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ABSTRACT

The concurrent execution of preliminary design and construction drawing
design under the Engineering Procurement Construction (EPC) mode
is an important method to achieve efficient connection in technology
and deep integration in management between them, but it also faces the
risk of multiple rework and information transmission caused by repeated
iterative coupling and frequent information interaction. This issue leads to
inefficiencies and increases project risk, particularly in managing interde-
pendencies and mitigating rework. Unlike previous studies, this research
focuses on optimizing the interaction strategies to minimize these risks
and improve overall project performance in EPC projects. In view of this,
on the basis of planning and quantifying the parallel execution process
of preliminary design and construction drawing design, and construct-
ing the corresponding change probability function (which is a model
that predicts the likelihood of design information changes), this study
introduces a novel analytical framework for predicting the likelihood of
information changes and calculating their impact on task durations. A
parallel execution duration decision-making model for solving the opti-
mal information interaction strategy (the method of managing communi-
cation and decision-making to reduce delays and rework) is constructed.
This model offers new decision guidelines to minimize rework and reduce
delays in design tasks. Subsequently, through the numerical derivation
and analysis of the change probability function, seven propositions about
the interaction strategy are proposed. Through the numerical solution
and analysis of the parallel execution duration model, six propositions
about the interaction strategy are proposed. These propositions contribute
to theory by offering a model that quantifies rework and information
transfer in concurrent execution, and to practice by providing actionable
insights for improving EPC project management. The results provide
methodological countermeasures for discussing the interaction strategy
of preliminary design and construction drawing design in the concurrent
execution process from the perspective of quantitative analysis, and also
provide directional suggestions for the application method of concurrent
engineering concept in EPC mode.
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1 Introduction

In terms of the tendering intervention time for EPC projects, the owner can base their decision
on the project’s characteristics and choose to award the contract after the completion of the feasibility
study, scheme design, or preliminary design [1]. When the contract is awarded after the completion
of the feasibility study but before the approval of the scheme design, there may be disputes over
price adjustments or risk allocation for contract performance due to the inability to clearly define
construction scale, construction standards, and investment limits under a fixed total price scenario
[2]. When the contract is awarded after the preliminary design is completed, how can the construction
drawing design be seamlessly connected with the preliminary design? How to effectively ensure the
quality of construction drawing design documents? How to give full play to the architect’s leading
role and implement the architect responsibility system in the whole life cycle of the project? Therefore,
awarding the contract after the completion of scheme design not only facilitates cost control and risk
allocation under a fixed total price scenario, but more importantly, it enables the seamless integration
of management for preliminary design and construction drawing design that are technically related,
and maximizes the leading role of design in EPC mode [3].

However, during the project execution, despite the decision to award the contract after the
completion of the scheme design, there are still disconnects in management and technical conflicts
between preliminary design and construction drawing design, which lead to large-scale changes
and large-scale rework behaviors between them [4]. The reason is that the serial execution method
under the traditional design-bid-build (DBB) mode is still continued, and the concurrent execution
method is not adopted according to the characteristics of the integration of the design process
under the EPC mode [5]. Concurrent execution applies the core idea of concurrent engineering,
emphasizing the maximum overlap of upstream and downstream stages without breaking the logic
sequence [6,7]. This overlapping method can realize the transformation of large-scale change and
high-cost rework in the traditional serial execution mode into small-scale change and low-cost rework
through multiple information interaction behaviors between upstream and downstream stages [8,9].
Therefore, exploring how to apply the concept of concurrent engineering to the preliminary design and
construction drawing design stages plays a pivotal role in achieving integration in the design stage.

Research Focus and Problem Statement:

While previous studies have addressed various aspects of concurrent execution in design-build
phases, the optimization of interaction strategies to minimize rework and enhance overall project
performance remains underexplored. While both our study and the referenced study address the
challenge of managing concurrent execution between design and construction phases, our research
specifically targets the optimization of interaction strategies to minimize rework and enhance project
performance in EPC mode. Unlike the referenced study, which primarily focuses on the general
optimization of concurrent execution, our work introduces a probabilistic framework to model the
likelihood of information changes during concurrent execution. This approach enables more precise
decision-making, reducing inefficiencies and mitigating project risks associated with task rework and
information transmission.

2 Symbols and Definitions

Calculations involving logarithms in this work are done in the natural logarithm (base e).
Logarithmic quantities (like entropy values) are made non-zero and normalized to lie between 0 and
1 to make them consistent across models and calculations. In the case of entropy, this implies that
the values are normalized in such a manner that the highest value of the entropy (when the system is
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perfectly disordered) is 1, and the lowest value of the entropy (when there is no uncertainty) is 0, as in

Table 1.
Table 1: List of symbols, definitions, and units
Symbol Term Definition Unit Allowed Origin of
interval estimate
iPD Preliminary The first phase of the design Dimensionless N/A Assumed
Design process, focusing on from model
Task high-level concepts and
overall project planning.
iCD Construction The second phase of the Dimensionless N/A Assumed
Drawing design, which involves from model
Task detailed technical drawings
and specifications.
TE Transfer A measure of how quickly Dimensionless Otol Estimated
Efficiency and accurately information is Otol) from model
passed between tasks. Higher
efficiency means faster and
clearer transfer.
70 Transfer A measure of how accurate Dimensionless Otol Based on
Quality the information is when it is Otol) entropy
transferred. Higher values model
mean more accurate
information.
LE Learning The improvement in task Dimensionless Otol Assumed
Effect performance (speed or (0to 1) from
accuracy) over time due to literature
experience gained from prior
tasks.
wrC Workload The proportion of rework Dimensionless Otol Estimated
Transfer caused by changes in the Oto 1) from model
Coefficient design information. A higher
value means more work is
needed to correct errors.
cC Coordination The ability of the design Dimensionless Otol Based on
Capability teams to work together Oto1) team studies
effectively, reducing mistakes
and improving efficiency.
ID Innovation The level of difficulty in Dimensionless Oto1l Assumed
Difficulty incorporating new or Oto1) from
complex ideas into the design literature
process. More difficult
innovation requires more
effort and time.
Hpax Maximum The maximum value of nats (for N/A Based on
Time- entropy in a system. natural log) theoretical
Dependent model
Entropy
H; Time- The entropy of a system at a nats (for N/A Based on
Dependent given time during concurrent natural log) calculation
Entropy execution. from model
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3 Literature Review

As for the issue of concurrent execution between design tasks, existing literature can be roughly
divided into two categories based on different research methods: one focuses on exploring the necessity
and rationality of applying concurrent engineering theory to design management from a qualitative
analysis perspective, and provides macro-level countermeasures and suggestions from the ideological,
institutional, and technical levels [10—13]. These research results lay a theoretical foundation for the
application of concurrent engineering theory in design management, but their research conclusions are
all based on non-data-driven qualitative analysis methods, and there are many advocacy conclusions
and few substantive and actionable conclusions. Allur’s [14] research on resource allocation in cloud
data centers proposes a new form of load-balancing, making use of edge computing, Al, and machine
learning; thus, increasing scalability and efficiency. This approach could further extend to the EPC
simultaneous operation process modeling of coupled design tasks by intelligently allocating loads
among tasks and resources. This type of approach is efficient in terms of task execution, latency,
and overall system performance. Zhang et al. [15] introduced that Engineering, Procurement, and
Construction (EPC) projects, particularly in pumped storage hydropower, face challenges due to
fragmented documentation and poor interoperability despite the use of BIM. To address this, a cross-
platform EPC collaboration framework integrating IFC and Semantic Web technologies is proposed
to enhance information accessibility and automate workflows through open standards.

