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Abstract: Choosing an appropriate project delivery system (PDS) directly affects the achievement
of performance goals, and at the same time it is of great significance for sustainable construction
project management (SCPM). This paper took the PDS of construction engineering as the research
object, took the Design-Build (DB) and the Design-Bid-Build (DBB) as examples, and established
the indicator system for determinants of the PDS decision. Based on Multi-Agent Systems (MAS),
a decision-making simulation model of the PDS decision was constructed, and this paper analyzed
the influence of the project attribute characteristics, policy and market environment, owner ability
and preference, and contractor technology and capabilities of the PDS decision. While analyzing the
circumstances under which the owners tend to choose DB or DBB, the following conclusions were
reached: (1) the contractor technology and capabilities increase faster in DB than in DBB. (2) The
PDS with policy and market environment preferences has an advantage in the PDS decision, and the
owners are more willing to choose the PDS which was selected previously. (3) The competition
mechanism in the construction market will eliminate contractors whose growth rate is too low to
meet the needs of projects in the market. The research provides theoretical references for the scientific
decision-making of construction enterprises.

Keywords: construction engineering; project delivery system; Multi-Agent System; decision simulation

1. Introduction

With the continuous development of China’s modernization, the proportion of the construction
industry in the national economy continues to rise. In 2018, the total output value of China’s
construction industry reached 6.18 trillion Yuan, accounting for 6.87% of China’s Gross Domestic
Product (GDP). Compared with 1978, it has increased by 3.09 percentage points, and there were
more than 90,000 construction enterprises of various types in China [1]. Against this background,
the construction industry has a positive impact of economic growth [2,3], and it is important for the
sustainability and stability of China’s economy to maintain the development of the construction industry.
However, the construction industry faces problems such as a complicated external environment, low
project profits and fierce competition, which has attracted people’s attention [4,5]. Moreover, the issue of
scientific decision-making in construction project bidding has become the central issue of construction
enterprises [6]. In this context, how to achieve the performance goals of engineering projects and
the sustainable development of enterprises through scientific decision-making during the bidding
process has become an important consideration content for construction enterprises formulating their
development strategies.
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Sustainable development is development that meets the needs of the present, without
compromising the ability of future generations to meet their own needs [7]. Sustainable construction
project management (SCPM) requires enterprises to pay attention not only to the project itself, but also
to the internal and external environment, so as to maximize the time, quality and economic benefits.
PDS is a kind of power and responsibility distribution mode and organization, coordination mode
between the owner and the contractor during the construction period [8], and, as one of the critical
factors of project success, it affects the project schedule, cost, quality and contract management to a
great extent [9]. It has been pointed out that choosing an appropriate project delivery system (PDS)
can reduce the cost of infrastructure construction by 5% [10]. In other words, choosing the right PDS
directly affects the achievement of performance goals such as the project schedule, cost, and quality,
and it is of great significance for the SCPM.

The SCPM is facing many new challenges, including limited time and resources, economic viability
issues and reducing carbon emissions [11,12], and it gets the attention of academia [13]. An integrated
sustainable performance evaluation method was used to evaluate SCPM, and it indicates that finance,
schedule and quality management are the top three important dimensions in SCPM [14]. The fuzzy
analytic network process was used to weigh the sub-criteria by considering the interdependence of the
main criteria, and the assigned-to-top management and sponsor support, stakeholder expectations and
end users-imposed restrictions were known as the key factors for project management on sustainable
development [12]. The analytic hierarchy process method and the expert choice computer program
were used to find that well-performed management is one of the critical factors which leads to the
success of any significant SCPM [15]. SCPM performance evaluation can help to raise the level
of management [14]. However, the analyzed studies mainly focus on the research of the project
management process and rarely involve the decision-making at the initial stage of the project.

The PDS plays an important role in the rapidly developing construction industry [9,16],
and selecting an appropriate PDS can improve the project performance effectively [17,18], as it
is considered more in line with the requirements of the SCPM performance. Many methods were used
in the study of the decision-making of PDS. After statistically investigating 351 actual engineering cases,
Konchar and Sanvido developed a method of multiple linear regression to empirically compare the cost,
schedule and quality performance of Design-Bid-Build (DBB), Design-Build (DB) and Construction
Management at risk (CM); the results showed that projects administered using DB can achieve
significantly improved cost and schedule advantages, and that DB projects produce an equal and
sometimes more desirable quality performance than construction management at risk and DBB
projects [16]. Luu et al. used a factor analysis and principal component analysis to analyze the main
determinants in the selection of the PDS, and clarified the tendency of relevant stakeholders to choose
the PDS. They derived an eight-factor solution for PDS selection and found that external environment
and project risks were of paramount importance amongst the eight factors identified [19]. Ling et al.
compared 11 performance indicators of different projects using DBB and DB in Singapore; the method
of multiple linear regression was used, and the results showed that the project delivery speed is faster
in the DB, but that the project is more changeable in the DBB, and that it is necessary to establish
a procurement system to control project performance [20,21]. A multi-criterion decision-making
methodology was used to assist decision-makers in selecting the proper PDS for projects, and the
results showed that when the effect of all factor values increased to be the only deciding factor, the DB
was the most appropriate option [6]. Kumaraswamy and Dissanayaka selected a sample of different
building projects and professionals based in Hong Kong to yield ‘knowledge’, and constructed a
knowledge-based decision support system; this system achieved the goal of selecting the appropriate
PDS based on different project attributes [22]. Luu et al. developed a fuzzy Case-Based Reasoning (CBR)
prototype for the selection of an appropriate PDS and conducted a series of tests with domain experts
using real cases and projects; the results confirmed that the cases stored in CBR are correct and consistent,
which provided an effective solution for PDS decisions [23]. At the same time, the AHP [17], fuzzy
comprehensive evaluation [4,24,25], case-based reasoning [26,27], model decision-making standard



Sustainability 2020, 12, 2202 3of 21

methods [28] and other decision-making methods were also used in the research of the decision-making
of PDS.

