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Abstract—The multimode resource-constrained project-
scheduling problem with discounted cash flows (MRCPSPDCF)
is important and challenging for project management. As the
problem is strongly nondeterministic polynomial-time hard, only
a few algorithms exist and the performance is still not satisfying.
To design an effective algorithm for the MRCPSPDCEF, this paper
proposes an ant colony optimization (ACO) approach. ACO
is promising for the MRCPSPDCF due to the following three
reasons. First, MRCPSPDCEF can be formulated as a graph-based
search problem, which ACO has been found to be good at solving.
Second, the mechanism of ACO enables the use of domain-based
heuristics to accelerate the search. Furthermore, ACO has found
good results for the classical single-mode scheduling problems. But
the utility of ACO for the much more difficult MRCPSPDCEF is still
unexplored. In this paper, we first convert the precedence network
of the MRCPSPDCF into a mode-on-node (MoN) graph, which
becomes the construction graph for ACO. Eight domain-based
heuristics are designed to consider the factors of time, cost,
resources, and precedence relations. Among these heuristics, the
hybrid heuristic that combines different factors together performs
well. The proposed algorithm is compared with two different
genetic algorithms (GAs), a simulated annealing (SA) algorithm,
and a tabu search (TS) algorithm on 55 random instances with at
least 13 and up to 98 activities. Experimental results show that
the proposed ACO algorithm outperforms the GA, SA, and TS
approaches on most cases.

Index Terms—Ant colony optimization (ACQO), discounted cash
flows, net present value, resource-constrained project-scheduling
problem (RCPSP).

1. INTRODUCTION

ASH flow means the amount of cash being received and
C spent during a defined period of time. Without positive
cash flows, basic obligations such as payments to suppliers
and payrolls cannot be met [1], [2]. In project level, even a
high-profit project may turn out to be a failure if cash short-
fall suddenly occurs. As such, cash flow management in project
level has attracted a considerable amount of research effort in
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recent years [3]. A promising progress is to integrate cash flow
management with the resource-constrained project-scheduling
problem (RCPSP).

The classical RCPSP is a problem of finding an optimal
schedule that satisfies the resource and precedence constraints
and minimizes the makespan (duration) of a project. Applica-
tions of the RCPSP can be found in a broad area of industrial
projects, such as house building and software development. For
a comprehensive survey of the RCPSP, please refer to Herroelen
et al. [3] and Brucker et al. [4].

The classical RCPSP ignores the cash flow criterion of a
project. Russell [5] first introduced the cash flow criterion and
proposed a model named max-NPV. In this model, a series of
cash inflows and outflows occurs in the course of the project.
Cash inflows include the payments for the execution of activ-
ities and cash outflows include all expenditures for resources.
Time value of money is taken into account by discounting the
cash flows. The difference between discounted cash inflows and
outflows is referred to as the net present value (NPV). The ob-
jective function is to maximize the final NPV of the project. The
max-NPV model with resource constraints becomes the RCPSP
with discounted cash flows (RCPSPDCF) [6], [7]. Some re-
cent surveys on the RCPSPDCF are given by Ozdamar and
Ulusoy [7], Herroelen et al. [3], [8], Brucker et al. [4], and
Tavares [9].

A more general and practical type of the RCPSPDCF model
considers the time—cost, time—resource, and resource—resource
tradeoffs [10]. Each activity can be implemented by any one out
of a finite number of alternative execution modes. In the situation
of time—cost tradeoff, an execution mode with longer duration
may cost less money, whilst a mode with shorter duration may
cost more money. In the situation of time—resource tradeoff, an
execution mode with longer duration consumes fewer resources,
vice versa. In the situation of resource-resource tradeoff, the
usage of a resource in an execution mode can substitute for
the other resources. The presence of such tradeoffs leads to the
multimode RCPSPDCF (MRCPSPDCEF) [11].

The classical RCPSP is nondeterministic polynomial-time
hard (NP-hard) as it contains the job shop problem (JSP) as
a special case [12]. The computational effort increases in the
RCPSPDCF by having to evaluate the NPV in a nonlinear
model. Furthermore, the computational complexity of the MR-
CPSPDCEF greatly increases as both the schedules for activities
and for different modes have to be considered. Kolisch [13] has
proven that the problem of finding a feasible solution for the
MRCPSPDCF with more than one nonrenewable resource is
already NP-complete. As the cash flow criterion is important
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and the problem is difficult to solve, MRCPSPDCF has been
considered as a challenging model for project management in
recent years [4], [14].

For the single-mode RCPSP and RCPSPDCF, many exact
and stochastic approaches have been proposed, such as zero—
one integer programming [6], [15], branch-and-bound algo-
rithm [16], [17], genetic algorithm (GA) [18], [19], ant colony
optimization (ACO) [20], tabu search (TS) [21], simulated an-
nealing (SA) [22], and specialized heuristic methods [23].