Another type of research focuses on the concurrent execution duration between design tasks
from the perspective of quantitative analysis. According to different optimization objectives, this
kind of research can be divided into two categories: One focuses on the rework problem caused
by concurrent execution. For example, Hossain et al. [16] proposed the equivalent rework duration
calculation model considering the concurrent execution of multiple design activities by constructing
the global benefit function of concurrent development duration and development cost. Based on
the rework probability of design tasks, [17,18] discussed the problem of concurrent execution with
sequential execution relationship and reverse feedback, and proposed that the expected reduction of
rework depends on the accuracy of early information upstream and the sensitivity of downstream
activities. Adaptability of the PI event trigger control has been proposed for MIMO nonlinear systems
with input delays by [19]. Such systems can utilize the event-triggered mechanisms to minimize the
frequency of control updates and maximize system effectiveness. This adaptive control methodology
can merge into the proposed work on the concurrent process modelling of coupled design tasks in
EPC mode to handle the timing and synchronization of task execution for resource efficient use and
delay minimization between interdependent tasks. The realization of this strategy will lead to a more
coordinated performance, reduced computation overheads and overall improved system performance
in the execution of coupled design tasks. Hazini et al. [12] developed a parallel optimization algorithm
based on genetic algorithms. This algorithm aims to identify which design activities require rework
and to determine the parallel strategies that can minimize the rework costs. Seyednezhad et al. [20]
presented a routing design in optical networks-on-chip with the use of Gray code to minimize optical
loss. The strategy focused on the optimization of routing paths in order to improve the performance
of optical interconnects in integrated circuits. The paper [21] focused on multitask optimization in
an IoT-based green building energy system based on binary metaheuristic algorithms. The study
focused on maximizing energy efficiency and sustainability in building operations by using advanced
optimization techniques. Kalach et al. [22] provide information on rework probabilities based on
different combinations of evolution, sensitivity, overlap strategies, and overlap percentages used
between upstream and downstream activities to better understand the potential risks of rework.
Koolwijk et al. [23] developed a concurrent optimization algorithm based on a genetic algorithm,
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which aims to find which design activities need to be executed in concurrent, and concurrent strategies
that can minimize the total execution cost. The target-directed visual navigation system set forth by
[24] base causal intervention in on enhancement of the navigation accuracy of intelligent vehicles. The
method invokes causal attention mechanisms to mitigate the confounding effects and generalize to
large populations of unknown targets and scenes for the future. By applying this causal intervention
approach in addressing concurrent execution process modelling of coupled design tasks under EPC
mode, shared management of task interactions ensures efficient execution and coordination among
interdependent tasks. Lin et al. [25] adopted the SD method to simulate the evolution process of two
kinds of rework behaviors, re-execution due to changes and reprocessing due to quality problems,
and further analyzed the differences between the two kinds of rework behaviors. Lin et al. [26]
discussed how to analyze multipath networks by introducing multiple precursor effects and how to
analyze concurrent overlaps by introducing cascade effects, which provided inspiration for solving
the overlapping time-cost trade-off and determining the optimal overlap degree. The above literature
adopts different methods to study the rework problem caused by concurrency, but it still has the
following shortcomings: (1) Only one-way rework caused by the possibility of information change of
upstream design tasks is considered, while two-way task rework caused by information change between
coupled tasks is ignored, which is not in line with the reality of a large number of coupling iterations
between upstream and downstream design tasks; (2) Only the possibility of information change during
concurrent execution in the design stage is considered, and the possibility of information change after
the end of concurrent execution caused by the limited concurrent duration and the unpredictability of
information change is ignored; (3) The influence of learning effect caused by concurrent execution on
rework duration and concurrent duration is not considered.

Another type of research focuses on the information interaction duration caused by concurrent
execution. Since there is no significant difference between the design stage of the construction industry
and the design stage of the manufacturing industry due to different industry backgrounds, this
study further extends the perspective of the literature review to the field of product manufactur-
ing. Lin et al. [27] discussed how to determine the degree of concurrency between upstream and
downstream activities and determine the frequency of information communication between them
accordingly. Liu et al. [28] incorporated communication duration and cost into the concurrent strategy
model to determine the optimal concurrency degree and communication strategy. Bo’s research [29] on
optimizing cloud environments for big data processing addresses issues concerning dynamic resource
allocation, autoscaling, and load balancing for performance and scalability benefits. These strategies
can be adopted in the proposed concurrent execution process modeling of coupled design tasks
under EPC mode to distribute computation resources efficiently among interdependent tasks with a
balanced workload and low latency. The implementation of such optimization strategies will improve
task execution in terms of efficiency, scalability, and cost-effectiveness in the design process. Loch &
Terwiesch [30] constructed a communication model of static information and dynamic information in
the process of concurrent execution, and deduced from the model that only when the downstream
work progresses to a certain extent, the upstream should communicate with each other to obtain
the latest information. Dehghan et al. [10] constructed a model for multiple information release
during concurrent execution in the design phase, and explored the optimal size of information release
work packages under different levels of concurrency. Park et al. [31] incorporated the communication
and coordination behaviors caused by rework and changes into the SD model, and considered the
impact of the time taken by this behavior on the project completion date. Srour et al. [32] present a
four-step process for scheduling the design phase of fast-tracked construction projects while taking
into consideration information exchange among project activities. The above literature discusses the
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information transfer behavior in concurrent mode from different angles, but it still has shortcomings:
(1) It only discusses the one-way information transfer behavior based on the concurrent situation
between a single upstream and downstream activity, and does not further extend the concurrent
execution situation of multiple activities and coupled activity sets; (2) The influence of mutual learning
effect caused by two-way information interaction in concurrent execution mode on information
communication duration and concurrent execution duration is not considered; (3) The information
interaction behavior in the concurrent execution mode is not classified and discussed according to
whether there is information change.

Methodological Advancements:

A key innovation of our study lies in the introduction of a change probability function that
models the likelihood of design information changes and their impact on task durations. This function,
which is central to our analysis, goes beyond the traditional methods used in the referenced paper
by considering both upstream and downstream information changes within coupled design tasks.
Additionally, we incorporate a learning effect in the task execution process, which allows our model
to account for improvements in efficiency over time due to iterative feedback between tasks. This
is a significant advancement over the existing study, which primarily considers one-way task rework
without factoring in the dynamic learning processes that occur in real-world projects.

4 Research Objective and Scope

Based on the above analysis and combined with the research background, improvements are made
from the following aspects: (1) The concurrent execution of a single design task is extended to multiple
design tasks with coupling relationship; (2) Extend the case that only upstream change behavior causes
downstream rework behavior to consider both upstream and downstream change behavior causes
rework behavior; (3) When estimating the information change rate of upstream and downstream tasks,
replace the traditional empirical estimation method with the scientific calculation method based on
the rigorous probability estimation model; (4) According to the characteristics of coupled design
tasks, the concurrent execution within the same design task is regarded as two-way information
interaction behavior, while the concurrent execution between different design tasks is regarded as
one-way information interaction behavior; (5) Using comparative analysis to explore the impact of
learning effects on task concurrent execution duration and total execution duration between coupled
design tasks. The model allows iterative feedback to be effective in ensuring proper communication
between the preliminary design (PD) and construction drawing design (CD) tasks. These feedback
processes enable communication of information during the PD stage to be communicated continuously
to the CD stage and be integrated to minimize rework and make both stages in line with each other.
The model, therefore, allows an easy flow of information between the stages, whereby changes in one
stage are communicated to the other swiftly, avoiding mistakes and optimum execution of the entire
project. The architect is very important in controlling and directing the project during the preliminary
design and construction drawing phase. During the initial design stage, the architect will make sure
that the design ideas comply with the general project requirements, consult with different stakeholders,
and assist in creating attainable schedules. During the construction drawing phase, the architect is
concerned with technical detailing and control of how to fit the design into a workable plan of
construction. Their participation can see both stages through without causing much error and rework.
In addition, the integration of upstream and downstream design interactions in the model ensures
that feedback from preliminary design can be iteratively incorporated into downstream construction
drawings to reduce rework, while downstream detailing receives stabilized upstream outputs at later
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stages to optimize execution time. Based on the above reconstruction of modeling methods, this study
takes preliminary design and construction drawing design as two stages of concurrent execution of
design tasks, and then discusses the interaction strategy of whether there is information interaction
behavior or not under the influence of the learning effect in the concurrent execution duration between
the two stages. In the practice of EPC projects, the two-way information exchange is usually found
within one specific specialty, such as between planning of structural layout and load calculation in
the initial design phase, where the iterative feedback processes can be observed in both directions.
Unidirectional information exchange is used, by contrast, between specialties, such as the transfer of
structural drawings to be detailed off-the-sheet by HVAC or electrical, the latter of which receives
completed information and updates only infrequently.