In summary, the existing literatures include innovation and rationality in their research methods
and selection of determinants. In the selection of determinants, most of the existing literatures focus on
the impact of one determinant or several determinants on the PDS decision. The lack of a comprehensive
analysis of PDS decision determinants cannot draw comprehensive research conclusions. The research
methods mainly include multivariate statistical analysis, multi-attribute analysis and knowledge-based
decision support systems. These methods are biased towards the qualitative and subjective analysis
of the impact of determinants on the PDS decision, which cannot describe the decision mechanism
and behaviors of PDS systematically. We believe that a comprehensive analysis of the impact of
determinants on PDS decision-making requires the establishment of a comprehensive determinants
indicator system and the systematic construction of the mechanism and behaviors of the PDS decision.

This article will take the DBB and DB as examples. The DB and DBB are currently the common PDS
on an international level [6,9,16]. The DBB emphasizes that project implementation should be carried
out in accordance with the “design-tender-build” process. The DB is also known as Turn-Key-Operate
in the world; the owner selects a contractor to be responsible for the quality, safety, cost and duration
of the entire project, and the contractor needs to have higher technology and capabilities in DB. In the
DBB, the contract is concluded separately between the contractor and subcontractor and the supplier,
which is different from the DB based on the total price contract when the contract is concluded.
Studies have pointed out that DB has a positive impact on schedule arrangements, but it is still
uncertain whether DB or DBB have a cost advantage [29].

The aim of the article is to establish a comprehensive determinants indicator system and construct
the mechanism and behaviors of the PDS decision, to develop a model (based on the Multi-Agent
System) for decision-making, to reveal the rules of PDS decision-making and to make conclusions.
It will provide a new perspective for the SCPM through the PDS decision.

2. Methodology

2.1. Construct Indicator System for Determinants of the PDS Decision

The decision-making of PDS is affected by the complex determinants in the whole life cycle of
construction project management, and is an important concern for experts and scholars. The research
on the determinants of the construction project management decision is mainly from the project
attribute characteristics [9,30,31], owner ability and preference [32-34], contractor technology and
capabilities [26,35,36], project target requirements [37,38], policy and market environment [4,39] and
the performance of PDS [40,41]. These researchers have summarized various determinants in the
project on the decision-making of the PDS, and these studies focus on studying the influence of
single determinants on PDS decision-making. According to the relevant research of experts and
scholars, this paper combed the indicator system for determinants of DBB and DB, including project
attribute characteristics, owner ability and preference, contractor technology and capabilities, project
target requirements, and policy and market environment. According to the principle of operability,
integrity and practicality, we invited 20 experts, including owners, builders and consultants, to rate the
importance of all determinants based on the Likert scale. The Cochran-Mantel-Haensel Test was used
to screen the content of the combed indicators. The Mean Score (MS) represents the average value
of the experts in a certain field for the importance assignment of the determinants, and the Overall
Mean Score (OMS) represents the average value of all experts for the importance assignment of the
determinants. The MS and OMS values of all the determinants are shown in Table 1.
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Table 1. OMS value sorting of the determinants.

I’rifnary Secondary Indicators Owner Builder  Consultant Composite Average
Indicator MS Value MS Value MS Value OMS Value Rank
. . Project scale 3.081 2.793 3.008 2.961 11
Project attribute Project complexity 3.063 2.699 3152 2.971 9
characteristics Environmental uncertainty 2.912 2.654 2.563 2.710 18
Project target Time requirement 3.135 2.839 2.989 2.988 7
requirements Cost requirement 3.140 2.871 3.020 3.010 6
Quality requirement 3.058 2.828 3.001 2.962 10
. Market environment 2.925 2.845 2.876 2.882 13
Policy and Policy and regulation 3.023 2.696 2.891 2.870 14
market Contractors number 3.143 2.840 2.865 2.949 12
environment Similar projects 2.813 2.670 2.182 2.555 19
Technological capability 3.150 2.862 3.122 3.045 4
Contractor Market reputation 3.063 2.839 3.031 2.978 8
technology and Coordination ability 2.938 2.645 2.000 2.528 20
capabilities Service level 3.010 2.665 2.857 2.844 15
Innovative attitude 2.875 2.677 2.945 2.832 16
Management ability 3.213 3.065 3.279 3.186 2
Owner ability Ability to undertake risks 3.313 2.839 3.190 3.114 3
Willingness to participate in project 3.195 2.793 3.045 3.011 5
and preference 7 :
Attitude to disputes 2.945 2.581 2.845 2.790 17
Number of history choices 3.355 3.125 3.138 3.206 1

According to the rank of the OMS values, we screened the top 15 important indicators to construct
the indicator system for the determinants of the PDS decision, and we used a normalization method to
calculate the weight of the determinants according to the OMS value of each determinant in Table 1, as
shown in Table 2.

Table 2. Indicator system for the determinants of the PDS decision.

Number Primary Indicator Weight Secondary Indicators Weight
. . .. Project scale 0.499
P t attribute ch t t

Fy roject attribute characteristics 0.199 Project complexity 0.501
Time requirement 0.333
Fy Project target requirements 0.200 Cost requirement 0.336
Quality requirement 0.331
Market environment 0.331
F3 Policy and market environment 0.194 Policy and regulation 0.330
Contractors number 0.339
Technological capability 0.343
Fy Contractor technology and capabilities 0.198 Market reputation 0.336
Service level 0.321
Management ability 0.255
. Ability to undertake risks 0.249

F O bilit d pref
5 whet ablity and preference 0.209 Willingness to participate in project 0.241
Number of history choices 0.256

2.2. Set Determinants of PDS Decision

The owner is the core decision-maker in the decision-making of PDS[10]. In addition to considering
the preferences themselves, the owners will also consider determinants such as the policy and market
environment, project target requirements and project attribute characteristics. These determinants
interact with the decision-making process of the owner and constitute the decision-making mechanism
of the PDS, as shown in Figure 1.
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Figure 1. Decision mechanism of the PDS.

