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Abstract

To improve the construction efficiency of the Longtan Hydropower Project, this paper studies the multi-mode resource-
constrained project scheduling problem in its Drilling Grouting Construction Project. A multiple objective decision making model
with bi-random coefficients is first proposed for this practical problem to cope with hybrid uncertain environment where twofold
randomness exists. Subsequently, to deal with the uncertainties, the chance constraint operator is introduced and the equivalent
crisp model is derived. Furthermore, the particular nature of our model motivates us to develop particle swarm ptimization
algorithm for the equivalent crisp model. Finally, the results generated by computer highlight the performances of the proposed
model and algorithm in solving large-scale practical problems.
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1. Introduction

In recent years, project scheduling has attracted growing
attention from both the fields of theory and practice.
Applications of project scheduling can be found in
construction engineering, aircraft landing, co-ordination
navigation and so on. Project scheduling problems consist of
resources, activities, performance measures and precedence
constraints [2]. The problems are known as resource-
constrained project scheduling problems (rc-PSP) when the
capacity of resources is limited. The activities of a project in
the rc-PSP must be scheduled to some objectives, meanwhile
subject to precedence relations of all activities and the limited
resource availabilities. There have been numerous project
optimization scheduling models in project management
theory, commonly referred to rc-PSP, which have been
reviewed by Brucker et al. [1], Demeulemeester and
Herroelen [3], Kolisch and Padman [4].

In many practical projects, such as in the process of
construction, it is possible to perform the individual activities
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in alternative ways (modes). For example, considering two
modes of the activity “Drilled drain hole” that belongs to the
project “Drilling Grouting”. If the activity is performed in the
first mode, three thousands skilled workers and one thousand
unskilled ones are needed, and the processing time equals to
34 months. If it is performed in the second mode, only two
thousands skilled workers are needed, but its duration equals
to 37 months. The modes in rc-PSP differ in processing time,
time lags to other activities, and resource requirements [5].
Therefore, as a generalization of the rc-PSP, resource-
constrained project scheduling problems with multi-mode (rc-
PSP/mM) aims at finding the order of activities (the start time
of each activity) and the execution modes for all activities in
a project while verifying a set of resource constraints.
Following the research of Drexl and Grunewald [6], Herroelen
et al. [7] studied generalized precedence relations, then
Heilmann [8] considered a branch-and-bound procedure with
minimum and maximum time lags, and Mika et al. [9] used
simulated annealing and tabu search with positive discounted
cash flows and different payment models. Subsequently, in
2006, Buddhakulsomsiri and Kim [10] proposed a priority
rule-based heuristic succeeded priority with resource
vacations and activity splitting. Lorenzoni et al. [11] discussed
the problem of attending ships within agreed upon time limits
at a port under the condition of the “first come, first served”
order. In 2008, He and Xu [12] studied multi-mode project
payment scheduling problems with bonus-penalty structure.
Currently, deeper research in rc-PSP/mM is being addressed
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by a number of researchers, such as [13, 14]. In this study,
motivated by the practical application in Drilling Grouting
Project of Longtan Dam, we first propose a bi-random
multiple objective decision making model to resolve rc-
PSP/mM in this large-scale water conservancy and
hydropower construction project.

In practice, however, uncertainty is still unavoidable in rc-
PSP/mM because of the vague variables, such as processing
time, sufficient quantities of resources, the due date of the
project, the maximum-limited resources, and so on [15-19]. In
above literatures, the uncertainty is traditionally assumed to be
random. Random variables, however, are sometimes not able
to cope with the complicated situation in rc-PSP/mM to obtain
more suitable scheduling. For instance, the quantity of “Q 25
type grouting steel pipe” is a random variable at the first place,
but it may change in the construction period because steel
pipe's price is too high. To deal with this change, the mean of
the quantity is also a random variable, which means that the
quantity of “@ 25 type grouting steel pipe” is a random
variable taking a random parameter. In this case, a bi-random
variable, which first proposed by Peng and Liu [20] in 2007,
can be a useful tool for this hybrid uncertainty. So far, no
attempt has been made in considering the quantity of resources
as a bi-random variable in a practical large-scale water
conservancy and hydropower construction project. Hence, it is
a strong motivation and justification for this study.

The remainder of the paper is organized as follows. The
problem statement of Drilling Grouting Project in Longtan
Hydropower Station is presented in Section 2. Subsequently,
a multiple objective decision making model with bi-random
coefficients is proposed for this practical project scheduling
problem in section 3, including the explanation of motivation
and justification for employing bi-random variables. In
section 4, an equivalent crisp model is obtained by bi-random
chance constrained operator. Then, particle swarm
optimization (PSO) algorithm is utilized to resolve the
practical rc-PSP/mM in section 5. The effectiveness of the
proposed model and algorithm is proven by the practical
application in section 6. Concluding remarks are made in
section 7, along with discussion about further research.

2. Problem statement

The problem considered in this paper is from the project of
Longtan Hydropower Station, which is a large-scale water
conservancy and hydropower construction project in the
southwest region of China. The Longtan hydropower station,
which locates in Tian'e County of Guangxi Zhuang
Autonomous Region, is one of ten major indicative projects of
the national strategies of the Great Western Development in
China. The primary mission of the project is flood control and
navigation. Both the level and scale of Longtan Hydropower
Station are I, and the layout is as follows: roller compacted
concrete gravity dam, flood building with seven outlets and
two bottom outlets are arranged in the river bed, and power
capacity of stream systems with nine installations are in the
left bank. Navigation structures are arranged in right bank, and
2-stage vertical ship lift is used for navigation (see Fig. 1). The
project is designed at 400 m in accordance with the normal
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pool level, and the installed plant capacity is 5400 MW. Tunnel
diversion is applied in river diversion during construction, and
two diversion openings are arranged in left bank and right
bank, respectively. The standard of diversion is ten-years
flood, and the corresponding flow is 27134 m3/s.