Fig. 1 shows the overall planning diagram of Preliminary Design (PD) and Construction-drawing
Design (CD) during concurrent execution. According to the key time nodes of the two in concurrent
execution, the process can be divided into four time periods successively, namely, the start time of
the first concurrent execution, the concurrent execution stage with two-way information interaction
behavior, the concurrent execution stage with one-way information interaction behavior, and the start
time of concurrent execution. Among them, the last three time periods occur repeatedly in the design
life cycle with a single task as the basic division unit. The planning and quantitative analysis for the
above four time periods are as follows:

Task 1 Task 2
PD ‘ PD; ‘ PD,
I — 1
CD cp, \ cp,

®Th? concurrent execution (3)The concurrent exccution stage '
stage with two-way information (@)The start time of with one-way information @)The start time of

interaction behavior concurrent execution interactiorlbehavior concurrent execution

first concurrent execution  with one-way information stage with two-way information ~ with one-way information  stage with two-way information
interaction behavior interaction behavior interaction behavior interaction behavior

Figure 1: Concurrent execution process planning in the design phase

Key Differences from Existing Research

A notable distinction between our work and the existing studies lies in our focus on the
iterative feedback process between coupled design tasks. While previous studies mainly address
general optimization techniques in concurrent execution, they do not fully capture the iterative
and complex interactions between upstream and downstream tasks. Our model incorporates these
interactions in a more sophisticated manner, using probabilistic modeling to predict rework and
communication durations. Additionally, we extend the application of Monte Carlo simulations and
optimization algorithms, which were not employed in prior research, to enhance the robustness of our
solution in handling project uncertainties. The inclusion of these advanced modeling techniques offers
more precise decision-making capabilities and allows for the effective management of project risks
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associated with rework and information transmission inefficiencies. This approach addresses critical
gaps in previous studies and provides a more comprehensive framework for EPC project management.

5 Modeling of Concurrent Execution Process
Proposed Proposition and Quantitative Model:

To address the challenges of inefficient task interactions in concurrent execution, we propose a
new set of propositions that optimize the interaction strategy between upstream and downstream tasks.
Our quantitative model is designed to minimize rework and enhance overall project efficiency by inte-
grating two-way information interaction. Unlike traditional models that rely on one-way information
transfer, our approach fosters dynamic feedback between tasks, allowing for continuous updates and
reducing delays. These propositions offer actionable strategies to improve EPC project performance
by identifying optimal information transfer strategies that minimize inefficiencies, rework, and project
delays, providing a more robust and efficient approach to concurrent execution in EPC projects.

5.1 Planning and Quantification of Concurrent Execution Processes
5.1.1 The Start Time of the First Concurrent Execution

At the beginning of the first concurrent execution, that is, when CD, starts to execute, PD, will
transmit the completed design results, that is, the design information accumulated before concurrent
execution, to CD,. At this time, PD, needs to spend a certain amount of information transmission
duration while CD, needs to spend a certain amount of information receiving duration. Since the
information transmission behavior and the information receiving behavior are two mutually causal
phenomena in the same relationship in the concurrent execution process, the two behaviors can be
regarded as the same behavior with the same duration consuming. In this study, they are regarded as
the same behavior of information transmission, and the duration consuming of the behavior is mainly
affected by the information transmission prescription, which measures the speed of information
transmission.

Based on the above analysis, and combined with the quantitative research on the communication
duration required during concurrent execution by [27,33], the starting execution duration of PD; is
defined as 0, the starting interval between PD, and CD, is a’;l, and the information transfer duration

between PD, and CD, at the starting time of concurrent execution is:
L=0(1-E)d, (1)

where, 6 is the coefficient of information transmission duration, which is affected by the information
transfer efficiency E,. This study borrowed the calculation method of information transfer efficiency
among several organizations or departments proposed by Robert (Wang & Feng, 2022) [34], that is,
by dividing the execution duration into several equal duration intervals, the execution duration can
be regarded as a set composed of several duration segments. The nodes connecting several duration
segments can be abstracted as several departments or organizations. As shown in Fig. 1, the dotted
frame marked with () is the duration segment abstracted from the execution duration involved in the
first concurrent execution start moment, which is composed of several circle nodes. The improved
calculation process of information transfer efficiency is as follows:

Step 1: Determine the contact length /,,. /,, is the shortest information transmission path between
nodes x and y, referred to as the contact length between two nodes. If two nodes are directly connected,
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the length of the connection is 1. If the connection between two nodes passes through other nodes, the
length of the connection increases by 1 for each node that passes through.

Step 2: The total number of aging microstates and the realization probability of aging microstates.
Based on /,, the total number of aging microscopic states corresponding to dashed box () and the
realization probability of aging microscopic states associated with nodes x to y can be obtained as
follows:

N N

Ay =D">"1, x,y € dashed box® )
x=1 y=1

Pl (x)/) = lxy/Al (3)

Step 3: The maximum time-dependent entropy of information transmission based on the dashed
box (). The maximum time-dependent entropy represents the maximum value of entropy in a system.
The total number of microscopic states calculated by Wang & Feng [34] is based on a complete
organizational structure, so the maximum time-aging entropy is defined based on 4,. In this study,
dashed box () belongs to two systems PD, and CD,, so the maximum time-dependent entropy of the
dashed box () can be expressed as:

H,, = log, (AI(PDI) + Al(a)l)) 4)
N N N N

Al(Ppl) = ZZZV‘ Xy € PD,, AI(CDI) = ZZZ” Xy € CD,
x=1 y=1 x=1 y=1

where,

Step 4: The calculation formulas for the time-dependent entropy of information transfer between
nodes x and y based on the dashed box () and the total time-dependent entropy of the system are
respectively:

H, (xy) = —P, (xy)log,P, (xy) ®)
H =Y > Hxy) (6)

Step 5: The calculation formula for the information transmission effectiveness based on the dashed
box () is:

El = 1 _Hl/Hlm (7)

This 5-step itemization is especially suitable in the context of the PD-CD interaction network,
since the measure of entropy is suitable to quantify the uncertainty in, and dynamic interactions
between tasks in the concurrent execution environment. Entropy as a measure of disorder assists
us to know how information quality and efficiency change with time in the course of transmission.
The method is appropriate in the prediction of the iterative and time-dependent feedback that exists
between correlated tasks.

Other models useful in the analysis of efficiency of communication include mutual information,
channel capacity, and queuing models, which, however, have a shortcoming in terms of being dynamic
and iterative in the study of the PD-CD interaction. Mutual information pays attention to the common
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information, though it does not consider the dynamics of time of concurrent tasks, whereas channel
capacity and queuing models are considered with static or unidirectional communication, which is
more limited to the interdependencies of the current design process.

Based on the above modeling and analysis, the following practical recommendations for EPC
practitioners are suggested:

e Optimal information interaction strategies should be adopted to minimize rework, particularly
in cases of information uncertainty during concurrent execution.

e Improving coordination capabilities among design teams can reduce delays, ensuring a
smoother execution process. Practitioners should establish clear communication protocols to
enhance information transfer efficiency.

e Regularly evaluate the degree of concurrency between preliminary and construction drawing
design tasks to align with the rate of information change, optimizing project schedules and
resource allocation.

These recommendations are aimed at reducing inefficiencies and improving overall project
management within the EPC framework.

5.1.2 The Concurrent Execution Stage with Two-Way Information Interaction Behavior

In the process of two-way information interaction, both PD; and CD, need to spend a certain
amount of time on information communication, and this time is not only affected by the information
transfer efficiency, but also by the learning effect, considering that communication is a subjective
and mutual learning behavior [34]. Additionally, since the implementation of CD; is based on the
incomplete work of PD,, there may be a certain level of uncertainty in the design information that has
been accepted by CD,. When uncertain information is changed, CD, is bound to carry out positive
rework on part or all of the work completed in the concurrent stage (CD, rework triggered by PD,
information change), thus bringing about the information change duration for PD; and the positive
rework duration for CD,. Since the behavior of information change and positive rework are two
mutually causal phenomena in the concurrent execution process, they can be regarded as the same
behavior with equal time consumption. In this study, they are unified as positive rework behavior. At
the same time, considering that information often faces distortion in the communication process, the
rework duration is also affected by the information transfer quality, which measures the accuracy of
information transmission under the existing communication mode. In order to highlight the impact
of rework phenomenon on concurrent execution duration, it is assumed that only when rework occurs
will the impact of information transfer quality be considered.

Accordingly, the probability that PD; does not change and the probability that PD; changes is
P, and 1 — P,, respectively. When there is no design change, there is no forward rework duration for
PD, and CD, during concurrent execution, but only two-way information interaction duration. At this
time, the information transmission duration of two-way information interaction behavior (77/B) can
be expressed as:

IiTIIB—m‘ =01 —-E)(Q+ciYdy i=1,---,n ®)

where, the calculation method of E; is similar to that of E,, except that when solving /,,, the nodes
x and y belong to the dashed box (), and the solution process can be referred to E,. ¢ is the
difficulty coefficient of information communication, which will dynamically increase with the increase
of overlapping duration based on the coefficient of information reception duration 6. «, is the learning
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effect index of information communication, i is the learning rate of information communication, and
ci*t indicates that the difficulty coefficient of information communication between PD, and CD; will
gradually decrease with the increase of concurrent execution duration.