Based on the decision mechanism of the PDS and the determinants of the PDS decision-making,
the model of the PDS decision-making was established, as shown in Figure 2. In the model: (1) the
owner ability and preference, and the policy and market environment affect the selection tendency of
the owner. (2) The owner selection tendency, the contractor technology and capabilities, and the project
attribute characteristics affect the decision behavior of the PDS. (3) In the PDS decision-making process,
the contractor technology and capabilities need to be identified, so it is necessary to investigate the
contractor technology and capabilities to meet the project target requirements. (4) The main influence
of the project attribute characteristics on the PDS decision-making is reflected in the project target
requirements, but also affects the owner ability and preference.

Owner ability and . .
prefergncye Project attribute characteristics Project target requirements
.. [—] >
>  Management ability > ; N .
> Ability to undertake risks > Proest sale > Time requirement
> Willingness to participate in plexity > Cost requirement
project > Quality requirement
»  Number of history choices
Policy and market l \ 4
environment
—> Owner selection s PDS dedsionbeluavior Contractor technology and
S . tendency capabilities
> Market environment
> Policies and regulation A X
> Contractors number > Technological capability
N > Market reputation
Behavior results > Service level
Selection model

Figure 2. Model of PDS decision-making.

The determinants of the PDS decision were set according to Figures 1 and 2.

For the impact of the project attribute characteristics on the PDS decision, we define the project
attribute characteristics as At, project scale as a, project complexity as b, and a, b € [0.1, 1]; then,
the project attribute characteristics At can be expressed as:

At=nyXa+nyxb @

where 11, 1, are the weights of the project scale and project complexity, respectively, and the weight is
shown in Table 2.

The project target requirements are implemented for five indicators, including time, cost, quality
requirements, market reputation and service level in terms of contractor technology and capabilities.
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Thus, we set the project target requirements in the design and construction as m = {my, mjy}; then,
the matrix of the project target requirements m can be expressed as:

my1 Mz nyz Mig M5
mp1 Mpp M3 Mpg M5

@

where my; € [0.1, 1].

For the impact of the policy and market environment on the PDS decision, we define two types
of market environments, S and S,. The owner’s selection tendencies for S; and S, are gs1 and gs»,
respectively. The number of history choices for S; and S, are Ts; and Tsp, and the impact coefficients
of Ts1 and Tsp on the owners are m and my, respectively. The propensity of the owner to choose the
market environment is expressed as:

Ps1 = gqs1 +m1 X Tsq
Psy = gsp +my X Ty

®)

We define two types of policy and regulations, Z; and Z,. The owners’ preference coefficients for
Z1 and Z, are qz1 and gz, respectively. The number of history choices for Z; and Z, are T, and Ty,
and the impact coefficients of T>1 and T, on the owners are 117 and ny, respectively. The propensity of
the owner to choose the policy and regulations is expressed as:

Py =g;1 +ny XTy
Py =g, +nyxTyp

(4)

We divide the type of contractors into design contractors and build contractors, and the contractors
need to have a higher technology and capabilities in DB. According to this reality, we set DB to be
selected when the contractor meets the following conditions:

dlevel; > my; i=1,2,...,5 5)
blevel]- >m; j=12,...,5

For the impact of the owner ability and preference on the PDS decision, we define the owner
ability and preference as Ab, management ability as w, ability to undertake risks as v and willingness
to participate in the project as de. C and Z represent the number of history choices in DBB and DB
respectively. The frequency of the number of history choices are T¢ and T.

Te= Y CSiZj/(Z+C)
i,je[l,Z]

T,= Y Z75Z;/(Z+C)
i,je1,2]

(6)

where CS;Z; and ZS,Z; respectively represent the number of history choices of DBB and DB in the
context of the market environment S; and the policy and regulation Z;, and i, j € [1,2].

The owner ability and preferences in the DBB and DB are expressed as Abc and Abz, respectively,
and their calculation formulas are as follows:

Abz = g1 x(1— w)+ g2x(1-v) + g3x (1 - de) + kx Ty

7
Abc = g1 Xw + @2 Xv + gzxXde + kxT¢ @)

where: 41, g5, 3 respectively represent the weight of management ability, ability to undertake risks
and willingness to participate in project, and k represents the weight of the number of history choices,
and the weights are shown in Table 2.
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2.3. Build a Decision-Making Simulation Model of PDS

The objectives of a decision-making simulation model of PDS is to explore the decision process
and behavior of owners and contractors in the process of the PDS decision, the influence of various
determinants on the PDS decision and how to realize the whole process of the PDS decision.

This paper built a simulation model based on the following hypotheses:

Hypothesis 1 (H1). The public bidding information between the owner and the contractor is completely
symmetrical, the owner can investigate all the public information of the contractor technology and capabilities,
and the contractor can obtain all the information about the project target requirements.

Hypothesis 2 (H2). The owner can decide the winning contractor, and the contractor will bid for the project
according to his own actual ability.

Hypothesis 3 (H3). The owner determines the winning contractor according to the rank of the contractor’s
comprehensive scores on the five indicators. The project attribute characteristics can be regenerated after each
simulation, and the specific values can be randomly generated in the simulation according to different situations.

Hypothesis 4 (H4). The requirements of the owners for different project performance indicators have the lowest
threshold, and the contractor can only pass the qualification and enter the bidding evaluation if it exceeds the
minimum threshold.

Hypothesis 5 (H5). Project attribute characteristics regenerate after each simulation cycle, which means a new
project. In each new project, the number and attribute values of contractors will change because the contractors
chose to learn to upgrade or withdraw from the market in the previous stage.