In the whole project, GD Electric Power Design Institute is
in charge of the exploration, design, project scheduling for
Drilling Grouting Project. Before planning overall progress in
the preparation, GD completes the preliminary design. The
project is composed by a series of interrelated activities with
different modes. Each mode is characterized by a certain
known processing time and uncertain resource requirements.
In the preliminary design report, duration of the Drilling
Grouting Project is 5 years and 8 months (68 months). Experts
recommend that both the design of construction organization
and construction progress are feasible. However, in view of the
current large-scale emergence of the national electricity supply
and demand tension, we still need to shorten the duration for
power generation. In this situation, three objectives---
duration, cost and quality are taken into account
synchronously. Therefore, GD electric power design institute
plan to design a model of rc-PSP/mM to determine not only
the overall duration of the project, but also the cost and quality
of the project.

3. Mathematical model

In this section, before presenting the mathematical
formulation model for rc-PSP/mM in Drilling Grouting
Project of Longtan Dam, we explain the motivation and
justification for employing bi-random variables in a practical
rc-PSP/mM model first. Subsequently, assumptions and
notations are presented in turn.

3.1 Motivation and justification for employing bi-random
variables in the Drilling Grouting Project

To cope with the hybrid uncertainty in rc-PSP/mM, we
employ the bi-random variables in this study. Actually, the bi-
random variable has been successfully applied in many areas,
such as flow shop scheduling problem [21], portfolio selection
[22], vendor selection [23], navigation coordinated scheduling
[24], etc. These studies show the efficiency of the bi-random

Fig. 1 Longtan hydropower station
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variables in dealing with a hybrid uncertain environment
where twofold randomness exists.

As we know, it is hard to describe random parameters as
crisp ones in a practical construction project. For instance, in
the Drilling Grouting Project, & 25 type grouting steel pipe is
one of resources in activity “Embedded & 25 type grouting
steel pipe”, and its quantity is a random variable at the first
place, i.e., #~N(14200,1) (unit: ton). However, at present, the
quantity may be changed in the construction period because
the price of steel is too high and it is supposed to be a random
variable in the international futures market. In this situation, in
order to reduce the cost, the project managers want to reduce
the quantity of “@ 25 type grouting steel pipe” in a small
range. Meanwhile, the project managers also hope that this
reduction can be modified following the steel's price that is a
random variable in the international futures market. Hence,
managers revise the mean of the quantity of “@ 25 type
grouting steel pipe” to a random variable, i.e., T~N(u ,1) with
1 ~N(14075.0.64). It means that the quantity of “@ 25 type
grouting steel pipe” is a random variable taking a random
parameter, i.e, a bi-random variable (see Fig. 2 and Fig. 3).

In fact, there are additional uncertainties in rc-PSP/mM, such
as the complexity of construction environment, treacherous
weather, equipment failure, and so on. Therefore, the
managers of Drilling Grouting Project would like to employ
the bi-random variable to cope with the hybrid uncertainty and
obtain more feasible schedule.

3.2 Assumptions

Rc-PSP/mM in this study could be stated as follows. A single
project consists i=0,1,...,e,...,/[+ 1 activities with the resource
constraints and the precedence constraints. Activities 0 and
I+1 are dummies, they have no duration and just represent the
initial and final activity, (i.e., py=p(:1)~0, where p represents
the duration). Meanwhile, define the modes of activities 0 and
I+1 are both 1 (i.e., mg=m,=1 where m,and my,, represent
the executed modes of activities 0 and /+1). Resources
involved in a project can be renewable (i.e., recoverable after
serving an activity, such as equipment and manpower) or
nonrenewable (i.e., limited in amount over project process and
not recoverable, such as money and materials). There is a set of
renewable and nonrenewable resources k={1,2,....K} and
n={1,2,...,N} in rc-PSP/mM, respectively. No activity may be

High price
The quantity of $ 25 type grouting steel pipe of steel

is a random variable 7 - n(14200,1)at the first place

started before all its predecessors are finished, and each activity
can be executed in one of m; possible modes. Each activity-
mode combination has a fixed duration and requires one or
more types of renewable and nonrenewable resources.

To model the rc-PSP of Drill Grouting Project in Longtan
Dam with the twofold random environment in this paper,
assumptions are as follows:

(1) A single project consists of a number of activities with
several execution modes;

(2) The start time of each activity is dependent upon the
completion of some other activities (precedence constraints of
activities);

(3) Activities cannot be interrupted, and each activity must be
performed just in one mode;

(4) Mode switching is not allowed;

(5) Resources are available in certain limited quantities, and
the consumption of each resource is a bi-random variable;

(6) The objectives are to minimize the duration of the whole
project, minimize the total tardiness penalty and maximize the
quality of the project.

3.3 Modeling

In order to formulate the model, indices, variables, certain
parameters, bi-random coefficients, and the decision variable
are introduced in Appendix A. Based on the assumptions and
notations, we will propose the rc-PSP/mM model with bi-
random coefficients for Drilling Grouting Project of Longtan
Dam as follows:

Density Function
p(x)

i ]

-1 0 i 5

Density Function
p(x)

: >
o 14075 Y

Fig. 3 Employing a bi-random variable to express the quantity of
“@ 25 type grouting steel pipe

steel's price is
The quantity arandom varlable> Vague data

will be reduced

How to deal with this situation?

is a random variable

The project managers revise the mean of
the quantity following the steel's price that

viz.