When design information is changed, PD, and CD, have both information transfer duration and
forward rework duration during concurrent execution. At this time, the information transmission
duration and the forward rework duration with two-way information interaction behavior can be
expressed as:

I =00 - E)[(1 4+ ci*) du + Atyy] i=1,---,n ©)
AZ[,“(,',,') = }/’/lba(i,i)lu2 (1 - QI) dabi l = 1’ B} n (10)

In Formula (9), the information interaction duration is affected by the information transfer
effectiveness, concurrent duration, and rework duration. In Formula (10), my,, 1s the workload
transfer coefficient (positive transfer coefficient), which represents the rework scale caused by changes
in PD, to CD,. The system will also dynamically increase with the increase of concurrent duration. o, is
the workload transfer learning effect index, i*2 is the workload transfer learning rate, m,,,,i*> indicates
that with the increase of concurrent execution duration, the workload transfer coefficient from PD, to
CD; will gradually decrease due to the existence of the learning effect of information communication
in the concurrent stage, and eventually shorten the rework duration. Q; represents the information
transfer quality, and m,,, (1 — Q,) represents the inverse relationship between the workload transfer
coefficient and the information transfer quality. As shown in Fig. 1, the dotted box marked with
(» represents the execution duration of the concurrent execution process involving information
interaction activities, which is abstracted as a time period consisting of several connected circle
nodes. The improved solution to the information transmission quality is similar to the information
transmission effectiveness, and the solution process is as follows:

Step 1: Determine the contact span K.. K, is the number of nodes that are directly related to the
x node, and x € dashedbox ().

Step 2: Total number of quality microscopic states and realization probability of microscopic
states. Based on K., the total number of quality micro-states corresponding to dashed box () and
the realization probability of quality micro-states of the x node can be expressed as:

N
B = > K, x € dashed box® (11)
x=1

P;(x) = K./B, (12)

Step 3: The maximum quality entropy of information transmission based on the dashed box (.
The maximum quality entropy represents the maximum entropy of a system. The calculation formula
for the total number of microscopic states constructed by Wang & Feng [34] is based on a complete
organizational structure, so its maximum time-aging entropy is defined based on B,. In this study,
dashed box () belongs to two systems PD,; and CD;, so the maximum quality entropy of dashed
box (@) is:

L;, =log, (Bi(PD,-) + Bi(CD,-)) (13)

N N
Bi(PD,-) = ZKv x € PD,, B,'(CD,-) = ZK\ x e CD,.
x=1 x=1
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where,

Step 4: The calculation formulas for the information transmission quality entropy and the total
system quality entropy of the i th node based on the dashed box () are respectively:

L; (x) = —P; (x)log,P; (x) (14)

L = ZLi (x) (15)

Step 5: The calculation formula of information transmission quality based on dashed box () is as
follows:

Qi =1- Li/Lim (16)

5.1.3 The Concurrent Execution Stage with One-Way Information Interaction Behavior

When PD; is completed, because the design depth of CD; is much higher than that of PD,, the
task quantity of CD; is far more than that of PD,, which results in the finiteness of the concurrent
execution duration of PD; and CD, belonging to the same specialty, that is, there are still a lot of
unexecuted work in CD; when PD; is completed. As we all know, in order to satisfy the coordination
and mutual restriction between CD; and CD,,,, which also have the same compact and contextual
dependence, the execution of PD,,, task not only depends on the design information provided by its
compact design task PD;, but also needs to refer to the design information provided by CD; at the time
of final completion to a certain extent. However, in order to shorten the design task completion cycle
as much as possible, the succeeding design task PD,,, of PD, will start in advance without obtaining
the final information of CD;,, that is, it will start at any time after the completion of PD;, thus forming
a concurrent execution mode of the remaining stage of CD, and the early start stage of PD,,,. During
concurrent execution, because the two tasks belong to different stages, thatis, PD,,, only needs the final
information of CD,; instead of the process information, there is only one-way information interaction
behavior during concurrent execution, and only one one-way information transmission behavior exists
at the end of CD,. If there is a deviation between the final information delivered by CD; and the
estimated information of PD;,, at this time, it means that CD, finds the hidden design error of PD;
when it conducts detailed design based on PD; or solves the design problem left by PD;, and takes
a change behavior. At this time, the PD,,, design process, which is started in advance based on the
estimated information only, will produce reverse rework behavior (PD,,, design rework caused by the
change of CD; information) due to the incompatibility with the final CD, information, and the rework
workload is the correction of the incompatible part of the currently executed design task.

Based on this, the duration of the remaining stage of CD; after PD, is completed is set as d, ; the
duration of the advanced start stage of PD,,, is also d;(,.+1). The advanced start stage can be divided into
two categories based on whether CD, is completed before or after the task, where the duration before
completion is pd, ¢+, and the duration after completion is (1 — p) d;(,.+1). p represents the proportion
of concurrent execution duration of one-way information interaction behavior to the duration of the
advanced start stage. The probabilities of no information change and information change happening
in the remaining stage of CD, are P,; and 1 — P,;, respectively. When no information change occurs,
there is no reverse rework duration for PD,,,, only information receiving duration. In this case, the
information receiving duration is affected by the information transmission efficiency E; in stages d,.

and pd’ and d,’”., as an important source of necessary design information for PD,,, needs to meet the

a(i+1)°
information compatibility requirements with pd’ Therefore, when p increases, it means that PD,

a(i+1)*
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needs to spend more time to analyze the information compatibility between d,, and pd,,, . Therefore,
under one-way information interaction behavior (OIIB), the information receiving duration without
rework duration can be expressed as:

IiOHB_m =0(1—E)(+ 0) (IOd:z(H—l) =+ d;i) i=1,2---,n (17)

When information changes, PD,,, has both information receiving duration and reverse rework
duration. Therefore, the information receiving duration and rework duration with no information
interaction behavior can be expressed as follows:

1501157" =0 (1 - EI) (1 + p) (pd;(j+1) + d[/y/ + Aanh(i,i-*—l)) = 1, 2a e ,n (18)
AZab(i.i-f—l) - mtlh(i,i+l) (1 - Ql) pd:,(j+1) = 15 25 cee,n (19)

In Formula (18), the information receiving duration is affected by both concurrent duration
and rework duration. In Formula (17), m,,,, 1s the workload transfer coefficient (reverse transfer
coefficient), which represents the rework scale caused to PD,,, when CD; is changed. It should be noted
that the reason why there is no workload transfer learning rate is that there is no mutual learning effect
caused by two-way information interaction during concurrent execution. Q, represents the quality of
information transmission, and m,,,,, (1 — Q,) represents the inverse relationship between the quality
of information transmission and the workload transfer coefficient. As shown in Fig. 1, the dashed
box marked with () represents the time period involved in the concurrent execution process without
information interaction as the time period connected by several circle nodes. For the specific solution
process, refer to Q..

5.1.4 The Start Time of Concurrent Execution

The concurrent execution start time refers to the concurrent execution start time of any other
design task except the first design task. Based on the quantization result of concurrent execution
phase without information interaction behavior, the information transmission duration under the
condition of no rework behavior ( Formula (20)) and rework behavior ( Formula (21)) can be obtained,
respectively:

L=0(1—-E)d i=2,--.,n (20)

(i+1)
=00 —-E)[d,, + Augy] i=2,---.,n 1)

where, the information transfer duration coefticient 6 is affected by the information transfer efficiency
E,, the early start stage duration d;(l. .1)» and the possible rework duration At The calculation
method of E; is similar to that of E;, except that i and j nodes belong to dotted box (3 when solving
l;, and the solving process can be referred to E;.

Based on the above planning and quantitative analysis of the concurrent execution process
of PD and CD, a quantitative schematic diagram of the concurrent execution process can be
drawn as shown in Fig. 2. The execution duration of PD; and CD; can be divided into nominal
execution duration and actual execution duration. The nominal execution duration refers to the
task execution period excluding the information transfer duration and rework duration, while the
actual execution duration refers to the task execution period including the two types of duration.
Therefore, the nominal execution duration (actual execution duration) of PD and CD can be defined
as D, and D, (T, and T,), respectively; the nominal execution duration (actual execution duration) of
PD, and CD,; can be defined as D, and D,; (T,; and T};), respectively; the nominal start execution time
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(actual start execution time) of PD, and CD, can be defined as ¢, and d;, (#, and £,), respectively; and
the overlapping duration of PD, and CD; is d,,.

