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This paper develops a unified method to support contractor for bidding selection in construction projects. A cross-functional
contractor with 28 candidate units distributed in the three departments (construction units, design units, and suppliers) is used as
an example. This problem is first formulated as a 0-1 quadratic programming problem through optimizing individual performance
and collaborative performance of the candidate units based on individual information and collaborative information. Then, a
multiobjective evolutionary algorithm is designed to solve this problem and a bidding selection problem for a major bridge project
is used to demonstrate our proposed method. The results show that the decision-maker (DM) obtains a better contractor if he pays

more attention to collaborative performance.

1. Introduction

In bidding process of construction projects, contractors have
to make several simultaneous and interdependent decisions
despite the limited information available [1]. Numerous
studies are concerned with bidding strategies in construction
projects [2]. The drawback of these kinds of strategies is
that it requires specific information about their competitors.
Furthermore, many of them are developed for estimating
construction costs rather than estimating bid amounts [3,
4]. In practice, bidding decision of construction projects is
a complex decision-making process affected by numerous
factors, such as site terrain, environmental conditions, con-
struction method, climate conditions, and funding ability [5].

Bidding performance concerns the relationship among
different bidders whose bids are submitted in a competition
[6]. Currently, internationalization of construction compa-
nies has attracted broad attention and significant research
interest because of global economic slowdown and construc-
tion demand shrinkage [7]. Similarly, predictive information
concerns the competitiveness of contractors which is a
potentially valuable asset for multiple DMs involved in the
construction procurement process [6, 8]. For instance, it is

frequently stated that “the resulting fierce competition for jobs
forces construction companies to look for more sophisticated
analytical tools to analyze and improve their bidding strategies”
[9]. This leads to the conclusion that “[construction] managers
need statistical estimation techniques for effectively mining data
generated by auctions to predict future behavior and to dynam-
ically improve operational decisions” [10]. One approach of
acquiring competitiveness information is to monitor past
bidding behavior, but this is subjectively based in the con-
struction setting [6]. Nowadays, innovative approaches to
procurement include sequential markets, dynamic bidding
models, combinatorial auctions, online auctions, and mar-
ket places [6]. Existing conceptual frameworks on bidding
selection are developed through scattered efforts in more
general construction contexts for assessing and comparing
performance of construction companies [11]. Frameworks to
address bidding performance are rather sparse since most
of them are focusing on bidding accuracy, namely, cost
estimating accuracy [12]. Moreover, it is paradoxical since lots
of research concerning competitiveness in bidding has been
published linking the size of the bidder and the size of the
contracts, that is, proving that there are usually some affinities
between them [13].



A bidding process usually requires adoption of multi-
phase strategies and criteria [14, 15]. For instance, Bagies and
Fortune [15] divide a bidding process into four main cate-
gories: bidding strategies, bidding markup determinations,
factors affecting bidding decisions, and bidding decision-
making process. Meanwhile, identifying the main factors has
been studied on project factors [5, 16]. In addition, several
multicriteria bidding models [17] focus on considering vari-
ous factors to achieve optimal markup decision for construc-
tion projects [18, 19]. However, they usually use an additive
utility approach through ignoring possible interdependence
between different bidding criteria [1]. Moreover, many studies
focus on estimating a successful bidding by effective methods
based on project factors [14, 20, 21]. For instance, Wanous
et al. [14] identify 35 factors affecting bidding decision,
formulate a linear equation based on a staff survey, and
propose an assessment model and neural score to determine
whether a bidder is advantageous or not. Most of the existing
studies focus on identifying relevant factors and dealing with
the correlation among factors and bidding results without real
case studies.

Inspired by the abovementioned studies which high-
lighted key attributes that form the basis of the bidding
decision-making, various approaches are developed for the
contractor to select bidding in construction projects, such as
the integrated multiobjective decision-making process [22],
the neural networks [23], AHP [24, 25], data envelopment
analysis [26], the multiattribute analysis model [27], analytic
network process [28], integer programming [29], multiat-
tribute utility theory [30], and the binary goal programming
model [31]. These models have insightful implications for
the management side of a construction firm and reveal
important information about bidding practices and patterns
in different construction markets [32]. These approaches have
drawn much attention to the area of contractor selection
in construction projects and provided basis and new ideas
to group decision-making [32]. In addition, group decision-
making models are applied in outsourcing contracts selection
[33], selecting project team members and suppliers [34], and
selecting repair contracts [35] in the area of construction
projects. Then, some scholars [36, 37] address the contribu-
tions of experts from different professions to group decision-
making for selecting contractors of bidding in construction
projects. For instance, Liu et al. [32] establish a two-stage
partial least square path modeling aggregation approach
to expand the research area of group decision-making in
large scale construction projects, with different direction
correlations taken into consideration among the evaluation
indicators.