However, for the more difficult MRCPSPDCE, only a few
algorithms have been developed. Ulusoy [11] considered four
payment models and proposed a GA approach to the general
form of MRCPSPDCEF. The algorithm was tested on a set of
instances with at most 51 activities and achieved good perfor-
mance. However, as the algorithm does not make use of any
domain-based information to accelerate the search, the search
speed of the GA approach may become slow especially for
large-size instances. Mika et al. [14] proposed an SA and a TS
algorithm for the MRCPSPDCEF with positive cash inflows. As
the SA and TS are local search metaheuristics [14], they may
sometimes get trapped in local optima. In addition, several spe-
cialized algorithms were also designed for some specific cases
of the MRCPSPDCEF. Icmeli and Erenguc [10] introduced a
model in which crashing costs are incurred if the duration of an
activity is shorter than normal. A heuristic procedure with em-
bedded priority rules was proposed for the model. Ozdamar [26]
considered a housing project with various expenditure rates and
a heuristic method was developed to construct and reconstruct
the schedule. Ulusoy and Cebelli [27] set up a model to consider
the goals from the view of both the contractor and the client and
developed a double-loop GA approach.

This paper aims to take advantage of the ACO metaheuris-
tic to propose a more effective algorithm for the intractable
MRCPSPDCEF. ACO is a population-based optimization algo-
rithm proposed by Dorigo and coworkers [28]-[30] in the early
1990s in the light of how ants manage to discover the shortest
path from their nest to the food source. The idea of apply-
ing ACO to the MRCPSPDCEF is motivated by the following
three reasons. First, the MRCPSPDCEF can be naturally formu-
lated as a graph-based search problem, which ACO has been
shown to be particularly successful in solving [31]-[35]. Sec-
ond, domain-based heuristics have been found to be useful for
solving scheduling problems [4], [7], [12], [18]. Various effec-
tive heuristics have been proposed for the classical RCPSP [18].
The mechanism of ACO supports the use of such heuristics to
improve performance. Third, the ACO algorithms for the single-
mode RCPSP [36] and RCPSPDCEF [20] have achieved good
performance. However, to the best of our knowledge, the utility
of ACO for the more difficult MRCPSPDCEF is still unexplored.

In this paper, we first formulate the model of MRCPSPDCF.
To make the model more realistic, indirect costs and a bonus—
penalty (B-P) mechanism are taken into account. An ant colony
system (ACS) algorithm is developed for the general form of the
MRCPSPDCE. The algorithm is named ACS-MRCPSPDCF.
ACS [32], [35] is one of the best ACO algorithms so far. To pro-
pose the ACS approach, the precedence network of the problem,
which is an activity-on-arc (AoA) network [11], is converted

into a mode-on-node (MoN) graph. The MoN graph becomes
the construction graph for algorithm. By applying the serial
schedule generation scheme (SSGS) [37], artificial ants in the
algorithm build their solutions step by step on the MoN graph
using pheromones and heuristic information. In order to enhance
the search ability of ants, eight heuristics are introduced, includ-
ing two precedence-relation-based heuristics, two time-based
heuristics, two cost-based heuristics, a resource-based heuristic,
and a hybrid heuristic. As there are time—cost—resource trade-
offs in MRCPSPDCEF, the hybrid heuristic is able to combine
the information from all aspects and performs well. Parameters
of the algorithm are analyzed for balancing the exploration and
exploitation ability of the search. In the experiment, the algo-
rithm is compared with two GA approaches [11], [18], an SA
algorithm and a TS algorithm [14] on 55 instances with at least
13 and up to 98 activities. Experimental results demonstrate the
effectiveness of the proposed algorithm.

The rest of the paper is organized as follows. In Section II,
the MRCPSPDCF model is formulated. The ACS algorithm for
MRCPSPDCF is presented in detail in Section III. Experimental
results are given in Section IV. The conclusion finally comes in
Section V.

II. MRCPSPDCF MODEL
A. Problem Definition and Notation

MRCPSPDCEF is a problem of finding an optimal schedule
for a project so that the precedence and resource constraints
are satisfied and the final NPV of the project is maximized.
The basic notation for the problem is shown in Table 1. The
characteristics of the MRCPSPDCEF are summarized as follows.

1) Precedence constraint—Given a project with n activi-
ties, the precedence relations of the activities are given
by an AoA network G = (E, A), where the node set
E corresponds to the set of events and the arc set
A ={ay,as,...,a,} corresponds to the set of activities.
Fig. 1 shows an example of the AoA network. We add two
dummy activities ayp and a; to represent the beginning
and the end of the project, respectively. Based on the AoA
network, the precedence constraint is defined as follows.
Event e; takes place as soon as all direct predecessor ac-
tivities of e; have finished. Only after the occurrence of
e;, the direct successor activities of e; can start.

2) Resource constraint—The project uses |RR)| types of re-
newable resources and |NR| types of nonrenewable re-
sources. Renewable resources are limited period by pe-
riod, and nonrenewable ones are limited for the entire
project.

3) Multimode—Each activity a; (¢ = 1,2,...,n) can be ex-
ecuted in any mode out of a finite alternative execution
mode set M; = {m;1, Mo, ..., M|}, Where m;; is the
jth mode for a; and |M;| is the total number of available
modes for a;. The duration and resource consumption of
each execution mode are given deterministically. The du-

ration of mode m;; is d;;. The mode m;; consumes rrfj

units of renewable resource k, nrf j units of nonrenewable
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Fig. 1.