A bi-random varibale:
F~N(i1) with £~ N(14075,0.64)

Fig. 2 Flowchart of the reason for the quantity of “@ 25 type grouting steel pipe”as a bi-random variable
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Objective functions

The first objective is to minimize the project duration T. In
this paper, we use the finish time of the last activity in the
project, considering its entire possible executed mode to
describe it as:

=SS, (1)

Furthermore, the second objective is to measure and
minimize the total tardiness penalty.

i i ! t : ) )
Let Z 'Flz e¢* “35¢ e denoted as the actual finish time
of activity i and tiE be the expected finish time of activity i,
thus:

I1+1 LF
_ TP m; 4 E
C=>c"2 =1 D B
i=0 ’ !

where |.| let the value of C be non-negative.

Finally, as one of the key objectives in construction project
management, the quality of the project is the precondition of the
duration and cost. Denote ¢; as the slope of duration-quality, and

ql B ql
@; =~ 5 .Thus, we obtain thatg; =
by — Py
the whole quality of the project, i.c.,
stated in the following equation:

@)

qiS + ai(pij - pijs‘)-Then,

the third objective is
I+l

Q:za’;[ql-s+ai(Pij—P,-js-)] (3)
i=0

I+1
where z,-:O o, =lLw>0.

Precedence constraint

The constraints of rc-PSP/mM are divided into time
constraints and resource constraints. Since a specific activity
must be finished before changing to another activity, therefore
successive activities must and only be scheduled after all the
predecessors have been completed already. For ensuring that
each activity will be completed within [tiEF,tlLF], we use the
relationship:

m, tr m, I m, it
e e ) i i < z i z i
Zj:th:tcEF tx@ﬂ +Zj:12t:th pl'jxiﬂ - Jj=1 (=" txijt (4)

where i=0,1,...,e,...,I+1, e€Prei (Prei is the set of immediate
.. . o X, .

predecessors of activity i), Zl:l Z’:’FF 7 is the actual finish

time of all immediate predecessors e Of activity i,

Z} lzt o Py is the process time and Z, 1Zt e is the

actual finish time of activity i, respectively.

Resources constraint

It is also important to limit the total consumption of
resources used by all activities. In rc-PSP/mM, the amount of
renewable resource k used by all activities could not exceed
its limited quantity rkM during each period. Besides, the total
resource consumption of nonrenewable resource n also
limit to the maximum available amount rnM. Thus, the
constraints

4

Zj:l Z l/k ZHP/ l/f < rk (5)
~ LF
z::lz‘; liﬁ;ﬂl 2:1:1,“’ xijl = rﬂM (6)

can be employed, where /={1,2,...K}, n={1,2,..N} .

Maturity constraint
In order to schedule all activities in the project, the finish

time of each activity must be in [tEF I‘F] Therefore, we use the
constraint

el 1
ZHZM‘W X, =1i=0,1,2,-,1+1 )

Logical constraint

For the practical sense, we employ following mathematical
formulas for describing some non-negative variables and 0-1
variable in the model:

p,.JL. Zp[J.Zp;j. >0,q">¢q,2¢° >0
;20,6 >0,6," >0

®,>0,Y " = (®)
x;, =0 or 1

where i=0,1,...e,...[+1,j=12,..m; .

From the discussions above, the bi-random rc-PSP/mM
model for Drilling Grouting Construction Project in Longtan
Dam can be stated as:

minT = Z Z e tx,,
LF
. _ P m; 4 E
minC = Zci )y =1 Zt:t,” By —1;
i=0
1+1

maXQ:Zw,-[q,-S +a,(py —p,.js.)J

i=0

2]121 t”tx +z]121 l”pU it — Z Zt z” Xy
D 2T 2 e <

Zi’:lz, 1':;1" Zj‘:r” Xije = r

(D Z;"LIZL,»- Xy =1

L s
p;zp;zp; >0
st qiL 2q; Zqis >0
t 20

EF

ti 20
;" 20
;>0

Y=l

x;, =0 or 1

where i=0,1,...,¢e,...,[+1,
n={1,2,...N}.

In order to solve model (P/) with bi-random constrains,
we discuss the equivalent crisp model in the next
section.

J=12,...m, k={1,2,..K} and
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4. Equivalent crisp model

In this paper, we consider the bi-random variable defined by
Peng and Liu [20]. For understanding the following text better,
the basic properties of bi-random variables are reviewed first.

Definition 1 [20] A bi-random variable Z is a mapping from a
probability space (€, A, Pr) to a collection of random
variables S such that for any Borel subset B of the real line
R, the induced function Pr{Z ()€ B} is a measurable function
with respect to @, see Fig. 4 [25].

Definition 1 suggests that the bi-random variable is a
measurable function from a probability space to a collection of
random variables. Roughly speaking, therefore, a bi-random
variable is a random variable taking random values. In
exceptional circumstance, if QQ consists of a single element or
S is a collection of real numbers, then the bi-random variable
degenerates to a random variable.

Example 1. [25] Let Q={0,,0,,...0,}, and
{®,}=Pr{w,}=Pr{®,}=1/n. Assume that ¢ is a function on
(Q, A, Pr) as follows,

&, if o=,

¢, if o=w,

()= :

¢, if o=w,

where &, is a random variable uniformly distributed on [0,1],
&, is a normally distributed random variable with mean 1 and

e

random variables
Fig. 4 Bi-random variable [25]

Fig. 5 Representation of the bi-random variable in Example 1 [25]

standard variance 0.5, and & ,,..., £ , are standard normally
distributed random variables with mean 0 and standard variance
1,ie, &, ~U[0,1], £, ~N(1,0.5) and E ,,..., & ~N(1,0.5).
According to Definition 1, € is clearly a bi-random variable
(see Fig. 5).

Example 2. [26] Assume that & ~U[a (), b (®)]V0cQ.
a(®) and b(w) are random variables in (Q, A, Pr) and
a(w)~N(1,1)and b(w)~U[1,3], respectively. Then, & is a
bi-random variable (see Fig. 6).

Definition 2 [27] Let Ei be a bi-random variable defined in
(Q, A, Pr)), i=1,2,...,n respectively, and then &=(&,,&,,....Z,)
is a bi-random vector.