Existing research shows that the probabilistic risk analysis
is superior to most risk analysis methods. However, this
may not be true since probabilistic risk analysis requires
adequate and precise data from similar projects implemented
in quite similar environments and working conditions to
get probability density functions. In practice, collecting such
information seems almost impossible because of the unique-
ness of each construction project and unique features of every
certain contract. Thus, estimations of these experts may be
the most useful and dependable information in the cases.
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In this paper, we will study contractor selection of bidding
in construction projects based on individual information
and collaborative information. A 0-1 quadratic programming
model of the cross-functional contractors on bidding in
construction projects based on individual information and
collaborative information is established. The results show that
DM:s obtain the optimal contractor if they pay more attention
to collaborative performance. The major contribution of our
method is twofold: (1) The model takes into account different
numbers of design units, construction units, and suppliers.
We not only optimize individual performance of design
units, construction units, and suppliers, but also optimize
their collaborative performance. Moreover, our model can
be embedded into decision support system of construction
projects to deal with large scale and complex contractor
selection of bidding based on individual information and
collaborative information. (2) A novel multiobjective evolu-
tionary algorithm for solving the 0-1 quadratic programming
model of the cross-functional contractor is presented. In this
method, a new strategy is presented to handle congestion
among the individuals with simple computation. Based on
this algorithm, we can obtain a set of Pareto optimal solutions.
Then, DMs can select design units, construction units, and
the suppliers according to individual performance and col-
laborative performance to form a cross-functional contractor.
The rest of this paper is organized as follows. Section 2 states
contractor selection problem of bidding in construction
projects based on individual information and collaborative
information. Then, a general description framework of the
problem is given. Section 3 formulates this problem as a
0-1 multiobjective optimization problem, and an algorithm
is presented to solve the problem in Section 4. Section 5
illustrates the proposed method through a detailed example
and Section 6 concludes the paper.

2. Problem Description

In this section, we will describe how a contractor selects
bidding in construction projects based on individual infor-
mation and collaborative information. Construction projects
are typically user-driven, which allocate tasks step by step
through contractors and absorb units from different depart-
ments (organizations) in the network structures. A contrac-
tor management system of a construction project can be
described as multiagents, including owners, design contrac-
tors, construction contractors, contractors, and equipment
suppliers. Meanwhile, they are also supply-demand systems
of construction projects including contracts, suppliers, infor-
mation, and responsibility. In the following, construction
units, design units, and suppliers are taken as an example to
illustrate how to form a cross-functional contractor, namely,
contractor selection of bidding in construction projects.

As mentioned above, this paper solves contractor
selection of bidding in construction projects to form a
cross-functional contractor from different departments. For
instance, construction units, design units, and suppliers
come from department 1, department 2, and department
3, respectively. We consider both individual information
and collaborative information of the candidate units.
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Individual information refers to special characteristics of
individual candidate units, such as working experience,
qualification rate of completion inspection and acceptance,
and professional knowledge. Collaborative information
refers to historical relations of cooperation to complete tasks
in the past between two candidate units distributed in two
different departments. We select a contractor distributed in
three departments with 28 candidate units (design units,
construction units, and suppliers) shown in Figurel as an
example, where pink circles denote design units; red circles
indicate construction units; blue circles denote suppliers; and
solid lines indicate interaction between two different units.
Our target is to select one design unit from department 1, one
construction unit from department 2, and one supplier from
department 3, respectively. The distribution of the candidate
units can be described through a collaborative network based
on interactions among the individual candidate units.

In Figure 1, there are 6 design units, 10 suppliers, and 12
construction units from the 28 candidate units. On the one
hand, if circle areas of units are greater, the units have greater
individual performance than the other units from the same
departments. For instance, because the circle area of design
unit 1 from department 1 is obviously larger than the other
design units from department 1, the individual performance
of design unit 1 is better than the others in department 1.
Similarly, construction units of department 2 and suppliers
of department 3 have the same characteristic as department
1. However, it is worth mentioning that this feature is effective
only when the two units come from the same department. For
instance, the individual performance of supplier 10 of depart-
ment 3 cannot compare with the individual performance
of construction unit 3 from department 2, even though the
circle area of construction unit 3 is larger than the circle area
of supplier 10. Different departments usually have different

estimated indexes on individual performance. In order to
calculate expediently, this paper adopts common estimated
indexes of the three departments. On the other hand,
horizontal lines indicate the interaction among different
units. According to different departments, there are two kinds
of the interaction. If two units come from one department,
then the interaction between them refers to synergistic effect
under estimated indexes of the individual performance.
On the contrary, if two units come from two different
departments, then the interaction between them refers to
synergistic effect under estimated indexes of the collaborative
performance. In addition, thicker horizontal lines have larger
synergistic effects.

According to the problem described above, contractor
selection of bidding in construction projects can be described
as in Figure 2. The aforementioned 28 candidate units (12
construction units, 6 design units, and 10 suppliers) dis-
tributed in three departments are used to illustrate the prob-
lem. Now, we explain four layers of the problem framework
as follows:

(1) First Layer. Overall goal of the problem is to form a
cross-functional contractor with optimizing individ-
ual performance (quality factors, build capacity, deliv-
ery cycle, price, etc.) and collaborative performance
(cooperation, credibility, etc.).

(2) Second Layer. Under the overall goal, there are
two subgoals including optimizing individual perfor-
mance and collaborative performance.

(3) Third Layer. Individual performance of the can-
didate units is measured by individual indicators
I,,L,...,I,. Meanwhile, collaborative performance
of the candidate units is measured by collaborative
indicators C,,C,,...,C,,.
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FIGURE 2: A cross-functional contractor selection problem frame-
work.

(4) Fourth Layer. The candidate units which interact
with each other are distributed in three different
departments in the collaborative network.