TABLE I
BASIC NOTATION FOR THE MRCPSPDCF MODEL

Symbol

Definition

A:{aﬂ,ala« <5 lpy }

the set of activities; a,...,a, represent the real activities; ay and a,+; are
dummy activities correspond to the start and the end of the project
respectively; » is the number of real activities;

the set of events; |E| represents the number of events;

the set of direct predecessor activities and the set of direct successor

E:{(:'l,. . ,GlE|}

pred(a;) and succ(a;)

pred(e;) and succ(e;) activities of activity a; or event e;
G=(4,E) the AoA graph of the project
PECE

M, = {myl""’m;w,\}

the set of the payment (milestone) events, which is a subset of £

the set of execution modes in activity a,, i=0,...,n+1; |M/ represents the
number of modes in a;;

RR; is the number of available units for the /™ type of renewable resource;
there are totally |RR| types of renewable resources

the cost of per unit non-renewable resource in per time period

NR; is the number of available units for the /™ type of non-renewable
resource; there are totally |[NR| types of non-renewable resources

the cost of per unit non-renewable resource in per time period

per time period usage of renewable resource & in activity i under mode j

the usage of non-renewable resource / in activity i under mode j

the start time of S, i=0,...,n+1, 0=So.5t=S,.5t <S55t < ... <S4 81=S.ET
the end time of S, i=0,...,n+1, So.5t=Sy.et=0, S,,1.5t=S,+1.et=S.ET

the expected finish time period, if S.E7<Tiow, bonus will be received.
Otherwise, if S.ET>Typ, the payment will be reduced because of the

the indirect cost of the project during the time period unit [#,+1]

the prepayment rate A and the milestone payment rate 6

Ml
PRR;
NR;
PNR;
U the total value of the project
wh,....W, the net worth of each activity
dy duration of the activity / under mode j
CE; constant expenses of the activity /i under mode j
rr””
n’;:
S=(So,...Sp+1) the solution schedule
S.ET the end time of the schedule S
Si.act the activity corresponds to S;
Si.mode the mode corresponds to S;
Si.st
Siet
TE; the time point when event i takes place, i=1,...,|E|
o discount rate
[Trow, Tuel
penalty
I, [t,.,+1]
Jand 6
yand o the bonus rate y and the penalty rate o
7, and 7,

the pheromone value and the heuristic information for the move from
mode; to mode;

Example of the AoA network with five events and eight activities (six

real activities).

4)

5)

resource [, and its constant expense is CE;;. Different
execution modes for a; may consume different levels of
time, cost, and resources. In this sense, there are time—cost,
time—resource, and resource—resource tradeoffs between
different modes.

Nonpreemption—Once an activity a; is executed in mode
m;j (my; € M;), it has to be completed without any in-
terruption.

Cash flow analysis—The NPV of the project is analyzed.
The objective function of the problem is to maximize the
final NPV.

In addition, to make the model more comprehensive and re-
alistic, two more characteristics are taken into account in our
formulation.

1) Indirect costs (including overhead expenses, finder’s fee,
etc.) are considered. According to He and Xu [38],
indirect costs have been experientially proven to oc-
cupy a significant proportion of cash outflows in a
project.

2) A B-P scheme is incorporated. The B-P scheme has been
widely used in contemporary contracting projects [38]. In
the B-P scheme, the expected finish time of the project
is given by an interval [t;,ow, tup]. If the project finishes
earlier than ¢1,ow, additional rewards will be given. Oth-
erwise, if the finish time is later than ¢yp, the company
will be punished.

The formulation will be presented in detail in the following
part of this section. The formulation follows the payment at
event occurrences (PEOs) [11] scheme, in which the payments
occur at milestone events. Nevertheless, the proposed ACO al-
gorithm can also be applied to the MRCPSPDCF model with
other payment schemes.
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B. Formulation

The goal of the MRCPSPDCEF is to find an optimal schedule

S* = (Sg,...,S;, ) that maximizes the final NPV. The NPV
of a schedule S is evaluated by the following equation.

NPV (S) = fin(5) = four (S) + fer (5). )]
Here, NPV(S) is the final NPV of schedule S,

fix(9), four(S), and fpp(S) indicate the cash inflows, cash
outflows, and bonus or penalty, respectively. Schedule S must
satisfy the precedence and resource constraints.

1) Cash Inflows (fix): fin consists of the payments at all
milestone events. The payment occurs at milestone event e; is
denoted as pay;. The value of pay; is discounted to the project-
start-time value and the discounted value is denoted as dpay;.
fin is evaluated by using (2)—(6). Equation (2) shows that fiy
is composed of three parts: the payment occurs at the beginning
of the project (dpay:), at the end of the project (dpay|), and
the payments in midway milestone events

|E]|

fin(S) = Z dpay; (S)

|E|-1
= dpay, (S) + Y dpayi(S) + dpayp (S). (2)
=2

At the beginning of the project, a proportion (1) of the total
value (U) is prepaid.

dpay: (S) = pay, (S) = AU. 3)

Suppose that the latest milestone event before e; occurs at
TLATEST; and e; occurs at TE;, the midway payments are
evaluated by (4), as shown at the bottom of this page.