Based on Multi-Agent Systems (MAS) [42], a decision-making simulation model for PDS was
constructed. The simulation model used the DBB and DB as simulation objects, and it was carried out to
simulate the behaviors and interactions of each subject by abstracting the subject in the decision-making
process of PDS (refer to Figure 2), after which the macro-decision behaviors of the PDS emerged [43].
According to the decision-making mechanism of PDS, this paper abstracted the owner agent and
contractor agent, and the contractor agent was divided into the design contractor agent and build
contractor agent according to the professional and technical advantages.

According to the simulation model objectives and framework, we set the built-in variables of the
owner agent and the contractor agent in the simulation system. The definitions and descriptions of the
main built-in variables of the owner agent and contractor agent are shown in Tables 3 and 4, according
the determinations settings of the PDS decision.

Table 3. Definition and description of the main built-in variables of the owner agent.

Variable Variable Type Parameter Meaning Parameter Value
Js number Owner preference coefficient for market environment S [0,1]
qz number Owner preference coefficient for policy environment Z [0, 1]
de list Project target requirements [0, 1]
P number Owner preference for DBB Calculated
P, number Owner preference for DB Calculated
At number Project attribute characteristics (scale a, complexity b) Calculated
w number Owner management ability [0, 1]
v number Owner ability to undertake risks [0,1]
Ab/Ab, number Owner ability and preference in DBB/DB Calculated

T/T, number Number of history choices in DBB/DB Calculated
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Table 4. Definition and description of the main built-in variables of the contractor agent.

Variable Variable Type Parameter Meaning Parameter Value
d-list list Design contractor technical level Random number between 0.2 and 1
b-list list Construction contractor technical level Random number between 0.2 and 1
dlevel number Design comprehensive score [0,1]
blevel number Construction comprehensive score [0,1]
d number Euclidean distance value Calculated
d-list list Euclidean distance value list Calculated
num-list list List of compliance indicators Calculated
score number Consortium composite score Calculated
nnum number Number of metrics above the threshold limit [0,1,2,3,4,5]

According to the model of PDS decision-making, we sorted out the behavioral strategies of the
owner agent and contractor agent in the PDS decision, and designed the implementation methods of
different behavioral strategies which would be used to design the simulation process.

(1) The owner agent has the following four behavioral strategies.

Behavior 1: Contractor capacity survey. The owners investigate the contractor technology and
capabilities which can undertake engineering design or construction tasks. When the number of
contractors who can undertake DB is more than three in the market [44] and those contractors can
meet the project target requirements, the basic conditions for selecting DB can be met. Otherwise,
the bidding can only be conducted separately, and only the DBB can be selected.

Behavior 2: Mode selection. P, and P, are the owner’s choice tendency and preference for DBB
and DB, respectively. P and P, are directly affected by the owner ability and preference and the project
attribute characteristics. Therefore, the owner’s choice for DBB and DB is expressed respectively as:

Pc= {x(1- Af)+ nxAb,

(8)
P7; = CxAt + nxAb,

where C is the weight of the project attribute characteristics, 7 is the weight of the owner ability and
preference, and the weight is shown in Table 2. We define a random number as r, when r is less than P,
and the number of contractors satisfying the bidding requirement is greater than 3; then, the DB is
selected, and otherwise the DBB is selected.

Behavior 3: Owner bid evaluation. When evaluating the bid, the performance of the contractor
in terms of time, cost, quality, market reputation and service level is evaluated by the owner agent.
The bid evaluation function is as follows:

©)

dlevel(i) = ax(i)y; + px(i)1p + yx(i)13 + 6x(i)14 + €x(i);5
blevel(i) = ax(i)y + px(i)py + yx(i)ps + 0x(i)oy + €x(i)y5

Behavior 4: Winning bidder selection. The bidding contractor or bidding consortium with the
highest comprehensive score is selected as the winning bidder.

(10)

Max dlevel; = Max(ax(i)1q + px(i)15 + yx(i)13 + 0x(i)14 + €x(7)15)
Max blevel; = Max(ax(i)y; + Bx(i) g + yx(1) g3 + 0x(i) 54 + €x(7)5)

where x(1), x(2), x(3), x(4) and x(5) represent the values of the contractor i in terms of time, cost, quality,
market reputation and service level, respectively. a, 8, 7, 6, € represent the weight indicators of the
owner in terms of the time, cost, quality, market reputation and service level respectively, and the
weights come from Table 2.

(2) The contractor agent contains mainly six kinds of behaviors

Behavior 1: Determine bid requirements. The choice of the contractor’s bidding behavior is
mainly affected by determinants such as construction requirements and their own technical ability
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level. Based on H2, the Euclidean distance calculation method is introduced. The three contractors
with the smallest Euclidean distance are eligible to bid. The bidding decision function is:

di = \/(ml —x(D))? 4 (my = x(i),)* + (m3 = x(1)3)? + (my = x(1)y)* + (ms —x(i)5)> (A1)

Among them, my, my, m3, my, ms represent the requirements of the project itself in terms of time,
cost, quality, market reputation and service level respectively. The three contractors with the minimum
d; participate in the bid.

Behavior 2: Contractor bidding. The contractor comprehensively considers the requirements
of each index of the project and their own technology and capabilities, and selects the most suitable
project for bidding.

Behavior 3: Set up a consortium. When bidding in the DB, the contractor forms three consortium
enterprises, according to the five hard index values and the Euclidean distance, and selects the
cooperative enterprise to form a consortium according to the nature of the lead unit.

Behavior 4: Select bid strategy. The contractor adopts different bidding strategies according to the
different PDSs chosen by the owner.