Lemma 1 [27] Let &, be a bi-random vector, and /' be a Borel
measurable function from R” to R, and then f{£) is a bi-random
variable.

Due to the existence of bi-random parameters, we usually
cannot find a precise decision for complicated real-life
problems. However, the chance-constraint operator of the bi-
random variable can be employed to obtain the equivalent crisp
model. Chance-constrained programming (CCP), proposed by
Charnes and Cooper [28] in 1959, is a means of dealing with
randomness by specifying a confidence level at which the
stochastic constraints hold. Based on CCP, Peng and Liu
defined the primitive chance of bi-random event as follows.

Definition 3 [20] Let =(&,,&,,...,,) be a bi-random vector
on (Q, A, Pr), and f:R"—>Rm be a vector-valued Borel
measurable function. Then the primitive chance of bi-random
event characterized by A £)=<0 is a function from (0, 1] to [0,
1], defined as

Ch{f(f) < 0}(a) - sup{ﬁ|Pr{a)e Q| Pr{f(g)s o} > ﬁ} > a} )

where a,[€[0,1] are prescribed probability levels, and Pr{.}
is the probability of a random event.

Remark 1. The primitive chance represents that the bi-
random event holds with probability S at probability a.

Thus, by Definition 3, the chance constraints of (5) and (6) in
(P1) are as follows:

Ch{E S AT <@ zn e PrloeQ P T 3 R@X ) x, < 20|26

(10)

(T S AT <@ zn e PrloeQ P T 3 F@X ) x, < 20|26

(11)

\J

04 |-

&—)y

-
F(x) 1 0
Fig. 6 Representation of the bi-random variable in Example 2 [26]

»
|

4 -3 2 -1 0 1 2 3 4
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where ¢,n,&,p€ [0 1] are prescrlbed probability levels.
Theorem 1. Let r ~N(,u 0' )w1th ,u ~N(u,0?) and

Py ~ N(4, ,0° ) with 4 ~N(u',07). Then

{a)eQ|Pr{zllz]1 /k(w)zr’:’ X, _r,:w}Zn}Zg (12)
solofE X B x,,>2+
LRUENHD WD W R
ST

and

Pf{”eﬂ\Pr{Z;Z, @Y, < }>p
R ID I o
1o)X T 0

DI I WP CR T

Proof. See Appendix B.

Thus, by the chance constraint operator of bi-random
variable, we transform the model (P1) into a deterministic one.
In addition, the weighted value 4, 4,, 4, which reflect the
importance of the overall project considering the three
objective functions based on experiential value, have been
given by the decision managers in a preliminary design report.
Now, we get obtain model (P2),

(13)

0+ A ZCTP

min F = AZHZ ZHZ” tx;, —t

DIRDIIRITS il WITETED YAl JN2S

> w)JZ DR SRR O BT (RN ) S ST SRR
+Z Z,. Y 2

I+1
2> o a’ +a(p,~p))]
i=0

+ZZZIZ,:./! Z
P2 moi _

*2) st Z,:er:;,” Xij =1

h p,pr,/Zp5>0

4/ 24,24 >0

120

() 2"

420
420
@ >0

I+1
2@ =l

X, =0 or 1

where i=0,1,...,¢e,
n={1,2,..N} .

Note: In (P2), the units in the objective function have been
normalized.

LIFL j=12,m, k={1,2,..K} and

5. Particle swarm optimization (PSO) for rc-PSP/mM

As a generalization of the classical job shop scheduling
problem, rc-PSP/mM belongs to the class of NP-hard
optimization problems ([3, 29, 30]). As shown by [31, 32], exact
methods are unable to find optimal solutions for rc-PSP/mM. In
this case, several heuristic procedures have been proposed to
solve rc-PSP/mM, such as simulated annealing algorithm [2],

6

local search procedure [33], genetic algorithm [14, 30, 34],
particle swarm optimization [35], ant colony algorithms [36],
and so on. In this paper, the particular nature of our model
motivates us to develop particle swarm optimization algorithm
(PSO) to obtain the order of activities (the start time of every
activity) and execution modes. Furthermore, the software
development of PSO algorithm is easy-to-implement for other
rc-PSP/mM in Longtan Hydropower Station.

PSO was first proposed by Kennedy and Eberhart in 1995
[37], and had become one of the most important swarm
intelligence paradigms. PSO has superior search performance
for numerous difficult optimization problems with faster and
more stable convergence rates compared with other
population-based stochastic optimization methods. In PSO, an
n-dimensional position of a particle (called solution),
initialized with a random position in a multidimensional
search space, represents a solution to the problem [38]. The
particles, which are characterized by their positions and
velocities, fly through the problem space following the current
optimum particles [39, 40]. Unlike other population-based
algorithms, the velocity and position of each particle are
dynamically adjusted according to the flying experiences or
discoveries of its own and those of its companions.

Since PSO can be implemented easily and effectively, it has
been rapidly applied in solving real-world optimization
problems in recent years, such as [37, 41, 42]. In PSO, the
following formulas are applied to update the position and
velocity of each particle [37]:

1,best best

vy (T +1) = o(0)vy (2) + ¢, 1 [p;"" (1) = py (D] + €1yl gy™ (1) = py (D]

(14)
pic+)=pl(r)+vi(r +1) (15)

where vd[ (7) is the velocity of / particle at the d th dimension
in the iteration, pdl (7) is an inertia weight, / is the position of
particle at the d th dimension, | and r, are random numbers in
the range [0,1], ¢, and ¢, are personal and global best posmon
acceleration constant respectively, meanwhile, pd et
is personal best position of / particle at the d th dimension
and gdlm is global best position at the d th dimension.