Here, 6 is the milestone payment rate. pay; is discounted to
dpay; according to the following equation:

dpay; (S) = pay;(S) - exp(—a - TE;), 1<i<|E|.
)

Here, « is the discounted rate. The discounted value of the final
payment is given by
|E]-1
dpayp|(S)=[U—pay, (S)— Z pay;(S)] - exp(—a - S.ET).
i=2
(©)
2) Cash Outflows (fout): four consists of all expenses

during the course of the project, including direct cost (dcost)
and indirect cost (icost)

four(S) = dcost(S) + icost(S). @)

Direct cost dcost includes both the constant expenses of ac-
tivities and the costs of resources. For an execution mode m;;,
the resource cost (RC'j;) of m; in each time unit is given by

IRR INR|
RCj =Y 1l - PRRy + Y wk - PNR.. (8
k=1 k=1

The discounted direct cost (DCY;) associated with m;; can
be calculated by
(1]'[ -1
DCj =CEj; + Z RCj; - exp(—a-t').
t'=0

€))

Based on the discounted cost of each execution mode, the
total direct cost of a schedule S is given by

n

dCOSt(S> = Z DC(S, .act)(Si.mode) * eXp(_a . SZSt) (10)

i=1
The indirect cost (icost) is evaluated by

S.ET—-1

icost(S) = Z Iy 4] - exp[—a(t' 4+ 1)]. (11)
=0

In a special case, if the indirect costs of all time units equal to
aconstant value 7, according to the summation rule of geometric
progression, (11) can be simplified to (12) as follows:
~ 1—exp(—a-S.ET)

1.

icost(S) (12)

exp(a) — 1

3) Bonus and Penalty Analysis ( fgp): The B-P value fpp
depends on the finish time of the project (S.ET). An expected
finish period [T1,0w , Tup]is given. If S. ET is earlier than 71,0,
the company will gain additional income. Otherwise, if S.ET
comes later than Typ, the company will lose money due to the
penalty of delay. The value of the bonus or penalty should be
discounted to the project-start-time value. fpp is evaluated by
(13). v and § are the bonus and penalty rates, respectively (13),
as shown at the bottom of the next page.

III. ACS-MRCPSPDCF ALGORITHM

The application of ACO requires setting up a construction
graph and designing the pheromones and heuristic information.
Based on the construction graph, the SSGS [36] is applied for
artificial ants to build solutions. In the process of this algorithm,
each ant maintains a schedule generator and builds its solution
following the rules of ACS using pheromones and heuristic
information.

dpay; () = i=1

0,

[a—y

where isFinish(j,[TLATEST;, TE;]) = { 0

0 isFinish(j, [ TLATEST;,

)

)

TE;]) - Ws,.act, if ; € PE
' , 1<i<|E|
ife; ¢ PE
it TLATEST; < Sj.et < TE; . “
otherwise
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procedure conversion
/lreorder the index of all modes
k=0;
for i=0 to n+1
for j=1 to IM|l
k=k+1;
modey=my;
Act(modey)=r;
Mode(mode,)=j;
end for
end for
IMODE\=k;
end procedure

Fig. 2. Pseudocode of how to reorder the indexes of modes and generate the
set MODE.

A. Construction Graph

1) Definition 1—TheMoN Graph: The MoN graph G =
(MODE, EDGE) is a complete directed graph. The set of
nodes MODE is composed of the execution modes of all ac-
tivities, i.e., MODE = U?:Ol M;. The set of directed edges
EDGE fully connects every two nodes of the graph from both
directions.

The AoA network in MRCPSPDCEF can be converted into its
corresponding MoN graph through the following steps. First, we
gather the modes of all activities ina set MODE = Uf:ol M; =
{mode1, modey, ..., mode|popg|}- Then the indexes of all
modes are reordered. Each mode m;; corresponds to an ele-
ment modey, in the set MODE. Fig. 2 shows the pseudocode of
how to reorder the indexes. IMODE] represents the total number
of modes. mode; is the beginning mode and mode|\jopE| is
the ending mode. All the other modes are sequentially indexed
from modey to mode|y;opp|-1- For the sake of the conversion
between these two notations, if mode; = m;;, we denote that
Act(modey,) = i and Mode(modey) = j.

The set MODE becomes the node set of the MoN graph. The
set of directed edges fully connects all the nodes from both direc-
tions. The edge from mode; to mode; is denoted as edge(i, 7).
An example of the AoA network and its corresponding MoN
graph is given in Fig. 3.

There are two important notes about the MoN graph. First,
the MoN graph is the construction graph for ants to build their
solutions to the problem. The directed edges become the carri-
ers of pheromones and heuristic information. The pheromone
value and the heuristic information on edge(i, j) are denoted as
7i; and 7;;. Each ant builds a complete solution by choosing
these edges step by step according to pheromones and heuristic
information. From this point of view, the scheduling problem is
converted into a graph-based search problem that aims at find-

ing a path from the beginning node (mode; ) to the ending node
(mode|popg)) with the maximum NPV, satisfying the prece-
dence and resource constraints. Fig. 3(b) shows a feasible path
for the problem. Second, in the MoN graph, there are a lot of re-
dundant directed edges that disobey the precedence constraints
and will never be used in any feasible paths. To prevent from
processing such redundant edges, each ant maintains an eligible
set of edges. Only the edges that satisfy precedence constraints
can be selected into the eligible set.