3. Proposed Model

Based on the problem described in Section 2, this section
aims to establish a mathematical model for contractor selec-
tion of bidding in construction projects based on individ-
ual information and collaborative information. Firstly, we
establish a selection model for construction units, design
units, and suppliers based on individual information, which is
referred to as model 1. Then, a selection model of construction
units, design units, and suppliers based on collaborative
information is established, which is referred to as model 2.
Secondly, we integrate the two models and obtain an inte-
grated selection model for cross-functional contractors based
on individual information and collaborative information. The
process for choosing units from the three departments is
described in Figure 3.

3.1. Selection Model Based on Individual Information. Let
A = [ay],, denote individual decision matrix to which a; is
performance on alternative unit p; with regard to individual
indicator I;. Aiming at contractor selection of bidding in
construction projects, individual indicators include work
experience, work ability, and professional knowledge. There
are two kinds of individual indicators considered in this
paper. If individual indicator I; is an objective indicator,
corresponding indicator value of I; is statistical data or
measured data. If individual indicator I, is a subjective
indicator, corresponding indicator value of I; scores from 1
to 10 (1: very poor, 10: very good) by experts.

A standardized method is effective in measuring indicator
values of design units, construction units, and suppliers.
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Elements in the matrix A = [g;],, can be standardized in
the following way:

min

o a; —q ; — sl =
ail_—almax_almm, i=lL...ml=1..,9 (1
max
,_ al _ail . . —_
%= g =L = leng ()
" =max{ay |i=1,...,n}, I=1,...,9, (3)
alminzmin{ailli=l,...,n}; l=1,...,g. (4)

Assume that weight vector of individual indicators is U =
(uy, U, ..., u,), which is obtained by the direct distribution
method and the AHP method. Then, we can obtain compre-
hensive individual performance of design units, construction
units, and suppliers through simple linear weighted method
as follows:

9
! .
(Xi = Zulail, 1= 1,...,1’1- (5)
I=1

In the case of only considering individual performance,
the performance of candidate unit p; is better if o; is greater.
According to comprehensive values «;, «,, . . ., ,, of individ-
ual performance, we can obtain the following optimization
model:

n
Max Z, = Zocixl-,
i=1

s.t. Zx,-:qj, j=1...,h (6)
ieNj
x; €{0,1}, i=1,...,n

where Z?=1 q; = q-

Model (6) is a binary optimization problem. It is to select g
units from » candidate units (design units, construction units,
and suppliers) and to maximize comprehensive values of
individual performance. Through descending comprehensive
values &y, ,, . .., &, of individual performance, we can select
headmost g units and obtain the optimal solution directly.

3.2. Selection Model Based on Collaborative Information. Let
D" = [dg'] indicate collaborative decision matrix to
which i (i # j) is performance on alternative unit p;
cooperating with alternative unit p; with regard to col-
laborative indicator C,,. Aiming at contractor selection of
bidding in construction projects, collaborative indicators
include cooperative research communication and sharing
complementary knowledge base and harmonious culture. In
general, imbalanced reciprocities are allowed among collabo-
rative indicators [38]. For example, p; can get benefit from p,
but p; will not contribute to p;. Thus, for some collaborative
indicators, the performance of candidate unit p; coordinated
with p; is different from the performance of candidate unit

pj coordinated with p;, that is, dZ.’ # d;rl'

nxn
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FIGURE 3: Building process for choosing units of the contractor.

Let dif = ‘- denote that collaborative information of
candidate unit p; is not to be considered; namely, diagonal
elements of matrix D" = [d/],., are 0. It should be
pointed out that there are three ways of dealing with new
candidate units without collaborative information to the
existing candidate units of the candidate set. The first way is
to consider that collaborative information of new candidate
units coordinated with the others is 0. The second way is to
consider that DMs consult cooperation information records
of new candidate units in the other departments. The third
way is to consider that DMs give their expectations of future
cooperation between new candidate units with the others
referring to cooperation information records between them.

Similarly, elements in the matrix D" = [d}{],,,, can be
standardized, where the calculating formulas are as follows:

) d:n _ dmmin
dm = ]—,,
ij Jmmax _ Jmmin (7)
i,j=1,...,m i# j; m=1,...,k (efficiency indicators),
mmax m
gm Ay
ij (Jmmax _ gmmin > (8)

i,j=1,...,m i # j; m=1,...,k (costindicators),

A" = max{d}} |i,j=1,...,m i#j}, m=1,..k (9)

d"™ = min{d}! i, j=1,....,n i # j}, m=1,....k (10)

Assume that weight vector for collaborative indicators
is V.= (v,v5...,v;), which could be obtained by direct
distribution method and AHP method. Then, we can obtain
comprehensive value of collaborative performance between
candidate units p; and p; through simple linear weighted
method as follows:

k
I .o . .
Bi= D Vmdys hj=l..mi#]. (1)
m=1
According to comprehensive values «;, ,, ..., «, of col-

laborative performance, we can obtain the following opti-
mization model:

n n
Max Zy=), ), Byxix,

i=1j=1,j#i
s.t. in:qj, j=1...,h (12)
i€N;
x; €{0,1}, i=1,...,n,

where Z?:l q; =9

In model (12), our target is to select g from n candidate
units (design units, construction units, and suppliers) and
to maximize comprehensive values of collaborative perfor-
mance. It is observed that model (12) is a 0-1 quadratic
programming problem. In addition, model (12) is similar
to the model established by Kuo et al. [39] for biggest



differentiation problem, which has been proved as an NP-
Hard problem [39].