5.1 Notations
The notations in PSO are shown in Appendix C.
5.2 Framework of PSO for rc-PSP/mM

Now, we will present the framework of PSO to solve rc-
PSP/mM in Drilling Grouting Project as below:

Step 1. Initialize particles. Set iteration ==1. For /=1,2,...,L,
generate the position of the / th particle for the 7 th activity with
integer random position

B =[ e 0, 2y (e, B (00 Pl O Py Dot Pl (05055 2L, (O, 2, o D L 1)
and the value is 0 or 1. In addition,
O =[O, D]
Step 2. Check the feasibility of solutions. For /=1,2,....L, if
the feasibility criterion is met by all particles, i.e., all particles

Zh. Zhang, J. Xu



satisfied the constraints of the model (P2). Then, the particles
are feasible.
Remark 2: The nonrenewable resource constraints,

1 1 mo ) i 2 a1 1 m e 2
RN I D IR RN ) S5 SR SR D
1 m F 2 M
+ ZI:IZ/:I’UHZﬁzf" (x"f’) 2’71

may be infeasible. After serving some activities, the
requirement of nonrenewable resources would be greater than
the total quantities. Therefore, it is necessary to check and
adjust of particle-represented solutions to avoid nonrenewable
resource infeasibility.

Step 2.1 Let Inf denote the infeasibility of nonrenewable
resources, according to the particle-represented in the / th
particle, compute

I IOND YIS SN CRIRE RIEN ) S SN SN ERE
* z;:lz’/”’:lﬂ”z::"" (XW)Z 7r'rM <0

otherwise

Inf
0,

Step 2.2 If Inf=0 for all nonrenewable resources, go to step
2.6. Otherwise, go to step 2.3.

Step 2.3 Select an activity i with multiple execution modes,
1e. m>1.

Step 2.4 Select a new mode V' #j(7) and within 1,2,...,m; for
activity / randomly, then compute /nf again.

Step 2.5 If Inf'= 0, replace j' with j and then go to step 2.6.
Otherwise, repeat step 2.4 until all modes of activity 7 have
been iterated.

Step 2.6 Stop.

The procedure is presented in Fig. 7.

Step 3. Evaluate each particle. The fitness value used to
evaluate the particle is the objective function of (P2),

I+1
i e om E
Jj=1 Zzzz,”' tx]/'t * ;LCZO ¢ ijl Z[:rf”' txi/t -
i=
I+l s s
')“Q [sz |:qi +ai(pij — Dy ):. J
=0

Thus, for =1,2,...,L, compute the performance measurement
by the fitness value, and identify the personal best of each
particle and the global best in the swarm.

Step 4. Update the particles. If the maximum number of
cycles has not been reached, then:

Step 4.1 Update the velocity of particles. Compute the speed
of each particle using the following formula:

m;

Fitness,(P(r)) = 4, Z

r-——------"-"-"™-"""-"-"""-"""">""""""""""//rT/rT// 1
Step 2.1 [ Compute the infeasibility of nonrenewable resources Inf’ J
Step 2.2 Determine the vaule of Inf ]
If Inf=1 for
some nonrenewable If Inf=0 for all nonrenewable resources
resources
Step 2.3 [ Select i with multiple execution modes ]
v

Step 2.4 [Select anew mode j for activity 7 randomly, then compute [nf]

'

Step 2.5 [ Determine the vale of Inf again ]
If Inf=0 Otherwise
\/
Step 2.6
Stop -

Fig. 7 Procedure of checking and adjusting nonrenewable resource
constraints

1,best

v (t+1) = o(z)v,, (7) + c,hlpi Lbest

(©) = oy (D] + ¢, 18 ()= piy (7)]

(16)

—rlem-em)] [43].

T—

where the inertia weight o(7) = o(T)+

Step 4.2 Update the positions of particles. Adding the speed
produced from the previous step, compute the new positions of
the particles
pl.ld(r+1)=pl.ld(r)+vild(r+l) 17)

Step 5. Decode particles into solutions. For /=1,2,...,L,
decode pl,» (7) to a solution as:

X (1) = Pl (D)

If per., (z)=1 thenthe thactivity, which is executed by

A il I

mode j th, will start at i t

i i~order 1

iorder €[0,1,+

Mapping between one potential solution of rc-PSP/mM and
particle representation is shown in Fig. 8.

Step 6. Stop. Output the fitness value and the global best
particle-represented solution.

Based on above, we can get the framework of PSO for rc-
PSP/mM in Fig. 9.

Mode 1 Mode 2 . . Mode j L . Mode m,
Particle | Pl (02l (Ol (O] Pl 0Pl @ play @) | oo | Pl OBy @ Pl (O] o ) P 8l e (Dl )
' | | | |
Mode 1 | Mode 2 Lo l 1 Mode j L | Mode m,
Particle ‘ 0, 0 .., 0 | 0 0 R | 0w T, O | o o 0 ‘
' | | ‘ | |
. XVHV

Solution x,,(r)= p},(r)

X =1

Activity i is executed by mode j starting at ¢+, .,

Otherwise

X =0

Fig. 8 Decoding method and mapping between PSO particles and solutions to (P2)
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/Set initial interation 7 = 1/

Initialize particles ' (¢) and velocities ;' (7)

check the feasibility of all particles

v

Evaluate the initial particles by the fitness value Fitness,(P(7)), and get | |
(=12,---,L)

the personal best 2", and the globall best G*"

Y

Get to the next iteration 7=7+1

v

Update /() and P'(z) by Egs. (16) and (17)

:

Evaluate the updated particles by the fitness value and get new

personal best 2™ and new globall best G (/=1,2,--,L)

Stop criteria 7=7 meet?