No
information
changes

‘ dahz ‘ dbl ‘
PEELLN }——»
|

2112

T,

2
TIIB—nr OIIB—nr
I I,

Information
changes

Figure 2: Quantization diagram of concurrent execution process in design stage

5.2 Practical Contributions

In addition to the theoretical contributions, this study provides practical guidelines for managing
concurrent execution in EPC projects. We propose actionable strategies aimed at improving coordi-
nation capabilities among design teams, reducing delays, and ensuring smoother project execution.
These strategies are based on a quantitative understanding of concurrent execution durations, rework
behaviors, and information transfer efficiency—factors that are not fully addressed in previous studies.
These practical contributions focus on:

e Improved Coordination: Establishing clear communication protocols to enhance coordination
between upstream and downstream teams, thereby reducing project delays.

o Efficient Information Transfer: Optimizing the method and timing of information transfer to
prevent rework and mitigate inefficiencies.

e Enhanced Execution: Applying probabilistic models and Monte Carlo simulations to pre-
dict rework and communication durations, ensuring better resource allocation and task
management.

e Rework Minimization: Formulating methods to reduce rework by improving the accuracy and
timeliness of information transfers, based on the results of the parallel execution duration
model.
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6 Construction of the Change Probability Function for Concurrent Execution Process
6.1 Construction of the Change Probability Function for Preliminary Design

In the concurrent execution mode, since CD; works on the basis of incomplete information
provided by PD,, if the published information of PD, changes, CD; must rework part or all of the
completed design link. Therefore, it is necessary to estimate the probability of PD, changing by using a
proper probability model. As a random event, the change behavior of PD, can be predicted in a certain
design stage, but the specific time node of its occurrence cannot be accurately predicted. Therefore,
this behavior can be regarded as a random event subject to Poisson distribution. In addition, it is
considered that the frequency of this random event is not constant throughout the PD; stage, but
constantly evolves with the deepening of the design progress. Therefore, the change behavior of PD;
should be regarded as a random event subject to a non-homogeneous Poisson distribution [35], and
the corresponding probability mass function is:

P,(X=m)= e m=0,1,2, .n (22)
.

where, 7 represents the number of changes occurring; w,; is a non-homogeneous Poisson distribution
parameter, and its value in the range of PD; execution duration can be expressed as:

d5+Dgj
W, = / A (1) dt (23)
dai

where, X, (?) is the rate of information change occurrence. The idea proposed in literatures [36,37] to
measure the rate of information change occurrence only considers the influence of the current task’s
own factors, without considering the possibility of the influence of the preceding and following tasks
on it. Therefore, when defining A, (¢), this study considers the key factors that affect the information
change of CD,_, during execution, and combined with the concurrent execution scenario of this study,
it can be expressed as:

A () = (gi)ﬁai |:1 + (P;,(,;l))qiil & (2DL — 1):| te [d;,,d;I + Dm-] (24)
where, g; € (0, 1] represents the inherent uncertainty degree of PD,, B, represents the technical
capability index of the design team undertaking PD,, and (g,)"™ represents the inherent uncertainty
degree of PD; will be reduced when the technical capability of the design team undertaking PD; is
improved. &; € [—1, 1] represents the rate parameter at which PD, changes information, which is
affected by the degree of uncertainty of CD; in concurrent execution mode. When ¢; € [—1,0), it
means that the change rate gradually slows down with the progress of PD, (rapid evolution), and
the more it approaches —1, the more significant the change trend is. When ¢; € (0, 1], the change
trend is opposite to the above. When ¢, = 0, it means that the rate at which PD, changes is constant.
P,;,, € (0,1] represents the probability that CD, , does not change information, ¢, , is the inherent
uncertainty degree of CD,_,, and (P,,(,-_l))q”_1 represents that when the inherent uncertainty degree of
CD,_, is reduced, the probability that CD,_; does not change information will be increased, and the
rate of information change of PD; will be reduced to some extent.

Based on the solution result of A, (#), the non-homogeneous Poisson distribution parameter w,;
can be further obtained as follows:

W, = [Dai (gi)ﬂai (Da - Da (Pb(ifl))qiil gi + Dai (Pb(i—l))qF1 81’ + 2 (Pb(i—l))qF1 gidji)] /Da (25)
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Thus, the probability that PD; does not change information can be finally obtained as follows:

PaAX (4 D)~ X (&) =0} = e 26)

The change probability model works on the principles of forecasting the probability of design
changes in parallel implementation, which makes scheduling more precise and also allows maximizing
task overlaps. The model prevents the rework by estimating the number of design changes at various
stages so that downstream tasks do not have to wait because of unexpected changes in upstream tasks.
This lowers inefficiency in the design process and the rework effects on the execution of the whole
project.

6.2 Construction of the Change Probability Function for Construction Drawing Design

From the above analysis of PD and CD in the concurrent execution stage without information
interaction, it can be seen that the change of CD, information will cause the reverse rework of PD,,,
task. Therefore, it is very necessary to estimate the possibility of CD; information change by using
an appropriate probability estimation model. The possibility of change in CD is the same as that in
PD, which can also be regarded as a random event. The difference is that the change in CD; is not
only affected by its own factors, but also affected by the reliability of PD; and the overall innovation
of PD. The reliability of PD,; is closely related to its effective information accumulation rate, which is
closely related to the actual progress of the task. Therefore, the reliability function of PD, is defined
as follows:

wa=1(> DD +1-2) @7)

where: 5, is the path index of effective information accumulation and evolution of PD;. When 0 <
n; < 1, the characteristics of effective information accumulation and evolution of PD, are first fast and
then slow, and the more it approaches zero, the more significant the change trend is. When n; > 1, the
change trend is opposite to the above. When 5, = 1, the cumulative evolution of effective information
of PD, presents a linear growth trend. > ., D,,/D, represents the effective information accumulation
rate of PD, within the nominal execution duration; 7; is the innovation degree index of PD; in the
design process, which determines the resource intensity required for each PD; in the design process.

Based on the definition of PD, reliability, it is considered that the improvement of the coordination
ability of the design team between PD, and CD, can effectively reduce the disutility caused by PD,’s
low reliability. At the same time, CD,’s dependence on PD,’s design achievements and the technical
capability index of CD,’s design team will both have a certain degree of influence on CD,’s change rate.
Therefore, the probability that CD, has no information change is defined as:

Lll- Vi
Py (Y=0=1-—(1—puy)" (28)
Bei
where: u; is the degree of dependence of CD; on the design results of p; B, represents the technical
ability index of the design team that undertakes CD;; v; represents the coordination ability index of the
design team between PD, and CD,.

6.3 Construction of the Target Decision Model Based on Concurrent Execution Duration
E (d,) is defined as the expected execution duration of PD; before the concurrent execution with
two-way information interaction behavior, and E (d,,) is the expected execution duration of CD; after

the concurrent execution with two-way information interaction behavior. Its function expression can
be defined as:
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When l == 1, E(dul) = d:zl + Il’
Wheni=2..-- .n. E(dai) _ Pb(i—l) [dz/zi + IiOHB—nr + L] + (1 _ Pb(i—l)) [d’ + Alab(f.i+l> 4 JouB-r | I,']s

ai i

Wheni=1,---,n, E(dy) = P, [I"" +d, |+ (1 = P,) [I"™" + Aty + d,].