Behavior 5: Contractor learning strategy. The contractor agent has the ability to learn and update
attributes. The contractor who wins the bid will learn and update the capability based on the initial
capacity in the contracting project, and improve the attribute value of the contractor agent. The learning
function is:

x(1)q = x(1); 4 p e N[x(1);, [ (1); = ma || = @+ [x(1); = (1),
x(2);11 = X(2); + u*N[x(2);, [x(2); = ma] | - ¢ # |x(2); - x(2);
x(3);41 = x(3); +  N[x(3);, [x(3); = ms]] - g+ [v(3); - x(3), (12)
x(4);11 = X(4); + ux N[x(4);, [x(4); = ma|| -+ |x(4); - x(4);
x(5);41 = x(5); + i+ N[x(5);, [¢(5); = ms|| - @ [x(5); = x(5);

where (1 represents the growth factor, and the number of growth steps N [x(n)i, x(n); —m H is arandom
variable that conforms to a normal distribution. ¢ represents the internal friction factor, and the internal
friction step is expressed by the difference value in ability between the two contractors.

Behavior 6: The contractor extinction. If a contractor fails to meet the target requirements of all

projects in the simulation, they will die in the market. The condition for extinction is:
x(j); < minm; ji=1,2,--,5 (13)

2.4. Simulation Process Design

The NetLogo was used in the simulation model. NetLogo is a multi-agent programmable modeling
environment. It powers HubNet participatory simulations, and it is authored by Uri Wilensky and
developed at the CCL (Center for Connected Learning). NetLogo is suitable for simulating the
evolution process over time. It can command multiple agents to observe their behavior interaction, so
as to realize research on individual behavior and the macro model at the micro level [45].

The simulation interface is equivalent to the engineering construction market environment, as
shown in Figure 3. The simulation interface includes the command area, control area and output area.

The command area includes two functions: the Setup command or the Reset command is used to
create or reset the simulation environment. The Go command runs the simulation model and gets the
system output.

In the control area, the change command serves to control whether the owner is affected by the
feedback, and the study command serves to determine whether the contractor has a learning behavior
and continuously updates the contractor technology and capabilities. The control area forms different
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scenarios by adjusting the control parameters, and the parameters include pc, pz, ps1, Ps2, Pz1, Pz2-
The random number in the decision-making simulation model of PDS is randomly generated by the
random control in a given interval (such as d-list, b-list and r). The maximum number of iterations of
the simulation is maxticks. The property of the owner agent is updated at every iteration, which means
anew engineering project is formed, and the property value of the contractor agent is updated. We will
get the running results of the simulation when the number of iterations reaches maxticks.

Three output interfaces are designed in the output area to observe the change of parameters.
The curve of the output interfaces shows the change of the owner’s choice in DBB and DB, the change
of the contractor technology and capabilities in the market, and the cumulative number of choices in
different mode combinations.

T e
e

Tetal Batie of 1he Bede

[=E0
[

Figure 3. Virtual interface and elements of NetLogo.

Seven modules were designed in the simulation system, including the simulation body creation
module, conts-investigation module, mode-choose module, union-establish module, bidding evaluation
module, contractor study module and result output module. Each module has different functions, as
shown in Table 5.

Table 5. Model basic variable.

Module Name Function Function Description
ca Reset the simulation market
create-owner Create owner agent and its attributes
Simulation body creation create-cont Create contractor agent and its attributes
setup-number Set fixed parameter values
original-value Generate initial contractor technology and capabilities
Conts-investigation conts-investigation Calculate contractor technology and capabilities
Mode-choose mode-choose Owner agent chooses DBB or DB
Union-establish union-establish Forming a consortium in the DB
1 . choose-DBB Select DBB
Bidding evaluation
& choose-DB Select DB
Contractor stud DBB-study Update contractor attributes in DBB
Y DB- study Update contractor attributes in DB
do-plots1 Output evolution map of different PDS selection
Result output . e
do-plots2 Output evolution map of contractor technology and capabilities

The modules in the simulation system generate behaviors according to the vector sequence of
time. The simulation program flow was designed according to the decision mechanism of PDS and the
model of PDS decision-making, as shown in Figure 4.
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Figure 4. Simulation program flow chart.

The experimental method: when examining the influences of a project’s attribute characteristics,
owner ability and preference, and contractor technology and capabilities on the selection of the PDS,
only the parameter values of a certain scenario are adjusted, and the parameters of the other definitions
are fixed. This experiment used the main program module in the simulation model to implement
the initialization, parameter input, visual output and system operation. The global variables and
assignment of the entire agents were set. The total number of owners was 5, the total number of
contractors was 150, the maximum number of iterations in the simulation experiment was 900 and the
project attributes characteristics were randomly generated after each simulation. To ensure that all
experiments maintained the same global variables, the main global variables of different definitions in

the simulation system were set as shown in Table 6.

Table 6. Related major global variables definitions and descriptions.

Variable Name Description Assignment
[T Contractor growth/internal friction factor 0.005
ki, ko Influence coefficient of historical selection numbers in DBB/DB 0.01
my, my Influence coefficient of historical selection numbers in market S;/S, 0.01
Influence coefficient of historical selection numbers in policy Z;/Z, 0.01

ny, ny
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3. Results

3.1. Impact of Project Attribute Characteristics

The project attribute characteristics influenced the owner’s PDS decision from two aspects: one

was to influence the owner to select the DB, and the other was to influence the owner’s preference and
probability of selecting the DB. Under the same policy and market environment, owner ability and
preference, and contractor technology and capabilities, the parameters of the simulation experiment
were set as shown in Table 7. When a and b were taken 0.1-0.9 in turn, and when d-list = 0.502,
b-list = 0.496, the running result is shown in Figure 5.

)

@)

Table 7. Related parameter settings.

Parameters w v ds1 ds2 gz1 Gz2 de T, T, Study?
Valuations 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 Flase

65%

60%

55%

50%

45%

Owner's Choice of Project Management Mode

40%

35%
~#-DBB Mode DB Mode

30%
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Project Scale and Complexity
Figure 5. Effect of the project attributes on the decision-making of PDS.