No

Output the fitness value and the global best G/

: Obtain the order of activities
» and execution modes

End
Fig. 9 Procedure of the PSO framework for rc-PSP/mM

6. A case study

In this section, we perform the practical application of
Drilling Grouting Construction Project in the Longtan Dam. At
present, there are 13 activities in the Drilling Grouting Project:

Al: Backfill grouting

A2: Closure grouting

A3: Embedded & 25 type grouting steel pipe

A4: Contact grouting

AS5: Embedded & 50 type grouting PVC pipe

A6: Consolidation grouting (including drilling)

AT: Inclinometer hole drilling

A8: Drilled drain hole (including flexible drain)

A9: Rock multi-point bore-hole of deformation

A10: Osmometer hole drilling

All: Bolt stress meters hole drilling

A12: Underground water level observation hole drilling
A13: Consolidation grouting check hole drilling and water pressure

Each activity has certain executed modes, the successors and
the expected finish time according to the decision managers.
Besides, there are three types of resources, i.e., manpower (7,
renewable resources), equipment (r,, renewable resources)
and materials (7; nonrenewable resources) in this project
scheduling problem.

The successors, detailed data of process time, resource
consumption of each activity are shown in Fig. 10 in details
(S and T are dummy activities). In addition, for calculating
various kinds of resources expediently, we measure all the
resources to the consumption amount and unify
dimensionless units into a cash value (ten thousands CNY
per unit).

6.1 Related data

Each activity has certain maximal multiple unit requirements
of three different of resources, (Manpower, Equipment,
Materials) = (" , r3" ") = (750, 830, 75) (Units: ten
thousands CNY). Besides, since more particles require more
evaluation runs and leading to more optimization costs [44],
we select 50 particles as the population size and 100 as the
iteration number in this study. Hence, the parameters of
problem are set as follows: Population size L=50, Iteration
number 7=100, Acceleration constant ¢;=2.0 and ¢z2.0,
Inertia weight w(1)=0.9 and w(7)=0.1, respectively. In
addition, 1,~0.45, 1.,=0.20, 1.,=0.35, = {=p =0=0.9. Other
main certain variables are given in Table 1, and the bi-random
coefficients are given in Appendix D.

6.2 Results

In this practical application, we use Matlab 7.0 and Visual
C++ language on an Inter Core 13 M370, 2.40 GHz, with 2048
MB memory, running Microsoft Windows 7. After re-run 10
times of PSO computer program, we obtain the project
schedule of Longtan case in Fig. 11, and the detailed optimal
results in Table 2, respectively.

Following the results, we can notice that the total duration is
5 years and 3 months (63 months). Compared with the initial
design, we actually decrease 5 months from the total duration.
In ensuring the quality of the project, total tardiness penalty is
within an acceptable range (40.02 ten thousands CNY).
The results are very satisfactory for the project decision
managers.

6.3. Comparison analysis for the algorithm

To prove efficiency and effectiveness of the PSO for solving
rc-PSP/mM, we compare PSO with genetic algorithm (GA)
that is proved to solve rc-PSP/mM successfully [45-48].
Some parameters for the GA are selected as follows:
population size is the same as for the PSO approach, i.e,
popsize=50, the rate of crossover p,=0.6, the rate of
mutation p,= 0.6 and maximum generation maxGen=100,
respectively. Fig. 12 depicts the computational results for the
PSO and GA.

The run-time required by PSO and GA is given in Table 3.
It presents minimum, mean, maximum run-time in
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Fig. 10 Configuration of 13 activities in Drilling Grouting Project

Table 1 Main certain variables

Variables A Ay As Ay As As A, Asg Ao Ay Ay A Ans
w; 0.115 0.115 0.115 0.115 0.086 0.058 0.072 0.072 0.072 0.048 0.044 0.044 0.044
a 0.58 0.60 0.60 0.56 0.45 0.30 0.39 0.41 0.40 0.25 0.23 0.20 0.22
qs 2.31 2.31 2.31 2.31 1.73 1.15 1.44 1.44 1.44 0.96 0.87 0.87 0.87
tiE 48 48 48 48 36 24 30 30 30 20 18 18 18
CiTP 5.25 5.13 5.09 4.27 2.83 3.32 3.60 345 2.46 2.32 2.89 3.69 2.28

minutes (MIN, MEAN, MAX) to obtain the optimal
solutions. Table 3 shows that the mean time of PSO is faster
than GA for small number of activities (13 activities).
Additionally, the convergence histories, which are given in
Fig. 12, indicate that PSO converges faster to find the
optimal solutions (the optimal fitness value of PSO and GA
are both 30.0412). All above can prove that for small number
of activities in rc-PSP/mM, PSO is a very efficient and
effective algorithm.

Fig. 11 Project schedule of Longtan Case

7. Conclusions and future research

In this paper, we first proposed a multi-mode resource-
constrained project scheduling model under a bi-random
phenomenon for a practical Drilling Grouting Project in
Longtan Large-Scale Water Conservancy and Hydropower
Construction Project. In the proposed model, we considered
three objectives--- the overall duration of the project, the total
tardiness penalty, and the quality of the project. The model
employed the bi-random variables to characterize the hybrid

Table 2 Results of the Longtan case

Activity A A A A As Ag A Ay Ay Ay A Ap A

Mode 1 1 12 1 2 3 1 1 12 1 2
Manpower: 721.43

Resource

Equipment: 809.31
consumptions
Materials: 69.76

Project duration 63 months
Tardiness penalty 40.02
Quality 2.59
Fitness value 30.0412

International Journal of Civil Engineering, Vol. 11, No. 1, Transaction A: Civil Engineering



80

—6&— PSO
-+ -GA

Fitness Value

%0 5 10 15 20 2 30 35 40 45 50
Interation
Fig. 12 Convergence histories of PSO and GA
Table 3 Run-time of GA and PSO in minutes
pop-size max-Gen MIN MEAN MAX
GA 50 100 1026 1234 2744
PSO 50 100 6.48 7.86 12.76

uncertain environment where two-fold randomness exists. We
first considered the bi-random phenomenon in a practical
construction project, and this work was original. For handling
bi-random variables, we employed the chance constraint
operator to the constraints with bi-random coefficients.
Subsequently, we applied particle swarm optimization (PSO)
to resolve the rc-PSP/mM that was well known as a NP-hard
problem.