3.3. Selection Model of Cross-Functional Contractor. In order
to solve contractor selection of bidding in construction
projects based on individual and collaborative information,
we integrate model (6) and model (12) to the following 0-1
quadratic programming model:

Z=\AMaxZ, + yMax Z,

n n n
i=1

i=1j=1,j#i
s.t. Z X; =4 j=1...,h, 13)
ieN;
x; €{0,1}, i=1,...,m,
0<Auc<l,
At+u=1,

where Y q.=¢q
=149~ T
For model (13), its solution space is a function of n and g.
Let @ be number of solutions in the solution space; then the
number of possible solutions is

- a/h]"
®=ChxClx---xCl < [Cl]

(n/h)! o

h
) { [(n/h) — (a/m)]t x (a/h)! } '
According to properties of combinations, we have C! =

C:. When g < n/2, n— q < n/2; and when g/h < n/h, ®
could be handled approximately as

_ Ak
®=ChxClx-.-xCh < [cn/h]

_ { (n/h)! }’“
[(n/h) - (q/h)]! x (q/h)!

() [(2)-
G-

Through the above analysis, the number of solutions in
the solution space increases exponentially as g increases.
Model (12) is NP-Hard, which implied that model (13) is more
difficult to solve. Thus, traditional exhaustion methods are
only applicable [40] if the problem size is small; namely, n/h
and g are small at the same time. If the problem size becomes
large, intelligent optimization algorithm is preferred. In this
paper, a multiobjective evolutionary algorithm (MOEA) is
designed due to larger size of construction units, design units,
and suppliers.

(15)

(2)-G)

Xoeeo X —
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FIGURE 4: Algorithm process for units selection model of the
contractor.

4. Model Solving

Evolutionary algorithm for solving multiobjective optimiza-
tion problems not only can obtain a one-time multiobjective
optimization problem of multiple Pareto optimal solutions,
but also has good consistency of optimization results. MOEA
is such a kind of optimization search method, which mainly
includes genetic algorithm, genetic programming, and evolu-
tionary programming [39, 41, 42]. In addition, it has robust-
ness to species of optimization problems. More importantly,
its optimized result is also a set for evolutionary operation
on population made up of many individuals. Therefore, it is
particularly suitable for solving complex NP-Hard problem
of multiobjective decision-making (optimization). Therefore,
due to characteristics of model (13), we design MOEA of the
model. The details of algorithm design process are shown in
Figure 4.

4.1. Generate the Initial Population. Using binary coding,
namely, 0-1 code, we encode [0,1,0,...,0,1] for all con-
struction units, design units, and suppliers of bidding. The
total number of encodings (genes) is n, where “1” denotes
construction units, design units, and suppliers that have been
selected; “0” indicates construction units, design units, and
suppliers that have not been selected; blue rectangles denote
construction units of department 1 and colorless rectangles
indicate candidate units of department 2. For model (13),
the number of genes whose values are 1 is g. This means
that g units are selected. For instance, if n = 6, h = 2,

D = D 2,8 = {pvpyrpsh S = {pwPs Pe P71}

then there are seven candidate units for coding. There are
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four units selected, namely, p,, ps, ps, p,. Moreover, p, and
p; come from department 1 (e.g., design department). ps
and p, come from department 2 (e.g., supplier department).
Encoding rules are shown in Figure 5, where candidate units
of the design department are p,, p,, p;; candidate units of
the supplier department are p,, ps, ps, p;- All candidate units
from left to right are p;, p,, P3> Ps> Ps» P> P> Which constitute
a chromosome (all design units and suppliers of bidding).
According to the encoding rules, we define values of nand g in
advance. Then we randomly generate the feasible design units
and suppliers, and an initial population is constituted finally.
We have to explain that tournament selection strategy is
adopted in the algorithm. The specific process is as follows:

(1) r individual units (construction units, design units,
and suppliers) are selected randomly in a population
(the three departments) each time according to uni-
form distribution.

(2) Individual units (construction units, design units, and
suppliers) with the greatest adaptive values will be
selected as individual units to generate descendants.

(3) Parameter r refers to competition scale, and r = 2
in this paper. Obviously, this option makes individual
units with better adaptive values have more oppor-
tunities to “survival” (selected). Meanwhile, relative
values of the fitness are used to be the choice standard.
Thus, it can avoid influence of the super individual
units, phenomena of premature convergence, and
stagnation to a certain extent.

4.2. Design and Implement of Crossover Operator. In pro-
cess of biological evolution, two homologous chromosomes
restructure by mating, forming a new chromosome and
thereby producing new individuals or species. Restructure

by mating is a major link in genetic and biological evolution
process. Crossover operators are used through imitating
this link and producing new individuals (contractors) in
evolutionary algorithms. So-called crossover operations in
evolutionary algorithms refer to two pairs of chromosomes
which are to exchange some of their genes in some manners
and to form two new individuals. The new individuals
obtain genetic information from two parental individuals
and generate more excellent individuals (selected contractor)
than parental individuals randomly.

The design and implementation of crossover operators
are closely related to our proposed problem. In general,
we require it not to damage fine patterns too much with
fine properties in a string of coding of the individuals
(construction units, design units, and suppliers). Moreover,
we also require it to produce some better and new individuals
effectively. Thus, crossover operators are designed to unify
with individuals coding. Crossover operation adopts double
cross nodes. The cross process is as follows:

(1) It randomly generates intersection in two parent
individuals.