Define T, as the actual execution duration of PD, and CD; based on the concurrent execution
mode, then its functional expression is:

When I = 17 Tl = E(dal) + dabl + E(dbl)7
When l - 2, te ,n, 7"; == E(dui) - pd:” + dabi + E(dbl)

Therefore, the goal decision model based on concurrent execution duration can be written as an
optimization model as shown in Eq. (29):

Tmin = Z ﬂ
i=1
0 S dabi S mln (Daia Dbi) (29)
s..40<d, <D,
0<d, <Dy

7 The Solution of the Concurrent Execution Process Model
7.1 Determination of Model Parameter Values

To explore the information interaction strategies that should be adopted by PD, and CD, under
different change probability scenarios, this study developed a design professional, which includes five
design tasks with close sequential dependencies. It is assumed that the change probabilities of PD,
and CD; in these five design tasks decrease from high to low. Based on this, the static parameter
values are developed as shown in Table 2. Among them, the static property indicates that the value
of the parameter will not change with the change of concurrent execution duration d,,; with two-way
information interaction behavior. As can be seen from Table 2: (1) With the progress of the design
stage, the inherent uncertainty degree of PD; and CD,, namely g; and ¢;, gradually decreases; (2) The
rate parameter ¢; of information change in PD; changes from fast-to-slow to slow-to-fast, and the
effective information accumulation evolution path index n; of PD,; is transitioning from slow-to-fast
to fast-to-slow; (3) The technical capability index B; of the design team responsible for CD, and the
coordination index v; between the design teams of PD; and CD, are continuously increasing as the
tasks progress; (4) The innovation index 7; of PD; in the design process and the dependence degree
u; of CD;, on the design achievements of PD, decrease with the progress of the task; (5) The values
of information communication learning effect index «; and workload transfer learning effect index
a, are —0.074 and —0.152, respectively when the improvement rate of learning curve is s;, = 0.95
and s, = 0.90; (6) Under the premise of not affecting the accuracy of model solution results, the
nominal execution duration of CD; and PD; is proposed to be 50 and 100, respectively; (7) The value
range of concurrent execution duration with two-way information interaction behavior and one-way
information interaction behavior is divided into d,,; € [0, 50] and p € [0, 1], and the value interval is
1 and 0.1, respectively.
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Table 2: Values of static parameters

Parameter Task 1 Task 2 Task 3 Task 4 Task 5
g 0.3 0.28 0.26 0.24 0.22
q: 0.2 0.18 0.16 0.14 0.12
& -1 -0.5 0 0.5 1

n; 3 2 2 0.5 0.1
Bai 0.5 0.7 0.9 1.1 1.3
By 0.5 0.7 0.9 1.1 1.3
V; 0.55 0.65 0.75 0.85 0.95
T; 0.5 0.4 0.3 0.2 0.1
U 0.7 0.6 0.5 0.4 0.3
o, = lgs, /lg2 —0.074 (s, = 0.95)

o, = lgs, /g2 —0.152 (s, = 0.90)

D, 50

D, 100

A 0:1:50

P 0:0.1:1

The dynamic parameter values developed in this study are shown in Table 3, and their dynamics
are reflected in the fact that they change with the concurrent execution duration d,, of two-way
information interaction behavior. The analysis of Table 3 shows that: (1) The value range of the
information transmission duration coefficient # during concurrent execution is [0.05, 0.25], and the
value interval is 0.004 to form a corresponding relationship with the value interval of concurrent
execution duration d,,. The reason why the value range starts from 0.05 instead of 0 is that the
information transmission behavior still exists when there is no concurrent execution mode; (2) The
value range of information communication difficulty coefficient ¢ during concurrent execution is [0.1,
1], and the value interval is 0.018 for the same reason as above. The reason why the value range starts
from 0.1 instead of 0 is that when there is no concurrent execution mode, there are still some obstacles
in the information transmission and acceptance behavior between PD, and CD;; (3) ci*! refers to the
change of the value range and interval of the difficulty coefficient of information communication after
it is affected by the learning effect; (4) The value range of forward transfer coefficient m,,, and reverse
transfer coefficient m,,,,, during concurrent execution is [0.1, 0.5], and the value interval is 0.008 for
the same reason as above; (5) m,,i*? refers to the change of the value range and value interval of the
positive transfer coefficient after being affected by the learning effect.

As shown in Table 4, based on the calculation method of information transfer efficiency E;
and information transfer quality Q,, the parameter values of E; and Q, based on four concurrent
execution stages are obtained by taking d,, at intervals of 2.5 units and p at intervals of 0.1 units
as an evaluation cycle. There is no exact measurement basis for the evaluation period of d,,; and p, and
only a certain accuracy requirement needs to be met. The parameter ranges used in this research have
been well chosen in accordance with industry standard in the EPC projects, specifically the execution
of design activities simultaneously. These ranges are used to take into consideration the uncertainty
in the initial phases of the design, which is decreasing as the design moves forward and more specific

https://www.scipedia.com/public/Wang_2026 18


https://www.scipedia.com/public/Wang_2026

S

IPEDIA

T. Wang,

Concurrent execution process modeling and interaction strategy
among coupled design tasks under epc mode,
Rev. int. métodos numér. calc. diseno ing. (2026). Vol.0, (0),

information is known. The parameters are also included in the learning effects and the enhancement
in coordination and technical capability with time. These parameters were estimated by use of both
empirical information on other similar EPC projects, including the case study in Saudi Arabia, and
theoretical models, including Poisson distributions to estimate information change and rework on
tasks. Also, the information transfer efficiency and quality values were predetermined so as to allow
the model to find a compromise between accuracy and computational efficiency guaranteed realistic
and reliable model simulations of the project execution.

Table 3: Values of dynamic parameters
Parameter Task 1 Task 2 Task 3 Task 4 Task 5
(% 0.05: 0.004: 0.25
c 0.1: 0.018: 1
ci%l 0.1: 0.018: 1 0.1: 0.017: 0.95 0.1: 0.0164: 0.92 0.1: 0.016: 0.9 0.1: 0.0156: 0.88
Mpgi 0.1: 0.008: 0.5
M i*? 0.1: 0.008: 0.5 0.1: 0.007: 0.45 0.1: 0.0064: 0.42 0.1: 0.0061: 0.405 0.1: 0.0058: 0.39
Mab(iis1) 0.1: 0.008: 0.5

Table 4: The solution results of information transfer timeliness and information transfer quality

TIIB Concurrent [00) ® OIIB Concur- ®
Execution Duration rent Execution

H; E; L; Qi H; E; L; Qi Duration H; E; L; 0;
0 <dy; <25 576 034 346 020 0 1 0 1 p=0 0 1 0 1
2.5 <dyp; < Sor5 < 551 037 332 023 1.5 090 1.5 077 p=0.1 1.5 090 145 0.78
dypi < 1.5
7.5 < dyp; < 100r10 < 523 041 317 027 447 071 224 066 p=02 3.95 0.75 239 0.64
dyi < 125
12.5 < dyp; < 150r15 < 492 044 3.00 031 641 059 272 059 p=03 5.59 0.64 292 0.56
dypi < 17.5
17.5 <dy; <200r20 < 457 048 281 035 8.16 048 3.09 054 p=04 6.85 0.55 3.30 0.50
dypi < 22.5
22.5 <dy; <250r25< 417 053 259 040 9.40 040 338 049 p=0.5 7.87 049 3.59 0.46
dypi < 27.5
27.5 < dyp;i < 300r30 < 370 0.58 232 046 10.62 032 3.62 045 p=0.6 8.74 044 3.83 042
dypi < 32.5
32.5 < dyp; < 350r35 < 315 0.64 2 0.54 11.53 026 3.82 042 p=0.7 9.48 039 4.03 0.39
dy < 375
37.5<d; <400rd0 < 245 072 1.59 0.63 1245 020 4.00 039 p=038 10.15 0.35 421 0.37
dypi < 42.5
42.5 < dyp; < 450145 < 1.5 083 1 0.77 13.17 0.15 416 037 p=09 10.74 031 437 0.34
dypi < 47.5
47.5 < dy; < 50 0 1 0 1 13.9 0.11 431 035 p=1 11.27 028 451 0.32
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7.2 Case Study: EPC Project in Saudi Arabia

The project that was thoroughly case-studied was a large-scale power transmission revamp
project in Saudi Arabia. This was an engineering, procurement and construction (EPC) project
that was characterized by huge delays and reworks hence client relationships were not healthy. The
research was conducted through a thorough review of the project management processes of the EPC
contractor, which included interviews, focus groups and the audit of the project documentation like
procurement, contract documents, engineering, HR management, safety and project control. The
results identified the weaknesses in the ability and capabilities of the contractor in different aspects
of project management [38].

Moreover, the systematic sensitivity analysis has also been performed in this case study to
determine how well the parameters in the model can be applied in real-life situations. The analysis
looked at the influence of changes in such major parameters as transfer efficiency and coordination
capability on the project results. It was noted that variations in these parameters had a great impact
on the project performance and that proper estimation of parameters to maximize design-execution
process in EPC project is important.

8 Model Solving

In this study, MATLAB R2021b software was used to compile and calculate the simulation
program of the above model. The choice of MATLAB was made due to its high capabilities of
numerical computation and optimization particularly the probability based functions and also the
model of iterative rework and the calculations involving matrices that are used in the analysis of
concurrent execution. Its inbuilt Monte Carlo simulation and visualization also helped it to be efficient
and clear, whereas other languages like Python or R would have been used but would need various
external libraries to be used, thereby complicating the implementation process. The specific method
was as follows: under the consideration of the mechanism of learning effect and without consideration,
the actual execution duration of each design task in the range of d,,; and p was calculated successively,
and the optimal solution of d,; and p was determined according to the principle of minimizing the
actual execution duration. Monte Carlo simulations were used numerically to capture the uncertainty
in task durations and optimization algorithms were applied to find the optimal execution strategies.
The two approaches were combined to be robust in the presence of probabilistic components and to
improve the overall design.