B. Schedule Generator

Based on the construction graph, every single ant maintains a
SSGS to build solutions. A solution S(Sy, ..., S, 1) generated
by SSGS is a path from the beginning node (Sy = mode; ) to
the ending node (S, 1 = mode|yropg)), Visiting each activity
exactly once. The pseudocode of the SSGS is shown by Fig. 4.

In the initial phase of the SSGS (lines 1-3 in Fig. 4), the
beginning node (mode; ) is chosen to be the first mode in S. The
start time (S .st) and the end time (Sy.et) of mode; are set to 0.
Moreover, the ant maintains a set of feasible modes that can be
chosen as the next mode in the solution. We denote this set as
eligibleSet. At this stage, Va; € succ(e ), all execution modes
of a; are added to eligibleSet.

In the lines 4-9 of the pseudocode, the ant builds a complete
solution by iteratively adding eligible modes from eligibleSet
to the solution S until all activities are covered by S exactly
once. In step k, the ant first selects a feasible mode S, = mode;
from eligibleSet (line 5) and schedules S at the earliest time
that satisfies both the precedence and resource constraints (line
6). The function select() in line 5 is based on the pseudopro-
portion random selection rule in the ACS algorithm [32], which
will be discussed in the next part of this section. The amount
of available resources after executing mode; is updated in line
7. eligibleSet is also updated in line 8 by eliminating all the
modes that belong to the same activity as mode;. Moreover, if
the activity to which mode; belongs is one of the direct prede-
cessor activities of event ¢;, i.e., Act(mode;) € pred(e;), and
all the other activities in pred(e;) have been chosen to execute,
the modes of all activities belonging to succ(e;) are added to
eligibleSet. In a special case, if nonrenewable resources are not
enough for the execution of any unexecuted modes, the sched-
ule generator will be terminated and the NPV of this infeasible
schedule will be set to a very small value.

After constructing a complete schedule S, the NPV of S is
evaluated based on the equations given in Section III.

C. ACS-MRCPSPDCF Algorithm

The flowchart of the ACS—-MRCPSPDCEF algorithm is given
in Fig. 5. In the algorithm, a group of ants is dispatched to build
solutions iteratively. Each ant maintains a single SSGS to build

U (Trow — S-ET) - exp(—a - S.ET),

fer(S) =40,

—6U(S.ET — Typ) - exp(—« - S.ET),

if S.ET < Trow
if Tyow < S.ET <Typ .
if Tup < S.ET

13)
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Example of the conversion from an AoA network to its corresponding MoN graph. (a) AoA network with three events, three real activities, and two

dummy activities (ap and a4 ). Assume that each real activity has two modes. In all, there are eight modes, which are shown in (b). The eight nodes in (b) and the
set of directed edges that fully connects all the nodes from both directions compose the MoN graph, which is the construction graph for the ACS algorithm. (b)

Example of a feasible solution path.

Procedure SSGS

1 So= modey;

2 So.5t = Sp.et =0;

3 Update eligibleSet;

4 for i=1 to n+1

5 Si=select(); // select a mode from eligible set

6 Schedule S; to the earliest time when the precedence

and resource constraints are satisfied;
Update Resources;
Update eligibleSet;
end for
10 evaluate NPV(S);
end procedure

O 00

Fig. 4. Pseudocode of SSGS.

its own solution in every iteration. The ants also maintain the
pheromone values and heuristic information and use them in the
selection scheme of the SSGS.

1) Selection Scheme: The next mode is chosen by the func-
tion select() in the SSGS (line 5 in Fig. 4) according to the
pseudo proportion random selection rule. Suppose an ant is lo-
cated at mode;. The next mode mode; returned by the function
select() is determined by the following equations:

d { arg maxmode[eeli.r]ibleSM{Til . (nil)ﬁ}a 1fq S q0

mode ;=

! implement the roulette wheel scheme, otherwise
(14)

p(mode;)

o (p: )P
7ig * () 7, ifmode; € eligibleSet
= > Tit + (Mit)’ (15)

mode; €eligibleSet
0, otherwise

A random number ¢ € [0, 1] is generated and compared with
a parameter ¢qg. If ¢ < qp, the mode mode; that has the largest
value of 7;; - (17;;)” among all the modes in eligibleSet is se-
lected. 7;; and n;; are respectively the pheromone value and
heuristic information on the directed edge edge(¢,l) from mode;
to mode;. (3 is a parameter that determines the weight of heuris-

I y
‘ Initialize parameters '

and pheromone values ‘ step=1 ‘

¥ PR

‘ iteration=1 ‘ Each ant implements one

44 step in SSGS to choose an

. execution mode and
Initialize all ants applies the local

pheromone updating rule
‘ step=step+1 ‘
///&\\x\ Yes
¢— ~_step<=n+17 =
o}
iteration=iteration+1 ‘
Evaluate the NPV of
* all solutions
No _— >
~_—iteration>MAXITER ~—~_ Global t
——ar exceed time limit 22— obalp ejromone
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Fig.5. Flowchart of the ACS-MRCPSPDCEF algorithm.

tic information. Otherwise, if ¢ > qq, the roulette wheel scheme
is adopted, i.e., the probability of selecting mode; is in direct
proportion to the value of 7;; - (1;;)”, if mode; € eligibleSet.