(2) Then, it exchanges parts between two nodes of parent
individuals.

(3) It produces descendants finally.

However, using the above cross method may generate unfea-
sible solutions. For instance, n = 18,q = 8, h = 2,
4 = 5 q, = 3,8, = {p1, P2 P3> Pa> Pss Pe> Pr> Ps> Pos Probs

Sy = {P11> P12 P13> Pras P> Prs> Pre> P17» P1s}s and the process
of pick-and-replace crossover operators is shown in Figure 6.

It can be seen that gene fragment 1 of two descendants
after crossover operation does not satisfy constraint condi-
tions q; = 5; namely, the solution is an unfeasible solution.



Existing research shows that repaired strategies of unfeasible
solutions outclass refused strategies and punished strategies
for many combinatorial optimization problems. Thus, this
paper designs the following repair strategies: we choose one
of the descendants, namely, descendant 1 after any cross. At
this time, we have statistics number q;f of the descendants
that gene values are “1.” If q;.‘ = g, it is shown that the
descendant is a feasible individual, and there is no need to
repair it; if q; # q,, statistics number of the descendants has
the following two kinds of circumstances to repair:

1 q; > g,: randomly generate q; — g, genes which are
selected randomly from the genes with value of “0” in
the position of genes and the genes with value of “1”
in fragment 1 of descendant 1; then randomly generate
q;f — ¢, genes which are selected randomly from the
genes with value of “1” in the position of genes and the
genes with value of “0” in fragment 1 of descendant 2.

(2) qj < q,: randomly generate q; — q; genes which
are selected randomly from the genes with value of
“I” in the position of genes and the genes with value
of “0” in fragment 1 of descendant 1; then randomly
generate q; — g; genes which are selected randomly
from the genes with value of “0” in the position of
genes and the genes with value of “1” in fragment 1 of
descendant 2. The reparation ensures that the number
of the genes with value 1 in the descendant equals
q, and guarantees the individual feasibility to ensure
teasibility of the solution.

In the same way, the second section of the genes also
conducts similar cross repaired strategies, which can ensure
that the number of fragment 2 of descendants such that gene
valuesare “1I”isq; (j = 1,...,h).

4.3. Design of Mutational Operator. In genetic and biological
evolution process, the cell division to copy the link may
produce some copy error caused by some accidental factors.
Then, this can lead to some biological gene mutations
somehow and thus can produce new chromosomes that show
new biological traits. Although possibility of this kind of
variation is small, it is still not negligible to produce new
species. To imitate the variation in the process, we introduce
the mutational operators to produce new individuals (con-
tractors).

Mutation operation is introduced to reduce local con-
vergence [43]. In addition, individuals use reverse mutation
operation in designing algorithms which randomly select two
points to reverse variation in gene mutation operation and
to reverse the substring between the two points. Clearly, this
operation is only to change orders of the individual genes
without affecting the values of the genes and thus not to
produce infeasible individuals.

4.4. Calculate Individual Fitness Value. Objective function is
usually consistent with fitness function in a single objective
decision model, but fitness assignment must consider more
subobjective functions in the multiobjective decision model.
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The specific process of calculating fitness values of individuals
in this paper is described as follows: In the target space,
according to objective function vectors, individuals are com-
pared in a population and divided into multiple controlled
fronts. Obviously, individuals located in the front of the
sequence are superior to the others, named Nondominated
Sorting. Meanwhile, we introduce the concept of crowded
degree. Small crowded degree refers to an individual who
has more points in the current population and bigger dense
distribution. Then, we can get fit and unfit quality in division
according to crowded degrees of all individuals. That is, the
greater the crowded degree, the more optimal the individual.
The method steps are as follows.

(1) Calculate the Genetic Distances between Individuals. For
any two individuals i and j (j # i) in solution space, put
their chromosomes to be x; = [x;1,X5,...,%;,] and x; =
[Xj1>Xj5..>Xj,]. Then, the genetic distance D;; between
them can be obtained by the following formula:

n

D;; = Z |xl-m - xjm' . (16)

m=1

(2) Compare the Genetic Distances among Individuals. Com-
pare genetic distances of one individual with the others; then
let the minimum distance min{Djij} be crowded degree of the
individual.

Compared with Nondominated Sorting approach, the
above method does not need to calculate objective function
values of all individuals. Thus, it reduces computational
complexity of the algorithm, removes individuals located in
densely populated area of the solution space, and keeps diver-
sity of understanding better. According to the argument in the
above, values of g determine the solution space. The solution
space will increase when ¢ increases. In addition, we could
obtain smaller nondominated fronts and shorten calculating
and sorting time for distances of crowded degrees. Finally,
we could evaluate all the individuals with advantage relations
and distances of crowded degrees. Based on the advantages
and disadvantages relations, we could give corresponding
fitness values.

Based on the above elaboration, we summarize the main
steps of the algorithm which are as follows.

Step 1 (generating an initial population). Set up necessary
parameters including generations of population evolution
maxGen, size of the population popSize, and probability of
crossover and mutation p,, p,,. Generate initial population
P(t), t = 0. Determine adaptive values of all individuals
according to fitness assignment method.