The following conclusions can be drawn from the analysis:

When the scale and complexity of the project were low (range 0.1-0.4), owners tended to choose
DB. With the expansion of the project scale and complexity, the difficulty of the management
coordination of the project increased gradually. In order to effectively avoid adverse effects such
as costs and construction risks, the owner tended to transfer the construction and management
tasks to the contractor with a more extensive experience and high technical level as far as possible,
so owners tended to choose DB.

With the further improvement of the project scale and complexity (range 0.5-0.9), the owners
tended to choose DBB, and the DBB gradually occupied a dominant position. With the expansion
of the project scale and complexity, the implementation of the project management had led to
very high requirements regarding the qualifications and capabilities of the contractor, and it was
difficult for the contractor in the market to meet the requirements of the standard DB general
contractor. The owner can only request a separate invitation to the design or construction
individual requirements, thereby selecting the DBB. The owner can only solicit bids individually
according to individual requirements of design or construction, and as a result, only DBB can
be selected.
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3.2. Impact of Policy and Market Environment

Before selecting a PDS, the owner would comprehensively analyze and compare the advantages
and disadvantages of different PDSs in different environments, and exert advantages and avoid
disadvantages as far as possible. In order to explore the influence of policy and market environment
on the decision-making of PDS, the fixed related parameters were set as shown in Table 8.

Table 8. Related parameter settings.

Parameters a b w v de T; T, Study?

Valuations 0.4 0.4 0.5 0.5 0.5 0.5 0.5 Flase

The decision-making of PDS under different policy situations was simulated, and the owner’s
preference for the market environment was set as unchanged (451 = gs2 = 0.5). Situation 1: the relevant
policy environment preferences were the same, set 4,1 = g,» = 0.5, see Figure 6a. Situation 2: when it
biased towards the policy environment Z;, set ;1 = 0.8, 4, = 0.2, see Figure 6b. Situation 3: when it
biased towards the policy environment Z;, set 4,1 = 0.2, ,» = 0.8, see Figure 6c. When d-list = 0.502
and b-list = 0.497, the evolution results of the simulation experiments in the three scenarios are shown
in Figure 6.

Ratio of Different Combinations Ratio of Different Combinations Ratio of Different Combinations
0.193 B 0.1819 A

0.0838 — 0.0839
3 3

(b) (©)

Figure 6. Evolution trend under different policies and regulations. (a) gz1 = 0.5, gzp = 0.5, (b) 4,1 = 0.2,
dz2 = 0.8, and (C) dz1 = 0.8, Gz2 = 0.2.

The decision-making of PDS under different market environment situations was simulated, and the
owner’s preference for the policy environment was set as unchanged (4.1 = 4.2 = 0.5). Situation 1: the
relevant market environment preferences were same, set 451 = gs» = 0.5, see Figure 7a. Situation 2: when
it biased towards the market environment Sy, set gs1 = 0.8, gs» = 0.2, see Figure 7b. Situation 3: when it
biased towards the market environment Sy, set 451 = 0.2, gs» = 0.8, see Figure 7c. When d-list = 0.504
and b-list = 0.495, the evolution results of the simulation experiments in the three scenarios are shown
in Figure 7.

Ratio of Different Combinations Ratio of Di
0.191

Ratio of Different Combinations
0.1637

0.1 0.062
0

(@)

Figure 7. Evolution trend under different market environments. (a) gs1 = 0.5, g5 = 0.5, (b) 451 = 0.8,
gs» =0.2,and (c) gs1 = 0.2, gs» = 0.8.




Sustainability 2020, 12, 2202 14 of 21

1)

The following conclusions can be drawn from the analysis:

In situations where there are the same preferences for the policy and market environment, there
is no obvious bias in the choice tendency of the owners, and the decision of the PDS was random,
as shown in Figures 6a and 7a. In the process of long-term evolution, neither the DBB nor the DB
occupied a competitive advantage in a specific market environment. Combined with the reality,
if the policy and market environment have no obvious preference for PDS, various PDSs will
develop in a balanced manner.

In the case of unequal preferences between the policy and market environment, the choice of PDS
is basically similar. However, the model of a good policy and market environment occupied an
advantage in the decision-making of the PDS with the passage of time, as shown in Figure 6b,c,
and Figure 7b,c. It shows that the policy and market environment play a guiding role in the
decision-making of the PDS.

3.3. Impact of Owner Ability and Preference

The ability and preference of the owner are mainly reflected in the management ability of the

owner, the adaptability to risk, the willingness to participate in the project and the number of history
selection modes, which influence the decision-making of PDS comprehensively. In order to explore
the influence of the owner ability and preference on the decision-making of PDS, the fixed related

parameters were set as shown in Table 9.

Table 9. Related parameter settings.

Parameters a b gs1 gs2 gz1 Gz2 Study?
Valuations 0.4 0.4 0.5 0.5 0.5 0.5 Flase

The experiment simulated the decision-making of PDS under the situation of different owners’

abilities, and set de = 0.5, T, = 0.5, T, = 0.5. When w and v were taken as 0.1-1.0 in turn, and when
d-list = 0.499, b-list = 0.490, the running result is shown in Figure 8.

65%
60%
55%
50%
45%% /-_/__/
40%

35%

Owner's Choice of Project Management Mode

~#-DBB Mode DB Mode
30%

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Owners Ability of Management and Undertaking Risks

Figure 8. Influence of owners’ abilities on the choices of PDS.

The experiment simulated the decision-making of PDS under different situations of owners’

willingness to participate, and set w = v = 0.5, T, = T, = 20. When de was taken as 0.1-1.0 in turn,
and when d-list = 0.496, b-list = 0.485, the running result is shown in Figure 9.
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60%

55%
45%

40%

Owner's Choice of Project Management Mode

=#-DBB Mode DB Mode
35%
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Valuation of Owner's Participation Willingness
Figure 9. Influence of owners’ willingness to participate in the selection of PDS.

