comparing the indicators when
one activity cycle of project 1 and project 2 is analyzed as 7 days, the values of L and Lq are
higher in Project 2 than in Project 1. However, it can be found that W and Wq values are
lower in Project 2 than in Project 1. This is because Project 2 has a higher server utilization
rate (ρ = λ/sµ) than Project 1 at 0.6222. In other words, it means that the input resources are
used more than Project 1 for customer service processing.
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Table 7. Performance analysis indices for apartment frame construction periods.

Classification Project 1 Project 2 Project 2’

Monitoring of
System Status Real Virtual Real Virtual Virtual Virtual

1 activity cycle
duration of

work package
7 days 6 days 7 days 6 days 7 days 6 days

Mean arrival
rate (λ) 0.5273 0.5273 0.8444 0.8444 0.8444 0.8444

Mean service
rate (µ) 0.4643 0.5417 0.6786 0.7917 0.6786 0.7917

No. of server 2 2 2 2 3 3

L (No. of WP in
queueing
system)

1.6764 1.2757 2.0304 1.4906 1.3534 1.1253

Lq (No. of WP
in queue) 0.5406 0.3022 0.7860 0.4239 0.1090 0.0587

W (Waiting
time in

queueing
system, days)

3.1789 2.4192 2.4045 1.7651 1.6027 1.3326

Wq (Waiting
time in queue,

days)
1.0252 0.5731 0.9308 0.5020 0.1291 0.0695

Server
utilization rate

(ρ = λ/sµ)
0.5679 0.4867 0.6222 0.5333 0.4148 0.3555

In addition, the indicator when one activity cycle, which includes waiting and waste, is
reduced from 7 days to 6 days can also be analyzed. It can be seen that L (1.6764→1.2757), Lq
(0.5406→0.3022), W (3.1789→2.4192), and Wq (1.0252→0.5731) of project 1, the main indica-
tors of the queue system, are improved. For project 2, it can be seen that L (2.0304→1.4906),
Lq (0.7860→0.4239), W (2.4045→1.7651), and Wq (0.9308→0.5020) are improved. As such,
the queue model provides quantitative analysis results on the current operating state of
the system and results for resource input improvement. With these forecasts, the construc-
tion project manager can simplify the problem by how many additional people would
need to be added to each task to reduce one activity cycle from 7 days to 6 days. This is
because, in most projects, the amount of work and the period to be processed are fixed.
Therefore, it is possible to monitor the system status according to the improvement of the
µ index indicating service productivity rather than the λ variable indicating the arrival
of customers in the queueing model. In this dimension, BIM included in the 4D digital
twin framework can provide quantitative information about one work package. In other
words, in order to determine how much work is delayed, you can utilize the amount
of form work, rebar work, and concrete work, etc., per one work package as a unit. In
addition, when the quantity for the unit work is calculated, the number of workers may
be determined in consideration of the productivity of the unit work. This enables flexible
work group arrangement and resource allocation considering the maximum capacity of
one work group.

In addition, Project 2’ can be directly compared to project 2. In the case of project
2, one work group was in charge of six residential buildings, whereas in Project 2’, one
work group was in charge of four residential buildings, and one work group was added to
handle the total amount of work. In this case, Project 2’ shows an improved performance
index compared to project 2. However, in Project 2’, an economic problem arises due to
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the additional input of one work group. This problem requires time–cost tradeoff analysis
according to resource allocation. In the conceptual 4D digital twin framework proposed
in this study, the number of customers waiting in the system (L, Lq) can be utilized to
calculate the waiting cost. Conversely, the cost of adding one work group is a server cost
and requires data from the actual project. It is beyond the scope of this study to find the
optimal number of work groups that can minimize the total cost of waiting cost and server
cost. Ham et al. [42] used the multiple server queue model used in this study for the
purpose of determining the optimal number of BIM staff supporting BIM RFI. However,
since one work group, the server unit of this study, includes all human resources for each
type of work, there is a limit to economic analysis. Therefore, it was excluded from the
scope of this study. Economic analysis research needs to be conducted in the future by
collecting detailed construction quantity data, and productivity and labor cost data, etc.

In the case of apartment construction, the number of work packages to be processed
in one project and the construction period are constants. Therefore, the performance of
the project can be determined depending on how the subcontractors are allocated, that
is, how the work groups are arranged. In this dimension, the conceptual 4D digital twin
framework of this study provides a basis for further systematizing empirical knowledge.