2) Pheromone Management: At the beginning of the ACS—
MRCPSPDCEF algorithm, the pheromone values on all directed
edges are initialized to 7p = 1.

V(i,j) € EDGE (16)

Tl'j:T():].

Here, 7y is also the lower bound of all pheromone values,
i.e., the pheromone management procedure guarantees 7;; > Ty
V(i,7) € EDGE.

Immediately after a mode is selected by an ant, the local
pheromone updating procedure is performed. Assuming that
an ant located at mode; chooses mode; to move, the local
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pheromone updating rule is given by
=1 =9m; +&m

where ¢ € [0, 1] is a parameter. Because 7 is the lower bound of
all the pheromone values, in general, we have 7y < (1 — &)1 +
&m0 < 7. Therefore, the effect of (17) is actually to decrease
the value of 7;;, if 7;; > 79. In other words, the local pheromone
updating rule decreases the probabilities for the following ants
to choose the same edge (¢, 7). In this case, the following ants
have higher probabilities to explore other unused edges, and thus
the algorithm is able to maintain diversity to explore different
solutions.

After all ants have finished constructing their solutions at the
end of each iteration, the global pheromone updating rule is used
to reinforce the best schedule. Only the edges on the best-so-far
schedule are able to obtained additional pheromones based on
the following rule:

amn

= (1—p)7ij + pAY; (18)
where p € [0,1] is a parameter and Af; is defined based on the
NPV of the best-so-far schedule S** as follows:

NPV (S5°) — first
Al = 1) -1
( firstBest — first + v

In (19), first is the NPV of the first feasible solution found
since the beginning of the algorithm and firstBest is the NPV
of the first feasible iteration-best solution whose value is larger
than first. 1) > 1is a parameter to control the scale of pheromone
amount. If no feasible solutions have ever been found by
the algorithm (first is not defined), the global pheromone up-
dating rule is not applied. If feasible solutions have been
found but the value of firstBest has not been defined, we set
AV =),

According to [35] and [39], if all the pheromone values are
limited in an interval [Tiin, Tmax] (Tmin > 0 and 7,05 < 400),
the convergence of the ACS algorithm can be guaranteed. In
the previous pheromone management scheme, both the lo-
cal and the global pheromone updating rules have the same
format

19)

Apy1 = (]. — 9)@k + 6b (20)

where a1 is the pheromone value after updating, a; is the
pheromone value before updating, § = {orp, k = 1,2,...,and
b= or Ai’j Based on (16) and (19), we have 7p = 1 and

L< AV < (NPV(S*) — first

1)- 21
S firstBest—fz’rst+ ) v @

where NPV(S*) means the NPV value of the global optimal
schedule S*. The right-hand side item in (21) is a function of
the global optimal schedule S*. We denote it as

o [ NPV(S*) — first
9(57) = ( firstBest — first + 1) 4

Therefore, we have 1 < b < g(S*).

(22)

Furthermore, according to (20), we can deduce that

= (1—0)ag + b
=(1-0)a; +6b
= (1—0)[(1 — 0)ag + 6b] + 6b
=(1-0)%a+[L - (1—6)*b

ar = (1= 0)%ag +[1 — (1 - 0)"]p.
Because ap =79 =1, # €[0,1], and 1 <b < g(S*) Vk =

(23)

1,2, ..., it can be deduced that
ar =1 =0 ag+[1—(1—-0)"b>(1-6)a
+1=(1=0)ag=ay=1 (24)
and
=(1—=60)fao+[1—(1-6)]b<(1-6)"
H1-(1=0)!b=b<g(s). @25

In other words, all the pheromone values are limited to the
interval [1, g(5*)]. So the convergence of the proposed ACS—
MRCPSPDCEF algorithm can be guaranteed.

3) Heuristic Information: In this paper, eight different
heuristics are used to enhance the search ability of ants, includ-
ing two precedence-relation-based heuristics, two time-based
heuristics, two cost-based heuristics, a resource-based heuristic,
and a hybrid heuristic. As there are time—cost, time—tresource,
and resource-resource tradeoffs in the MRCPSPDCEF, these
eight heuristics use the information from different aspects of
the tradeoffs to guide the search direction of ants.

a) Maximum total successors: Maximum total successors
(MTYS) is a precedence-relation-based heuristic designed for the
classical RCPSP [18]. Suppose mode; is an alternative execution
mode for activity a;, and the number of all successor activities
of ay, is allson;,, the heuristic 7;; is set to 1;; = allsony,. The
aim of the MTS heuristic is to first schedule the activities with
the largest number of total successors.

b) Weight resource utilization and precedence: Weight re-
source utilization and precedence (WRUP) is also a precedence-
relation-based heuristic [18], [40]. If mode; is the [th alternative
execution mode for activity ay,, the heuristic ;; is evaluated as
follows:

|RR| L

T
ni; = 0.5 x |succ(ar)| + 0.5 x h; ngl.