The experiment simulated the decision-making of PDS under different situations of historical
selection times, and set w = v = 0.5, de = 0.5. The simulation experiment set the following situation.
Scenario 1: when the number of different history selections was the same, set T, = 0.5, T, = 0.5, see
Figure 10a. Scenario 2: when the number of different history selections was different, set T. = 0.3,
T, = 0.7, see Figure 10b. The results are shown in Figure 10.

Total Ratio of the Modes o Total Ratio of the Nodes
0.5413
' Hos 0.68 s
| W
|, 4 \
W M, i
N
0. 4568 = o 0,302
] Similation tises 931 0 Simulation tives 934
(a) (b)

Figure 10. Evolution trend diagram under different historical selection times. (a) Tc = 0.5, Tz = 0.5,
and (b) Tc =0.3, Tz =0.7.

The following conclusions can be drawn from the analysis:

(1) In the situation where the owner’s ability is low (range 0.1-0.6, as shown in Figure 8), the owner
tended to choose the DB. This is because the owner only needs to sign a contract with the general
contractor in DB, which helps to economize construction costs and reduce the management
difficulty. With the continuous improvement of the owner’s ability (range 0.6-1.0, as shown in
Figure 8), the owner is more inclined to control the construction process directly. The reason for
this is that the owner has enough management ability and ability to cope with risks. The owner
can control the progress of the project through the DBB, which effectively economizes construction
costs and ensures the quality of the project construction.

(2) When the owner’s willingness to participate in the project is low (range 0.1-0.5, as shown in
Figure 9), the owner does not have the willingness to control the project. The DB can reduce the
workload of the owner, so the owner is inclined to select the DB. With the increase of the owner’s
willingness to participate in the project (range 0.5-1.0, as shown in Figure 9), the owner tends to
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control the project, so more DBB will be selected, and the owner will strictly control the design
scheme and construction process.

(3) In the case of the same historical selection times, there was no significant difference in the
probability of each mode being selected, and the difference between the owner’s choice tendency
for DB and DBB was only 4%, as shown in Figure 10a. With the increase of historical selection
times in one mode, the mode had an absolute competitive advantage in the market, and the
owners were increasingly inclined to choose this mode, as shown in Figure 10b. This proved
that the owners were largely influenced by previous decision-making experiences when selecting
the PDS.

3.4. Impact of Contractor Technology and Capabilities

In project management, the experience and technical level of the contractor continue to improve
with the increase of constructing projects. In the experiment, we kept the owner ability and external
environment unchanged, and kept the project attribute characteristics and external environment
unchanged. We tried to explore the influence of the contractor technology and capabilities on the
decision-making of the PDS.

3.4.1. Influence of Contractor Level on Decision-Making of PDS

In the experiment, we fixed the other parameters as being unchanged. Scenario 1: the contractor’s
ability does not change, take study? = False. Scenario 2: the contractor’s ability grows within a certain
period, take study? = True; we fixed the other parameters as shown in Table 10.

Table 10. Related parameter settings.

Parameters ds1 ds2 qz1 gz2 de T, T,
Valuations 0.5 0.5 0.5 0.5 0.5 20 20

When the owner’s ability and the external environment were kept the same (w = v = 0.5),
the influences of 2 and b were taken from 0.1 to 1.0 in turn, and the comparison results of situation 1
(see Figure 11a) and situation 2 (see Figure 11b) are shown in Figure 11.

0.65 0.60
0.60 055
0.55
0.50
0.50
0.45
045
0.40 0.40
035 0.35
0.30 0.30
0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 02 03 04 05 0.6 07 08 09
—8— Keep contractor technology and capabilitie unchanged —A— Keep contractor technology and capabilitie unchanged

Contractor technology and capabilitie improve with leaming —®— Contractor technology and capabilitie improve with learning

(a) (b)

Figure 11. Evolution trend diagram of different contractors in the horizontal situation. (a) DBB,
and (b) DB.

When the project attribute characteristics and the external environment were kept unchanged
(a2 =b=0.5), and w and v were taken from 0.1 to 1.0 in turn, the comparison results of situation 1 (see
Figure 12a) and situation 2 (see Figure 12b) are shown in Figure 12.



Sustainability 2020, 12, 2202 17 of 21

0.60 0.65
0.60
0.55
0.55

0.50
0.50

0.45 045
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Figure 12. Evolution trend diagram of different contractors in the horizontal situation. (a) DBB,
and (b) DB.

The following conclusions can be drawn from the analysis: when the contractor can continuously
improve the technology and capabilities by learning, owners prefer to choose DB. To investigate the
reasons for this, with the contractor mastering the construction technology continuously in the process
of construction engineering, the risk and cost of the construction project will continue to be reduced.
Therefore, the owners prefer to select DB and hand over the whole process of the design and build to
the contractor. Therefore, if the government wants to implement the DB or other emerging advantages
PDS, it can start by guiding the technology and capability of the contractor in the market, and construct
an orderly market environment suitable for the development of a specific model at the same time.

3.4.2. Influence of Decision-Making of PDS on Contractor Level

In the experiment, we fixed the other parameters as being unchanged. Scenario 1: DBB was
dominant, set p. = 80%, p, = 20%. Situation 2: DB was dominant, set p. = 20%, p, = 80%. The experiment
controlled the market advantage of the DB and DBB, and the other fixed parameters and results are
shown in Table 11 and Figure 13.

Table 11. Related parameter settings.

Parameters T, T, U Q Study?  Conts
Valuations 20 20 0.005 0.005 True 150

0.56

0.55

blevel (DB)
—dlevel (DB)

blevel (DBB)
-—dlevel (DBB)

L 1 L L
0 50 100 150 200 250 300

Figure 13. Trend chart of the contractor level evolution when different modes are dominant.
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The following conclusions can be drawn from the analysis:

(1) Regardless of which mode dominates in the market, the contractor’s average technical level of
design and build will be improved. At the same time, the market competition mechanism can
eliminate contractors whose growth rate is too low to meet the needs of the project in the market.