Step 2 (selection, crossover, and mutation). Adopt tourna-
ment strategy to select firstly. Generate population P*(t)
according to given probabilities of crossover and mutation p,,

Pm-

Step 3 (combining populations). Combine population P*(t)
and population P(t), t = 0. Generate population P(¢t +
1) constituted by popSize optimal individuals according to
fitness.
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TaBLE 1: Indicators system of project bidding.

Indicators

Description

Working experience (I;)

Qualification rate of completion inspection and acceptance (I,)
Professional knowledge (1)

History of communication (C,)

History of cooperation (C,)

Work years in this field

Degree of achieving requirements in the completed projects
The knowledge related to the engineering task in the field

The number of times to communicate and study between units

The number of times to help other units for solving problems

Step 4 (judging the algorithm). End the algorithm if ¢ +
1 > maxGen. Put solutions and corresponding vectors of
objective function values to be as Pareto optimal solutions
(approximate) and Pareto optimal (approximate). Otherwise,
return to Step 2.

5. Calculation Example

Taking a major bridge project practice in China as problem
background, this section illustrates contractor selection of
bidding in construction projects using the above proposed
model and method.

In order to form a cross-functional contractor, we will
select three candidate units from 12 candidate units which
are distributed in three different functional-departments. The
three departments are design units S;, construction units S,,
and suppliers S, respectively. And the distribution of the
candidate units P}, P,, ..., P, in the three departments is as
follows:

S = {PI’PZ’P3}>

S,

{Py, P5, P, Py}, (17)

Sy = {PS’P9’P10’P11’P12}'

In formed cross-functional contractor, it is required that
one unit is selected from each department, namely, g, =
q, = q; = 1. We adopt three individual indicators (working
experience, qualification rate of completion inspection and
acceptance, and professional knowledge) and two coordi-
nated indicators (history of communication and history of
cooperation) to select the unit and description as shown in
Table 1, where I, and C, are objective indicators; I,, I3, and C,
are subjective indicators. On the one hand, values of indicator
I, can be obtained through organization records of human
resources departments. And values of indicator C, can be
achieved through records of collaborative work systems. On
the other hand, values of indicators I,, I3, and C, can be
scored by experts (1: very poor, 10: very good). The resulting
initial individual information and collaborative information
of candidate units are shown in Tables 2-4.

Z=AMaxZ, + uyMax Z,
= (0.64x; +0.05x, + -+ - + 0.29x;; + 0.21x,)

TABLE 2: Initial information of individual indicators I, I, , and I, of
candidate units.

Candidate units Indicators

I I, I,
P 21 5 9
P 14 1 1
s 1 3 8
Py 30 1 6
s 18 1 7
e 20 7 7
»; 25 3 4
Ps 23 4 6
P 19 5 5
Pro 28 10 6
P 16 4 3
P 13 5 1

Standardize initial information of individual indicators
of candidate units using formulas (1), (3), and (4) and
standardized initial information as shown in Table 5.

Standardize initial information of collaborative indicators
C, and C, of candidate units using formulas (7), (9), and (10)
and standardized initial information as shown in Tables 6 and
7.

Assume that weights of individual indicators and collabo-
rative indicators given directly by DMsare V = (0.3,0.4,0.3)"
and W = (0.6, O.4)T, respectively. We can obtain compre-
hensive values of individual information and collaborative
information of candidate units using formulas (5) and (11),
respectively, as shown in Table 8. Here elements of main
diagonal are comprehensive values of individual performance

«; (i = 1,...,n), and the other elements are comprehensive
values of collaborative performance f3; (i,j = 1,...,m i #
J)-

Based on model (13), we obtain the selection model of
design units, construction units, and suppliers in construc-
tion contractors as follows:

+ [(0.11x;x, + 0.46x, x5 + -+ + 0.25x,x,) + -+ + (0.20x,%, + 0.18x,x, + -+ + 0.36x,%;) ],
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FIGURE 7: Case 1: selection schemes of design units, construction units, and suppliers in construction contractors under the circumstance of
individual performance and collaborative performance of the candidate units have the same weight, namely, A = ¢ = 0.5.

x €{0,1}, i=1,2,...,12.

Then, there are three different cases discussed. In case
1, individual performance and collaborative performance of
the candidate units have the same weight, namely, A = py =
0.5. We can obtain 60 selection schemes of design units,
construction units, and suppliers in construction contractors
as shown in Figure 7, according to descending comprehensive
performance. In case 2, individual performance has greater
weight than collaborative performance. Without loss of gen-
erality, we assume A = 0.8, 4 = 0.2. We can obtain 60
selection schemes of design units, construction units, and
suppliers in construction contractors as shown in Figure 8,
according to descending comprehensive performance. In case
3, collaborative performance has greater weight than individ-
ual performance. Without loss of generality, we assumed A =
0.2, 4 = 0.8. We can obtain 60 selection schemes of design
units, construction units, and suppliers in construction
contractors as shown in Figure 9, according to descending
comprehensive performance. In Figures 7-9, a point stands
for a contractor. Moreover, a point includes one design unit,
one construction unit, and one supplier denoted by three
coordinates, respectively. Obviously, these sets of selection
schemes of the three cases are different.