(26)

Here, |succ(ay)| is the number of direct successor activities
of ap. The effect of the WRUP heuristic is to expedite the
bottleneck activities that have many direct successors and take
up a lot of resources.

c) Earliest finish time: Earliest finish time (EFT) is a time-
based heuristic for the classical RCPSP [18]. Given a precedence
network, the earliest start time (EST) of each activity ay is
determined by the critical path of the network [18]. We denote
the EST of a;, as EST},. Suppose mode; is the lth alternative
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execution mode for activity a;, the EFT of mode; is given by

EFT; = EST), + dy. 27
Then, the heuristic 7;; is evaluated by
= — 28)
T = BFT;

d) Shortest processing time: Shortest processing time (SPT)
is a time-based heuristic for MRCPSP [41]. Suppose mode; is
the [th alternative execution mode for activity ay, the heuristic
7;; is evaluated by

_ 1
dp

The SPT heuristic biases the modes with shorter execution
time.

e) Minimal cost: Minimal cost (MC) is a cost-based heuristic
that considers the total cost of each mode. Suppose mode; is the
[th alternative execution mode for activity a;, the heuristic 7;;
is given by

N (29)

1
~ CEp+ (RCy + 1) - dyy

where CEy; and RCy; are the constant expenses and resource
costs of my,, respectively.

f) Minimal discounted cost: To satisfy the need of the
MRCPSPDCEF, we take the time value of money into account
and propose the minimal discounted cost (MDC) heuristic. Sup-
pose mode; is the [th alternative execution mode for activity ay,
the heuristic 7;; is evaluated by

1
 CEy + Zf'i(;l (RCy + 1) -exp(—a - )

The MDC heuristic biases the execution modes that cost less
money with respect to the discounted values.

g) Minimal resource consumed: To consider the aspect of re-
sources, we also design the minimal resource consumed (MRC)
heuristic for the proposed ACO algorithm. Suppose mode; is
the /th alternative execution mode for activity a;, the heuristic
7;; is evaluated by

Mij (30)

Mij (31

1
Nij = x .
dr1 (Z‘zﬁ’:}?i‘ el JRRy, + S0 WZ;/NR}L)

(32)

The MRC heuristic biases the modes that use fewer resources.

h) Hybrid heuristic: The hybrid heuristic aims to combine
the information from all aspects. Four of the aforementioned
heuristics are selected in the hybrid heuristic, including MTS,
EFT, MDC, and MRC. These four heuristics belong to four
different types. In the hybrid heuristic, in each step of SSGS,
before calling the function select( ), the ants randomly choose
one of the previous four heuristics to build new solutions.

Note that the MTS, WRUP, EFT, SPT, MC, MDC, and MRC
heuristics are all static heuristics, i.e., the values of these heuris-
tics are only determined by the instance. Therefore, in the im-
plementation of the algorithm, these heuristics only need to be
evaluated once at the beginning, and remain unchanged during

the whole search process. In this way, the management of these
heuristics is not time-consuming.

IV. EXPERIMENTAL RESULTS
A. Test Instances and Parameter Settings

A set of 55 random instances are used to study the perfor-
mance of the proposed ACS-MRCPSPDCEF algorithm. The in-
stances are of eleven different sizes (numbers of activities), i.e.,
n = {13, 16, 18, 28, 36, 40, 48, 58, 60, 80, 98}. Each size cor-
responds to five instances. We name the five instances with 13
activities as Ins13_1, Ins13_2, .. ., Ins13_5. The other instances
are named in a similar way. The terms “instance 1” to “instances
5” in Table II correspond to the five instances of each size, re-
spectively. In the instances, each activity is randomly associated
with one to five different execution modes. Resources and cash
flows are all randomly generated.

We first set the parameters of the ACS-MRCPSPDCEF algo-
rithm: the number of ants used in each iteration is 10, { = 0.1,
p=0.1,0=1,q9 = 0.9, and ¢ = 20. The first three parame-
ters are set according to the original ACS algorithm for traveling
salesman problem (TSP) [32]. These configurations still con-
tribute to good performance with respect to the MRCPSPDCF.
For the other three parameters, experimental results suggest that
the aforementioned configuration manages to obtain promising
performance.

The parameter § in (14) and (15) is used to weight the im-
portance of pheromones and heuristics. If 5 = 0, the algorithm
does not use any heuristic information but only the pheromone
values are at work. In contrast, a relative large 3 reinforces the
influence of heuristic information. But if 3 is too large, the algo-
rithm tends to behave in a greedy-search manner and becomes
easily trapped in local optima. Fig. 6 illustrates the performance
of the algorithm when 3 is set to O, 1, 2, 3, 5, and 8, respec-
tively. In the figure, the label “evaluations” means the maximum
number of NPV evaluations during the process of the algorithm.
As the evaluation of NPV is the most time-consuming part of the
algorithm, Fig. 6 can be used to compare the search speed of the
algorithm with different (3 values. In the experiment, it is found
that the performance of the algorithm with no heuristics (3 = 0)
is rather poor and the NPV values obtained by this setting are
always out of scales of the plots. Thus, the curves for § = 0 are
not shown in Fig. 6. When (3 is large, the algorithm stagnates in
the early stage and the performance is not good either. Overall,
[ = 1is able to balance the usage of pheromones and heuristics
and performs well in most cases.