8.1 Solution and Optimization of d,;, in Task 1

It can be seen from the above analysis that only TIIB concurrent execution duration d,,, exists
between PD, and CD, of task 1, and there is no OIIB concurrent execution duration, and the learning
effect has not taken effect at this stage. As shown in Fig. 3, the variation trend chart of 7, under
different values of d,,, is obtained under the probability estimation of P,, = 22.37%. It can be observed
that: (1) The shortest actual execution duration 77" = 168.18 is obtained when the interaction strategy
isset as d,; = 12;(2) The actual execution duration shortening rate when d,,; € [0, 12) is much smaller

than the actual execution duration increasing rate when d,,;, € (12, 50].
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Figure 3: Trend chart of T, based on different values of d,,,

The learning effect is yet to be enforced at this stage as the changes in the information transfer
strategy have not taken place. Learning effect is the ability of the task to be performed better with time
following an initial experience which would ultimately lead to reduced time taken to execute the task
and better quality of the work output. With increasing number of tasks performed and experience
gained one should anticipate the growth in efficiency of the execution thus cutting down the duration
of the tasks and the error thus improving the performance of the whole project.

8.2 Solution and Optimization of d,,, and p in Task 2

As shown in Fig. 4, the change trend chart of 7, based on the different values of d,, and p is
obtained under the probability estimation condition of P,, = 32.94% and P,, = 35.76%. It can be
observed that: (1) Considering the mechanism of learning effect, the shortest actual execution duration
T, = 153.54 is obtained when the interaction strategy is set as d,,, = 17 and p = 0.9, respectively;
(2) Without considering the mechanism of learning effect, the shortest actual execution duration
T = 156.56 is obtained when the interaction strategy d,,, = 7 and p = 0.9, respectively; (3) The
actual execution duration shortening rate for d,, € [0,17) is about 1/2 times the actual execution
duration increasing rate for d,, € (17, 50].

8.3 Solution and Optimization of d,;; and p in Task 3

As shown in Fig. 5, the change trend chart of T; based on the different values of d,; and p is
obtained under the probability estimation condition of P,, = 45.57% and P,; = 41.18%. It can be
observed that: (1) Considering the mechanism of learning effect, the shortest actual execution duration
T = 152.05 is obtained when the interaction strategy is set as d,,; = 27 and p = 0.7, respectively;
(2) Without considering the mechanism of learning effect, the shortest actual execution duration
Ty™ = 155.86 is obtained when the interaction strategy d,, = 17 and p = 0.7, respectively; (3)
The actual execution duration shortening rate for d,,; € [0, 27) is about 2/3 times the actual execution
duration increasing rate for d,; € (27, 50].
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Figure 4: Trend chart of T, based on different values of d,,, and p. (a) considering the mechanism of
learning effect; (b) without considering the mechanism of learning effect
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Figure 5: Trend chart of T; based on different values of d,,; and p. (a) considering the mechanism of
learning effect; (b) without considering the mechanism of learning effect

8.4 Solution and Optimization of d ., and p in Task 4

As shown in Fig. 6, the change trend chart of T, based on the different values of d,, and p is
obtained under the probability estimation condition of P,; = 58.42% and P, = 52.75%. It can be
observed that: (1) Considering the mechanism of learning effect, the shortest actual execution duration
T;™ = 145.91 is obtained when the interaction strategy is set as d,, = 32 and p = 0.4, respectively;
(2) Without considering the mechanism of learning effect, the shortest actual execution duration
T;™ = 150.35 is obtained when the interaction strategy d,, = 27 and p = 0.4, respectively; (3)
The actual execution duration shortening rate for d,,, € [0, 32) is about one times the actual execution
duration increasing rate for d,,, € (32, 50].
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Figure 6: Trend chart of T, based on different values of d,,, and p. (a) considering the mechanism of
learning effect; (b) without considering the mechanism of learning effect

8.5 Solution and Optimization of d s and p in Task 5
As shown in Fig. 7, the change trend chart of T based on the different values of d,s and p is

obtained under the probability estimation condition of P,, = 66.37% and P,; = 78.46%. It can
be observed that: (1) Considering the mechanism of learning effect, the shortest actual execution
duration 77" = 139.77 is obtained when the interaction strategy is set as d,s = 42 and p = 0.2,
respectively; (2) Without considering the mechanism of learning effect, the shortest actual execution
duration 77" = 144.77 is obtained when the interaction strategy d,,s = 37 and p = 0.2, respectively;
(3) The actual execution duration shortening rate when d,,; € [0,42) is much higher than the actual

execution duration increasing rate when d,,s € (42, 50].
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Figure 7: Trend chart of 7’5 based on different values of d ;s and p. (a) considering the mechanism of
learning effect; (b) without considering the mechanism of learning effect
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9 Discussion
9.1 Analysis of Change Probability Function
9.1.1 Numerical Analysis of Preliminary Design Change Probability Function

By analyzing Formula (26) and combining with Fig. & drawn after reasonable assignment of
relevant parameters (D, = 200, D, = 100, &, = 0, P,,.,, = 0.9, ¢., = 0.1, B, = 2, &, € [0,100],

ai

g; € [—1,1]) in Formula (26), Proposition 1 can be obtained as follows:

0.6
0.5
2504

0.3

100

Figure 8: The influence of ¢, and &, on the change trend of P,

Proposition 1. When g; — 0, the value of P,; is constant. This indicates that there is no mutual influence
between the concurrent execution duration of the two-way information interaction behavior between PD,
and CD; and the probability of information change occurring or not occurring. When ¢; — —1 and
d:. — 100, P, gradually increases. This indicates that in the case of rapid evolution of the information
change rate, the concurrent execution start time of the two-way information interaction behavior should
be postponed as much as possible. When ¢; — 1 and d:, — 0, P, gradually increases. This indicates
that in the case of slow evolution of the information change rate, the concurrent execution method of the

two-way information interaction behavior should be started as early as possible.

By analyzing Formula (26) and combining with Fig. 9 drawn after reasonable assignment of
relevant parameters (D, = 200, D, = 100, &', = 0, Py;_,, = 0.8, ¢, = 0.2, g, € [0.1,1], B, € [0,2]) in
Formula (26), Propositions 2 and 3 can be obtained as follows:

Proposition 2. In terms of the commonality of Fig Ya—c, during concurrent execution with two-way
information interaction behavior, there are: (1) When dP,/0g, < 0, it indicates that the higher the
degree of inherent uncertainty of PD;, the higher the possibility of its information changing; (2) When
oP,/0B,; = 0, it indicates that with the improvement of the technical ability of the design team, the
possibility of information change in PD; will decrease.

Proposition 3. Regarding the differences between Fig. 9a—c, by observing the representative points A and
B in the figure, it can be seen that when ¢; > 0, P,; shows an upward trend at points A (B, = 0.6) and B
(gi=0.7); whene; = 0, P,; shows an upward trend at points A (B, = 1.3) and B (g; = 0.5); wheng; < 0,
P, shows an upward trend at points A (B, = 1.7) and B (g; = 0.4). The above results show that during
the concurrent execution with two-way information interaction behavior, when the information evolution
rate g; gradually accelerates, when and only when the value of g; gradually decreases and the value of B,
gradually increases, the information change behavior can be transformed from a deterministic event to a
random event.
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Figure 9: The influence of 8, and g; on the change trend of P,. (a) slow evolution, (b) stable state;
(c) fast evolution

9.1.2 Numerical Analysis of Construction Drawing Design Change Probability Function

By analyzing Formula (28) and combining with Fig. 10 drawn after reasonable assignment of
relevant parameters (D, = 200, D, = 100, 7, = 0.5, v, = 2, u; € [0.1, 1], B,; € [0,2]) in Formula (28),
Propositions 4 and 5 can be obtained as follows:

.
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0.95
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Figure 10: The influence of 8, and u; on the change trend of P,; across different scenarios (a) First
fast, then slow; (b) linear growth; (c) First slow, then fast

Proposition 4. In terms of the commonalities of Fig. 10a—c, during the concurrent execution with two-way
information interaction behavior, there are: (1) When dP,;/0u; < 0, it indicates that the probability of no
information change in CD; is decreasing with the increasing dependence of CD; on the design achievement
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of PD;; (2) When 0P,;/3B, > 0, it indicates that with the improvement of the technical ability of the
design team, the possibility of information change in CD; will decrease; (3) In terms of the value of
P,., A > B exists, indicating that rather than reducing CD,’s dependence on PD; design results, more
attention should be paid to improving the technical ability of CD; design team to reduce the probability
of information changes in CD,.