In addition, we compare comprehensive performance of
the three cases, as shown in Figure 10. From the overall

(18)

trend, comprehensive performance of case 3 is the best in
the three cases, case 1 takes second place, and case 2 is
the worst. For the optimal contractor of the three cases, as
shown in Table 9, comprehensive performance of the optimal
contractor (design unit 1, construction unit 7, and supplier 11)
is Zgser = 2.345 in case 1. Comprehensive performance of
the optimal contractor (design unit1, construction unit 6, and
supplier10) is Z .., = 2.118 in case 2. Comprehensive perfor-
mance of the optimal contractor (design unit 1, construction
unit 4, and supplier 8) is Z_,; = 2.942 in case 3. Obviously,
comprehensive performance in case 3 is the greatest of all the
cases. That is to say, DMs could obtain the optimal contractor
if they pay more attention to collaborative performance.

6. Conclusions

This paper developed a support decision-making system
for contractor selection of bidding in construction projects
based on individual indicators and collaborative indicators.
Construction units, design units, and suppliers are used to
form a cross-functional contractor. Then, a cross-functional
contractor with 28 candidate units distributed in the three
departments (construction units, design units, and suppliers)
is used as an example to explain the method. The best
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TABLE 3: Initial information of collaborative indicator C, of candidate units.
P 2 Ps P4 Ps Ps P7 Ps Ps Pio Pu P12
P — 2 6 7 6 3 7 4 8 7 8 3
P 2 — 2 6 7 3 6 1 2 6 3
s 6 6 — 6 3 3 1 6 2 6 7 2
Py 7 2 6 — 7 1 2 5 6 8 3 6
s 6 6 3 7 — 5 6 7 2 4 4 4
Ps 3 7 3 1 5 — 4 7 4 5 4 3
P 7 3 1 2 6 4 — 2 1 7 10 5
s 4 6 6 5 7 7 2 — 8 3 6 2
Po 8 1 2 6 2 4 1 8 — 3 1 6
Do 7 2 6 8 4 5 7 3 3 3 7
Pu 8 6 7 3 4 4 10 6 1 3 5
28 3 3 2 6 4 3 5 2 6 7 5 -
TABLE 4: Initial information of collaborative indicator C, of candidate units.
P )2 b3 Dy bs DPs b7 Ds Do Pro Pu P
n — 4 13 3 7 0 5 8 9 12
P> 25 — 5 10 5 3 5 9 14 3 14
s 1 15 — 5 10 4 0 4 19 14 17
Ps 1 7 2 — 13 25 0 2 13 6 13
s 2 9 12 3 — 6 41 0 12 10 3 1
Ps 13 13 3 11 10 — 0 14 6 8 13 0
P, 0 14 8 12 12 — 8 7 12 9 14
Ps 9 0 6 0 — 15 6 14
Do 13 4 4 3 4 9 7 — 0 9
Do 0 8 4 6 1 7 5 2 — 1 0
Py 14 5 10 10 3 6 4 6 — 13
P 7 5 8 1 8 3 3 15 0 9 —
TABLE 5: Standardized initial information of individual indicators of
candidate units.
2 Candidate units Indicators
nl I L L
. X o ) 053 0.44 1.00
%’i 0] \Q\‘\ B2 s 0.16 0.00 0.00
2 L s 0.00 0.22 0.88
? Py 1.00 0.00 0.63
. s 037 0.00 0.75
7> e 0.47 0.67 0.75
3 P 0.74 0.22 038
4 s 0.63 033 0.63
PRtL
Uy 4 pese® P 0.42 0.44 0.50
Do 0.89 1.00 0.63
FIGURE 8: Case 2: selection schemes of design units, construc- Py 0.26 033 0.25
tion units, and suppliers in construction contractors under the
o 0.11 0.44 0.00

circumstance of individual performance have greater weight than
collaborative performance. Without loss of generality, we assumed
A=08, =02

individual performance and collaborative performance are
used to formulate the problem as a binary optimization
problem. An example including three candidate units from

12 candidate units which are distributed in three different
functional-departments (construction units, design units,
and suppliers) is used to illustrate our method. As a result of
limitation of resources and different preference of DMs, we
can further modify the model and increase some objectives
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TABLE 6: Standardized initial information of collaborative indicators C, of candidate units.

P 2 b3 Dy bs Ps )2 Ds Do Pro Pu P
n — 0.11 0.56 0.67 0.56 0.22 0.67 0.33 0.78 0.67 0.78 0.22
P, 0.11 — 0.56 0.11 0.56 0.67 0.22 0.56 0.00 0.11 0.56 0.22
P 0.56 0.56 — 0.56 0.22 0.22 0.00 0.56 0.11 0.56 0.67 0.11
Py 0.67 0.11 0.56 — 0.67 0.00 0.11 0.45 0.56 0.78 0.22 0.56
Ps 0.56 0.56 0.22 0.67 — 0.45 0.56 0.67 0.11 0.33 0.33 0.33
Ps 0.22 0.67 0.22 0.00 0.45 — 0.33 0.67 0.33 0.45 0.33 0.22
p; 0.67 0.22 0.00 0.11 0.56 0.33 — 0.11 0.00 0.67 1.00 0.45
Ps 0.33 0.56 0.56 0.45 0.67 0.67 0.11 — 0.78 0.22 0.56 0.11
Po 0.78 0.00 0.11 0.56 0.11 0.33 0.00 0.78 — 0.22 0.00 0.56
Pro 0.67 0.11 0.56 0.78 0.33 0.45 0.67 0.22 0.22 — 0.22 0.67
Pu 0.78 0.56 0.67 0.22 0.33 0.33 1.00 0.56 0.00 0.22 — 0.45
P 0.22 0.22 0.11 0.56 0.33 0.22 0.45 0.11 0.56 0.67 0.45 —

TABLE 7: Standardized initial information of collaborative indicators C, of candidate units.