One of the most important follow-up researches is the
application of the proposed model and algorithm in this study
to other practical construction projects in Longtan case.
Besides, multi-mode multi-project resource-constrained
scheduling problem should be concerned in the continued
research because of its practical significance in large-scale
practical problem. Another area for continued research should
be focus on the software development that was based on the
proposed model and algorithm in this study. All of these arecas
are very important and worth of an equal concern.
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Appendix A. Notations in mathematical model

Indices:

i activity index, i=0,1,....e,...,I+ 1

Jj mode index, j=1,2,...,m; ( is the number of possible modes
of activity i)

k renewable resource type index, k=1,2,...,.K

n non-renewable resource type index, n=1,2,....N

¢t period index

Objectives:

T total project duration

C total cost of the project

Q total quality of the project

Certain parameters:
Pre;  set of immediate predecessors of activity i

¢;”P the penalty cost of activity i

Dij processing time of activity i selected mode j

p;8  the earliest processing time of activity i selected mode j
pif  the latest processing time of activity i selected mode j
q; the quality of activity i

g  the smallest acceptable quality of activity i

g the best acceptable quality of activity i

the weight of the quality of activities i for the quality
th of the whole project

tE expected finish time of activity i

rM  maximum-limited renewable resource k

r,M  maximum-limited non-renewable resource n

tPF early finish time of activity i

tZ#F  lately finish time of activity i

Bi-random coefficients:

T renewable resource k required to execute activity i
using mode j

non-renewable resource n required to execute activity

i using mode j

x
Vy'n

Decision Variables:
1, if activity i
"o,
Note: x;; confirms the finish time of the current activity

regardless of whether the certain executed mode is scheduled
during this certain time or not.
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Appendix B. The proof of Theorem 1.

Let 52 z; z‘j 1 1/’{ ZHP” rkM

distributed random variable with the following expected value
and variance (the mean of bi-random variable ?y'k is not
considered as a random variable temporarily):

|: :| Z,lz 1 t/kZHpj
D[é} = Z::I Z;’ll rjkzsz/ Iﬂ
Thus,

-E[0] (ZLX AT ) (z,lz]. z )
JD VISR ST

is standardized normally distributed random variable. Since
the inequality

Zz 12, 1 l//\( )ZHE/

is equivalent to
(L A = )~ X ) . (XL Y )
JZ’,‘ZC’L,cafZi‘J’”"(x,,,)Z ) JZL,Z’ll.a,,fZ‘,‘j“"(x,,,f
(XL X, - )2 ,Z/] e, )
\/Z, 1211 'szzﬁp/ (x l/f

,then § is a normally

Let;/ =

we have
Pr{zlez/ T (@ )ZHF’ Xije S”/»»M} 21
_z, 12, 1 Ajl(zt+p/
\/ZHZ’; o—i/k z:f” (xi/'-[ )2
z, 1271 ~ukzw/
Jz, Dol Y
Zx 12,1 ukzhp/ Xije
Jzi 2o T
=@ \/Z' lz/ 1 ”" ZHP 1 '/T) +Zl 12/ 1ﬂr/kzl+p _lx"r Z”kM

Now, let

D ) -1 M M
=0 \/z, 1211 ijk z t/r i=] L =1 uk Xije =T

then ¥ is a normally distributed random variable with the
following expected value and variance

~1_ ! 1 m; 2N+l Z z Z”P/ _ M
Z Z Z )
i=1 /1 W
- t+p— M
Let sr=0m 55 0 T and
M= i=l e j=1 Ok UT Te
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L ety

< Pr 7< <n

<n

<o7(n)

12

is a standardized normally distributed random variable. Then,
the inequality

o [N o Y +zl Y
UL DN, 2'“”
VLSt

S N2>

Thus,

Prloco P (T 37 R @y
C>pr{q) (U)\/Z’ lz/l ijk ZHF K A/r) +z, |2, |M/kzl+p I)CWZVAM}Zg
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LYY
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Similarly, we can get
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The proof of Theorem 1 is completed. o
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Appendix C. Notations in PSO

T iteration index, 7=1,...,T

/ particle index, /=1,...,T

d dimension index, d=1,...,m(t " —t£F+1)

i index of activity, i=0,1,...,/+1

J index of mode, i=1,...,m;

r;, r, uniform distributed random number within [0, 1]
w(t) inertia weight in the 7 iteration

v;i; (1) velocity of the i activity of the /% particle at the it
dimension in the t/ iteration

pib () Position of the i activity of the /** particle at the i
dimension in the t/ iteration

P, /best personal best position of the i activity of the /[
particle at the d dimension
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i global best position of the i? activity at the d T52~N(w,0.16) with 1 ~N(43.4,1.00)

dimension T N(w,0.25) with 1 ~N(56.4,4.00)
Cp personal best position acceleration constant ?”81 ~N(u,1.00) with /Zt~N(55.2,0.64)
Cq global best position acceleration constant ?91 ~N(u,0.49) with u ~N(55 5,0.09)
Vi(7) vector velocity of the i7 activity of the [ particle ’”(1()) 1N, 0.25) with ,u ~N(38.5,4.00)
in the 7 iteration r(H) 1~N(1,4.00) with /1 ~N(33.2,0.49)
Pl(7) vector position of the " activity of the / particle ’”(1 132~N(11,0.36) with /1 ~N(34.2,0.64)
in the 7 iteration r(lz)sz(,u,] 00) with ,u ~N(32.2,0.49)
Plbest vector personal best position of the i activity of r(13)2 ~N(1,0.81) w:th 1 ~N(37.1,0.09)
the /" particle, 1”122~N(/1,0 64) with u ~N(90.6,4.00)
G pest vector global best position of the i activity, Too~N(, 0.49) with 1 ~N(96.5,0.09)