5.3.3. Probability Analysis of the Number of Work Package(WP)s in the Queueing System

In addition to basic performance indicators, the way to determine the status of the
queue system is to analyze the probability of how many customers are waiting to be served
in the system. Table 8 shows the probability that a customer work package will have to
wait more than one day in the queuing system of the proposed framework according to
the amount of work allocated to the work group and the duration of one activity cycle.
Even in this case, it is possible to confirm the improvement of the system state according
to the input of additional resources. When one activity cycle is 6 days, the probability of
having to wait for a subsequent work package to receive service is improved. As such, it
is possible to check how much system status monitoring and decision making based on
empirical knowledge improve the system through the 4D digital twin framework.

Table 8. Probability analysis of the number of Work package(WP)s.

Classification Project 1 Project 2 Project 2’

Monitoring of System Status Real Virtual Real Virtual Virtual Virtual

1 activity cycle duration of work
package 7days 6days 7days 6days 7days 6days

P(cW > 1), 0.7525 0.6815 0.6861 0.5897 0.5488 0.4801

P(cWq > 1), 0.2754 0.1828 0.2858 0.1772 0.0467 0.0230

6. Practical Implications and Discussion

Based on the results of this study, some practical implications are presented as follows.
First, a research approach considering the uncertainty of the construction project was
proposed. Through a manufacturing-based research approach, the production system of
complex apartment construction was simplified into work packages and work groups
that provide services to customers to be serviced. Second, a conceptual 4D digital twin
framework that can overcome the limitations of BIM was proposed through a simplified
research approach and queue theory in management science. BIM is a physical model
that provides quantitative information about the work to be processed, and the queuing
model is a decision support model that can monitor the system status according to various
statuses based on empirical knowledge.

In addition to framing the ground floor using traditional construction methods, this
framework can be utilized for monitoring the progress of constructions with high com-
plexity and uncertainty, such as large-scale earthworks, foundation construction, basement
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framing construction, and ground floor finishing construction and supporting optimal re-
source input. In particular, in the case of final finishing construction, the same specification
may not be applied, even if the same floor plan is a similar generation, depending on the
needs of future owners. In this queuing model, the customer can be defined as a work
package that includes various closing specifications for one generation, and, accordingly,
the complexity of and uncertainty about the time of service that the service provider must
provide may increase.

Lastly, the conceptual 4D digital twin framework proposed by fusion of the schedule
and resource allocation-targeted BIM and queuing model can be extended to a 5D digital
twin framework considering quantity and cost Although complexity increases when CBS
is linked in addition to OBS and WBS, a new cost–schedule integrated management model
can be proposed through convergence with traditional project management methods.

7. Conclusions

This study raises research questions about the uncertainties caused by waiting and
waste in apartment construction projects through theoretical considerations and actual
project investigations. To solve this problem, the queueing model was used as a research
approach to simplify the complex construction production system. The queueing model
is used for monitoring the condition of production systems in manufacturing and opti-
mizing layout plans. In this study, a conceptual 4D digital twin framework was proposed
to manage the apartment construction process using this model. The characteristics of
this framework provide the reality of digital twin that can be used for research in the
construction field by grafting queueing theory to raise the value of BIM as an information
model. In particular, several statuses were analyzed through the conceptual 4D digital
twin framework using actual data on the management standards of subcontractors used
in apartment construction projects. As a result of the analysis, it was difficult to control
the total amount of work during the construction period, so it was necessary to improve
the way work was handled. That is, the service provider needs to establish a process plan
and optimally allocate resources to handle the assigned tasks. In this regard, this study
proposed a framework capable of process planning and management, resource allocation,
and system status monitoring.

Despite the practical usefulness derived from this study, the limitations of the study are
summarized as follows. This framework does not solve all the empirical decision making
in the field, which is the research problem that was initially raised. The queue model that
supports decision making in this framework helps to quantitatively analyze the state of
the system according to the input data based on empirical knowledge. However, it cannot
provide an optimized resource allocation solution because it is learned by accumulated
experience. Therefore, in future research, a research methodology that can support optimal
decision making is needed by considering quantitative information on the quantity of
one work package, productivity data for unit work, and an economic feasibility review
for one work group input. In order to solve such complex decision-making problems,
the application of machine learning technology, which is emerging recently, should be
considered. In addition, in terms of the expansion of the knowledge area, it is also necessary
to expand the physical construction site, such as in the finishing work.
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