(2) When the DB dominates in the market, the rate of contractor learning is significantly higher than
that of DBB. This is because when DB is chosen, the contractor’s design and build technology
spirals upward. At the same time, the DB reduces the cost of management and coordination in
design and build, and it can give more full play to the investment income of the engineering
supply chain than DBB.

4. Discussion

In this paper, we established an indicator system for determinants of the PDS decision (as shown
in Table 2), built a decision-making simulation model of PDS based on MAS, and explored the impact
of different determinants on the PDS decision. Based on a comparison of the existing literature, our
discussion is as follows.

The existing literature’s focus is on studying the influence of single determinants on PDS
decision-making. In view of this situation, we sorted out a large amount of literature and constructed
the determinants of the PDS decision in complex environments. Compared with the previous study [9],
an analysis of the owner ability and preference was added. The influence of the owner’s ability
and preference on the PDS decision was proposed; it should improve the scientific nature of the
PDS decision. In the conclusion of this paper, when the owner’s management ability and ability to
undertake risks are high and the willingness to participate in the project is high, the owner tends to
choose DBB. Otherwise, the owner tends to choose DB. This is consistent with the conclusion in a
previous study that when the controlling owner’s characteristic is 100%, the proportion of selecting
DBB is as high as 38.2% [6], which may provide a reference for contractors to bid. When the project
scale and complexity is low, the owners tend to choose the DB. Otherwise, the owner tends to choose
the DBB. This is inconsistent with the conclusion that the probability of choosing the DBB mode and the
DB mode are 22.1% and 25.6%, respectively, when the project characteristics are set to 100% [6]. It may
be that the project characteristics in the existing literature include not only the scale and complexity of
the project, but also factors such as reduction of time and cost [6], which is a problem that is worth
further solving in future research.

This article has shown that in different environments, owners tend to choose DB and DBB
according to the project time, cost and quality requirements, which meets the requirements of SCPM [7].
SCPM requires enterprises to pay attention not only to the project itself, but also to the internal and
external environment. The policy environment has a guiding role in the PDS decision. At the same
time, the lack of government support is also one of barriers for SCPM [46], so governments should to
formulate policies to support PDS which meet SCPM requirements. The owner’s choice tendency is
affected by historical choice. Therefore, the government should encourage the owners to adopt the PDS
which is applicable for SCPM. This paper has shown that the DB has the following advantages over
the DBB: the technology and capability of contractors increases faster in DB than in DBB (Figure 13).
It can be inferred that in the same environment, the DB is more competitive, which is consistent with
the conclusion that “if all factors are considered, DB is the most suitable PDS” [6]. Here, we cautiously
believe that the DB may be more in line with the requirements of SCPM, which is consistent with the
conclusions that “Using a long-term view, sustainability performance will have greater contribution to
business competitiveness in the future” [47].

Of course, there are still some other research deficiencies in this paper; for example: (1) the
simulation experiment was limited to a single bidding section, and the PDS decision simulation for
multi-bidding section engineering needed to be studied. (2) The study only used the DB and the
DBB as examples, and did not yet explain the other PDSs, such as the CM, Engineering Procurement
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Construction Management (EPC) and Engineering Procurement Construction Management (EPCM).
This will be our research direction in the future.

An appropriate PDS decision directly affects the achievement of performance goals such as
project schedule, cost and quality. This paper established a PDS decision simulation model based on
MAS, which is different from the method based solely on experience and knowledge accumulation.
The conclusions reached are portable and objective. They have a reference value for owners and
contractors in choosing the appropriate PDS, and help promote the SCPM.

5. Conclusions

Choosing a right PDS directly affects the achievement of performance goals such as the project
schedule, cost and quality, and it is of great significance for the SCPM. This paper took the PDS of
construction engineering as its research object, and took the DBB and DB as examples. The determinants
of PDS selection were established by combing the existing literature. Based on MAS, a PDS decision
simulation model was constructed, and the following conclusions were reached:

(1) Owners tend to choose the DB under the following circumstances: (1) the project scale and project
complexity are low. (2) The owner’s management ability and ability to undertake risks are low.
(3) The owner’s willingness to participate in the project is low. (4) The contractor’s technology
and ability can grow continuously.

(2) Owners tend to choose the DBB under the following circumstances: (1) the project scale and
project complexity are high. (2) The owner’s management ability and ability to undertake risks
are high. (3) The owner’s willingness to participate in the project is high.

(3) When the technology and capability level of the contractor increase faster in the DB, the DB has
an advantage over the DBB.

(4) The policy and market environment have a guiding role in PDS decision-making. A PDS with
policy and market environment preferences has an advantage in the decision of the owner.
The owners are affected by historical experience when choosing a PDS, and owners are more
willing to choose a previously selected PDS.

(5) The competition mechanism in the construction market will eliminate contractors whose growth
rates are too low to meet the needs of projects in the market.

This article explored the impact of different factors on the PDS decision and provided new ideas
for SCPM. According to the research conclusions, it can provide the following suggestions for SCPM:

(1) The policy and market environment have a guiding role in the development of PDS, and they
also play a guiding role in SCPM. Therefore, the government can create a favorable macro
environment for SCPM by formulating policies which are conducive to the promotion of
sustainable development PDSs which are applicable for SCPM.

(2) The owner’s choice tendency is affected by historical choice. Therefore, the government should
encourage owners to adopt a PDS which is applicable for SCPM, such as DB, in order to cultivate
the preferences of owners and to improve owners’ recognition of sustainable development.

(3) Based on the conclusion that the DB is more in line with the requirements of SCPM, it is
recommended that the government encourage construction enterprises to adopt the DB, which is
conducive to the improvement of the contractor’s technical level, thereby nurturing a leader in the
field of engineering construction and supporting Chinese construction enterprises in going global.
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