Fitness(P/}(7))Fitness value of P/(7)

Appendix D. Resource with bi-random coefficients

The first renewable resource Manpower:

71~N(1,0.04) with 11 ~N(65.0,1.00)
To1~N(11,0.01) with (1 ~N(62.8,0.04)
F31~N(1,0.36) with [i ~N(68.4,0.49)
T33~N(1,0.01) with i ~N(61.3,0.16)
T2 ~N(1t,0.25) with i ~N(67.1,0.01)
T52~N(11,0.49) with 11 ~N(50.6,0.81)
Ts2~N(1, 1.00) with 11 ~N(29.8,1.00)
To~N(1,0.01) with 11 ~N(43.1,0.49)
To1~N(1,0.64) with [1~N(68.5,0.09)
?9, ~N(w 0.81) with 11 ~N(71.2,4.00)
Yoy Nes 1.00) with {~N(48.1,1.00)
T 1N (, 0.09) with fi~N(51.3,0.64)
T3 N 0.64) with 1~N(52.2,0.49)

\(12)21~N(u,0 81) with 11 ~N(53.8,0.04)
@3)21~N(u,1 00) wzth 1 ~N(52.5,1.00)

712~N(10.81) with [ ~N(62.2,0.01)
To21~N(1,1.00) with 1 ~N(63.0,1.00)
T527~N(1,4.00) with 1 ~N(65.0,1.00)
T1~N(,9.00) with 11 ~N(61.8,4.00)
Ts1~N(, 1.00) with 1 ~N(48.4,1.00)
T51~N(1,4.00) with [1~N(33.7,0.16)
Pr1~N(1,0.36) with 11 ~N(40.4,0.25)
T73~N(1,1.00) with i ~N(41.2,1.00)
Ts2r~N(1,0.25) with 1 ~N(64.6,0.04)
Too~N(1,4.00) with 11 ~N(63.9,9.00)

\(10)21~N(u,0 01) with /,t ~N(43.6,0.36)

Tap2r-N(p,4.00) with 1 ~N(50.9,4.00)
Tuyur-N(, 1.00) with {1 ~N(54.1,1.00)
31N, 0.36) with 11 ~N(55.7,0.49)

The second renewable resource Equipment:

T117-N(1,0.09) with 11 ~N(94.2,4.81)
o1 ~N(1t, 1.00) with p~N(92.3,1.00)
T31~N(1,0.16) with 1 ~N(90.5,4.00)
T33~N(1, 0.64) with 1 ~N(93.2,0.49)
Tor-N(1,0.49) with 11 ~N(95.5,0.81)
T52~N(11,0.36) with 11 ~N(96.7,0.01)

frﬂﬂv(y,l.()()) with ,}~N(91.9,1.00)
T4y N(1,1.00) with 1 ~N(98.6,4.00)
7s1-N(1,0.81) with 1 ~N(68.2,0.09)
Ts1-N(1, 1.00) with 1 ~N(45.2,0.64)
V21-N(, 0.36) with 11 ~N(58.3,0.49)
Tr3~N(1,4.00) with 1 ~N(57.6,1.00)
7822~N(u,0 81) with ,1 ~N(58.4,0.01)
Ty N(14,0.16) with 1 ~N(54.9,1.00)
T10)2-N(. 1.00) with 11~N(36.9,0.09)
T12-N(11,0.25) with 11~N(31.5,4.00)
71212N(1,0.81) with 11 ~N(33.7,1.00)
7713)17N(1,0.64) with 11 ~N(34.4,0.81)

The final nonrenewable resource Materials:

7115~N(1,0.09) with 11 ~N(7.2,1.00)
517~N(11,0.36) with 1 ~N(7.7,0.25)
315~N(1,0.81) with 11 ~N(7.6,4.00)
T333~N(, 1.00) with 11 ~N(7.4,0.81)
To3~N(w,0.25) with 1 ~N(8.2,0.09)
Ts25~N(w, 1.00) with 1 ~N(5.7,1.00)
T525~N(1,0.25) with 1 ~N(4.7,0.49)
Vro3~N(, 0.36) with 11 ~N(4.9,0.36)
T515~N(1,4.00) with 1 ~N(5.3,1.00)
7;3~N (14, 1.00) with 11 ~N(4.9,0.01)
T10913~N(1.0.36) with [1~N(3.3,1.00)
T1113~N(u, 1.00) with 11~N(3.1,0.36)
T11)33~N(11,0.36) with 11~N(2.8,1.00)
711225~N(1,0.09) with 1 ~N(3.0,0.64)
713)23~N(. 1.00) with 11~N(3.8,0.49)
7123~N(1,0.064) with 11 ~N(6.9,0.81)
T927~N(11,0.64) with 1 ~N(8.0,0.49)
T323~N(1,4.00) with 11 ~N(7.5,4.00)
T413~N(, 0.48) with 11 ~N(8.5,1.00)
7515~N(w, 1.00) with 11 ~N(5.5,400)
Ts13~N(1, 0.49) with 11 ~N(4.4,0.81)
¥715~N(, 0.36) with 11 ~N(5.2,0.09)
Tr35~N(w, 0.09) with 1 ~N(5.7,4.00)
To3~N(,0.25) with 11 ~N(5.5,0.49)
Tp3~N(14,0.64) with 1 ~N(5.0,9.00)
7109235~ N(1.0.25) with [1~N(2.9,0.49)
r(u)er(u,O 81) with 11~N(2.8,0.49)
T12)15~N(1,0.25) with [1~N(2.7,0.49)
7713)15~N(1,0.04) with 11 ~N(3.5,1.00)
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