Proposition 5. In terms of the differences between Fig. 10a—c, by observing the corresponding P, values for
points A, B, and C, there exists A, ., > A,y > A,.., B,.,>B,_,>B,_,and C,, > C,_, > C,_,.
This indicates that during concurrent execution with two-way information interaction, when the effective
information accumulation evolution path of PD, is fast-to-slow, the information change rate of CD, is
lower than the linear growth and slow-to-fast scenarios, while the linear growth scenario is lower than the
slow-to-fast scenario.

By analyzing Formula (28) and combining with Fig. 11 drawn after reasonable assignment of
relevant parameters (D, = 200, D, = 100, 8,, = 1, u; = 0.8, 7; € [0.1, 1], v; € [0, 1]) in Formula (28),
Propositions 6 and 7 can be obtained as follows:

A(0.1,1,0.98) B(l-'l- 0.76) A (0.1, 1,0.96) A (0.1, 1,0.95)
1 1. 1
. * B(1,1,0.6) °
. B(1,1,0.5)

0.8 0.8 0.8 e
Q‘E 0.6 ‘7 4 Q“E 0.6 » \ Q"E. 0.6
04 04
0.2 0.2
1 1

1
0 0 ! 0 0 :
(@ n,<1 (b) 7,=1 () 7,>1

Figure 11: The influence of v; and 7, on the change trend of P,. (a) First fast, then slow; (b) linear
growth; (c) First slow, then fast

Proposition 6. As far as the commonalities of Fig. 11a—c are concerned, during the concurrent execution
with two-way information interaction behavior, there are: (1) When dP,;/dv; > 0, it indicates that with
the improvement of the coordination ability of the design team between PD; and CD;, the possibility of
information change in CD; will decrease; (2) When v; > 0, dP,;/dt; > 0, indicating that if and only if
the design team between PD; and CD; has a certain coordination ability, the probability of information
change in CD; can be reduced by reducing the difficulty of innovation in PD;.

Proposition 7. In terms of the differences between Fig. 11a—c, by observing the values of p corresponding
to points A, B, and C, there exists A,., > A,_, > A,., and B, > B,_, > B,_,. The conclusion
revealed by this proposition is the same as Proposition 5, that is, during the concurrent execution of two-
way information interaction behavior, when the effective information accumulation evolution path of PD,
is fast-to-slow, the information change rate caused by CD,; is lower than the linear growth and slow-to-fast
scenarios, and the linear growth scenario is lower than the slow-to-fast scenario.
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9.1.3 Analysis of the Concurrent Construction Process Model

Proposition 8. When the design information change rate of PD; is greater than (less than) 50%, the
concurrent execution duration of two-way information interaction between PD; and CD; should be less
than (greater than) 112 of the nominal execution duration of PD,. When the design information change
rate of CD, is greater than (less than) 50%, the concurrent execution duration of one-way information
interaction between CD; and PD,,, should be greater than (less than) 1/2 of the nominal execution
duration of PD,,,. This indicates that as the probability of information change between PD, and CD,
in each design task decreases gradually, the corresponding trend of the optimal interaction strategy is as
follows: the concurrent execution duration with two-way information interaction behavior increases, while
the concurrent execution duration with one-way information interaction behavior decreases. The 50%
threshold in Proposition 8 is based more on numerical evidence than an analytical argument. In model
simulations, it appeared to function well as a boundary under typical projects condition. This threshold’s
stability has been tested across project scales: variations in task sizes and execution durations, but it has
proven stable under these variations.

Proposition 9. When the design information change rates of PD; and CD; are both less than 50%, the
shortest actual execution duration of the design task achieved under the optimal interaction strategy for
both PD; and CD; is less than their nominal execution duration. This indicates that in the case of low
design information change rates, concurrent execution not only reduces the non-value-added duration
spent on information transfer and forward and reverse rework, but also accelerates the completion speed
of the design task during the value-added period, thereby shortening the nominal execution duration.

Proposition 10. Taking the concurrent execution duration corresponding to the optimal interaction
strategy as the benchmark, when the design information change rate of PD, and CD; is high (low),
the negative effect of increasing the concurrent execution duration with two-way information interaction
behavior is higher (lower) than that of reducing the concurrent execution duration. Proposition 10
explains the marginal benefit brought by the change rate of design information and the change of
concurrent execution duration with two-way information interaction behavior to the project execution
duration. In other words, under the condition of high (low) change rate, the marginal benefit brought
by increasing the concurrent execution duration with two-way information interaction behavior is lower
(higher) than that brought by reducing the concurrent execution duration.

Proposition 11. With the decrease of the change rate of design information, in the case of the same
concurrent execution duration with two-way information interaction behavior, the difference between
the actual execution duration corresponding to the adjacent concurrent execution duration with one-way
information interaction behavior is more significant. This indicates that compared to the situation where
the design information change rate is high, the actual execution duration corresponding to the design
information change rate in the low case is more sensitive to the concurrent execution duration with one-
way information interaction behavior. That is, when solving the actual execution duration corresponding
to the optimal interaction strategy under the low design information change rate, the actual execution
duration has a higher requirement for the accuracy of the concurrent execution duration with one-way
information interaction behavior.

Proposition 12. Compared with no consideration of the mechanism of learning effect, when the mechanism
of learning effect caused by two-way information interaction is considered, the concurrent execution
duration between PD; and CD, is significantly increased, and the actual execution duration is significantly
shortened. This indicates that the existence of learning effect can enhance the concurrency between PD,
and CD; by reducing the rework duration and information transfer duration, thereby achieving the goal
of shortening the actual execution duration of design tasks. Therefore, the learning effect due to two-way
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information interaction behavior can amplify the advantage of concurrent execution in shortening the task
execution duration.

Proposition 13. The concurrent execution of PD; and CD; in EPC mode can shorten the actual execution
duration of CD; more than that of PD;. It shows that concurrent execution can significantly shorten the
forward rework duration brought to CD; by design information change of PD;, but has no obvious effect
on the reverse rework duration brought to PD, by design information change of CD,.

The propositions are hypothetical under the field view and based on the mathematical model
developed for concurrent execution. They were made under the assumptions and variables contained
in the model rather than from empirical project-execution data. Validity of these propositions in
case studies-practical applicability in real EPC projects-could be checked by future work through
empirical data.

10 Conclusion

When formulating the interactive strategy of the concurrent execution process of preliminary
design and construction drawing design, the following factors should be considered: the rate of
information change in the preliminary design stage, the effective information accumulation and
evolution rate in the construction drawing design stage, the rate of information change in the
preliminary design and construction drawing design stages (speed), and the learning effect generated
during concurrent execution. That is, when the rate of information change in the preliminary design
stage is in a slow evolution situation, the inherent uncertainty level under concurrent execution
with two-way information interaction can be appropriately relaxed, and the technical capability
requirements for the design team can be appropriately reduced. Conversely, the inherent uncertainty
level should be controlled within a low range, and the technical capability requirements for the
design team should be as high as possible. The effective information accumulation and evolution
path should be arranged to perform preliminary design tasks that are rapidly (slowly) evolving during
concurrent execution with one-way (two-way) information interaction. When the rate of information
change in the preliminary design stage gradually decreases, the strategy of gradually increasing the
concurrent execution duration with two-way information interaction should be adopted. When the
rate of information change in the construction drawing design stage gradually decreases, the strategy
of gradually reducing the concurrent execution duration with one-way information interaction should
be adopted. The learning effect brought by concurrent execution with two-way information interaction
should be paid attention to achieve the goal of shortening the design task execution cycle by reducing
the information transmission duration and forward rework as much as possible.

This study focuses on exploring the impact of the inherent properties of preliminary design
and construction drawing design on the interaction strategy of optimal concurrent execution, and
does not further expand the research perspective to the influence of external environmental factors
that can promote or hinder. Therefore, future studies can take into account the following factors:
Considering the impact of ethical risk behaviors between preliminary design and construction drawing
design teams with heterogeneous characteristics on interaction strategies; Considering the impact of
resource constraints such as personnel and machine limitations on resource allocation policies during
the concurrent execution of preliminary design and construction drawing design; On the basis of
considering the information interaction duration, rework duration and concurrent execution duration
as random variables, the influence of them on the stability of interaction strategy can be further
discussed.
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