P )2 b3 Py bs DPs pr Dbs )2 P Pu P
n — 0.10 0.32 0.07 0.02 0.17 0.00 0.12 0.10 0.20 0.22 0.29
P> 0.61 — 0.12 0.24 0.12 0.07 0.12 0.22 0.07 0.34 0.07 0.34
Ps 0.02 0.37 — 0.12 0.24 0.10 0.00 0.10 0.46 0.34 0.41 0.15
Py 0.02 0.17 0.05 — 0.32 0.61 0.00 0.05 0.32 0.15 0.32 0.17
Ps 0.05 0.22 0.29 0.07 — 0.15 1.00 0.00 0.29 0.24 0.07 0.27
Ps 0.32 0.32 0.07 0.27 0.24 — 0.00 0.34 0.15 0.20 0.32 0.00
P, 0.07 0.00 0.34 0.20 0.29 0.29 — 0.20 0.17 0.29 0.22 0.34
Ps 0.12 0.12 0.22 0.00 0.22 0.15 0.00 — 0.37 0.07 0.15 0.34
Po 0.00 0.32 0.10 0.10 0.07 0.10 0.22 0.17 — 0.07 0.00 0.22
Puo 0.00 0.20 0.10 0.15 0.15 0.27 0.17 0.12 0.05 — 0.27 0.00
Pu 0.34 0.20 0.12 0.24 0.24 0.07 0.15 0.10 0.15 0.07 — 0.32
P 0.17 0.12 0.20 0.27 0.20 0.07 0.07 0.37 0.00 0.20 0.22 —

TaBLE 8: Comprehensive values of individual information and collaborative information of candidate units.

P )2 b3 2! bs Ds )i Ds 2 Pio Pu P
P 0.64 0.11 0.46 0.43 0.34 0.20 0.40 0.25 0.51 0.48 0.56 0.25
P, 0.31 0.05 0.38 0.16 0.38 0.43 0.18 0.42 0.03 0.20 0.36 0.27
P 0.34 0.48 0.35 0.38 0.23 0.17 0.00 0.38 0.25 0.47 0.57 0.13
P4 0.41 0.13 0.36 0.19 0.53 0.24 0.07 0.29 0.46 0.53 0.28 0.40
Ps 0.36 0.42 0.25 0.43 0.34 0.33 0.74 0.40 0.18 0.29 0.23 0.31
Ps 0.26 0.53 0.16 0.11 0.37 0.63 0.20 0.54 0.26 0.35 0.33 0.13
P, 0.43 0.13 0.14 0.15 0.45 0.31 0.42 0.15 0.07 0.52 0.69 0.41
Ps 0.25 0.38 0.42 0.27 0.49 0.46 0.07 0.51 0.62 0.16 0.40 0.20
Po 0.47 0.13 0.11 0.38 0.09 0.24 0.09 0.54 0.45 0.16 0.00 0.42
Pro 0.40 0.15 0.38 0.53 0.26 0.38 0.47 0.18 0.15 0.86 0.24 0.40
Pu 0.60 0.42 0.45 0.23 0.29 0.23 0.66 0.38 0.06 0.16 0.29 0.40
P2 0.20 0.18 0.15 0.44 0.28 0.16 0.30 0.21 0.34 0.48 0.36 0.21

TaBLE 9: Comprehensive performance of the three cases.
Candid . Individual Collaborative Comprehensive
Cases andidate units performance performance performance
Design units Construction units Suppliers Z, Z, Z

Case 1 1 7 11 1.35 3.34 2.345
Case 2 1 6 10 213 2.07 2.118
Case 3 1 4 8 1.34 1.9 2.942
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Suppliers

FIGURE 9: Case 3: selection schemes of design units, construc-
tion units, and suppliers in construction contractors under the
circumstance of collaborative performance have greater weight than
individual performance. Without loss of generality, we assumed A =
02,1=08.
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FIGURE 10: Comprehensive performance of selection schemes of
design units, construction units, and suppliers in construction
contractors according to the above three cases.

and constraints for the model. In addition, theory thoughts
put forward in this paper are hoping to bring some enlight-
enment for bidding problems in construction projects.

Notation

n: Total number of candidate units

h: The total number of departments

n;: Number of candidate units in department
7 Z?zl n;=n

q: Sum of departments

g;: Number of selected units in department j,

h
ijl 9;=4

13

g: Number of individual indicators

k:  Number of collaborative indicators

p;+ Candidate uniti, i = 1,2,...,n

S;: Set of candidate units in department j,

j=1...,h

N It Indicator set of candidate units in set S >
j=1,...,h

I;: Individual indicator [,/ =1,...,g

C,,: Collaborative indicator m, m = 1,...,k

v;: Weight of individual indicator I, Y7 v, = 1;
0< vV <1

w,,,: Weight of collaborative indicator C,,,,
Zﬁqzlwm= L0<w,<1

x;:  Decision variables, x; = 1 denotes that unit
p; is selected; or else, x; = 0.
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