The parameter g in (18) is used to balance the exploration and
exploitation behaviors of the algorithm. In (18), a random num-
ber g € [0, 1] is generated. If ¢ < qq, the ant directly chooses
the best mode according to the pheromone and heuristic val-
ues. In this case, the ant is exploiting the learned knowledge
and thus this selection scheme is called exploitation [32], [35].
On the other hand, if ¢ > ¢, the ant uses the roulette wheel
selection scheme. In this case, the ant has a higher probability
to choose the modes that have never been explored in advance.
Thus, this selection scheme is called exploration [32], [35].
The performance of the algorithm with different gy values is
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TABLE II
COMPARISON BETWEEN THE ACS-MRCPSPDCF AND THE PGA, HGA, SA, AND TS APPROACHES ON 55 INSTANCES
(ALL RESULTS ARE AVERAGED OVER 50 INDEPENDENT RUNS)

size Algorithm Number. of Instance 1 Instance 2 Instance 3  Instance 4 Instance 5
Evaluations
ACS 10000 -154.58 1781.69 2713.87 2254.23 14609.9
PGA 14000 -269.17 1676.33 2683.02 2333.36 14494.8
HGA 14000 -456.056 1765.24 2695.03 2359.98 14445
SA 21000 -1755.23 -57.046 1039.31 1500.35 13755.4
13 TS 21000 -1731.86 356.724 755.752 1359.04 13559.0
ACS-PGA (t-test) 1.6958 1.7843 0.4349 -1.4301 3.8163#
ACS-HGA (t-test) 3.5722# 0.3798 0.2793 -2.0234#  6.5372#
ACS-SA (t-test) 26.2521#  24.9945#  18.8286#  13.6609#  17.2165#
ACS-TS (t-test) 24.6035#  18.8830#  19.5471#  14.0738%#  20.7727#
ACS 10000 6939.70 -1107.40  15626.7 2654.47 14484.8
PGA 14000 6887.86 -1216.37 15548.7 2780.53 14458.2
HGA 14000 6628.85 -1140.85 15397.6 2638.55 14567.4
SA 21000 5305.55 -2540.96 14593.7 2301.65 13479.7
16 TS 21000 5325.84 -2416.17 14681.5 1973.54 13523.1
ACS-PGA (r-test) 2.25884# 3.1866# 2.7612# -4.4096#  0.3632
ACS-HGA (r-test) 12.6020#  2.7479# 8.6070# 0.5475 -1.3545
ACS-SA (t-test) 25.2549#  16.2415#  21.4747#  6.0317# 15.2520#
ACS-TS (t-test) 24.8439#  15.1814#  20.1334#  16.3290#  14.98504#
ACS 10000 1498.14 125929 7293.96 3688.31 7633.23
PGA 14000 1738.35 12622.8 6915.91 3688.29 7475.26
HGA 14000 1578.05 12465.1 7082.78 3680.69 7500.5
SA 21000 806.152 10256.5 4877.71 3469.77 7133.83
18 TS 21000 462.17 10202.5 4971.08 3547.04 6774.62
ACS-PGA (t-test) -2.4426#  -0.5579 5.2029# 0.011 4.9451#
ACS-HGA (t-test) -0.9710 1.9723 1.9183 0.378 3.7692#
ACS-SA (t-test) 6.4465# 22.5317#  30.9946#  16.7874#  5.9216#
ACS-TS (r-test) 154713#  24.7215#  29.3634#  12.2487#  12.4663#
ACS 20000 814.287 7579.83 976.407 -329.217  4153.34
PGA 28000 589.408 7642.26 696.312 -329.633  4130.77
HGA 28000 802.313 7522.05 717.277 -361.608 3830.13
SA 42000 181.425 5069.23 9.51412 -1844.74  -484.267
28 TS 42000 -3072.86  4975.25 -2807.39 -1785.28 -220.486
ACS-PGA (r-test) 2.6687# -1.8680 7.4018# 0.0189 0.7769
ACS-HGA (r-test) 0.1391 1.6045 6.0112# 1.3352 8.5759#
ACS-SA (t-test) 3.0821# 44.1782#  8.2658# 43.6541#  48.4618#
ACS-TS (r-test) 33.8282#  46.8470#  34.0744#  38.3750#  43.8274#
ACS 30000 2548.91 10304.8 746.978 11288.4 -2015.85
PGA 42000 2399.53 10184.3 376.165 11222.8 -2353.74
HGA 42000 2291.66 10198.9 594.35 10870.6 -2172.94
SA 63000 -1538.51 5810.58 -867.955 8923.99 -3557.14
36 TS 63000 -1698.94  5769.97 -1826.62 5700.88 -4426.09
ACS-PGA (t-test) 2.8135# 2.5330# 8.0266# 0.8097 10.3857#
ACS-HGA (z-test) 4.2993# 2.4476# 4.0848# 5.2877# 1.7882
ACS-SA (t-test) 51.6003#  50.5355#  7.7473# 6.7025# 19.8891+#
ACS-TS (t-test) 66.3235#  52.7396#  54.1255#  30.0745#  44.7369#
ACS 30000 -871.033 7546.27 2293.5 7090.27 6049.08
PGA 42000 -1087.46 7695.99 1915.82 6596.31 5084.17
HGA 42000 -1274.11 7513.6 1915.84 7303.73 5755.87
SA 63000 -5940.98 6476.57 -3890.69 2132.03 1548.92
40 TS 63000 -6215.17 6453.37 -6041.81 1922.83 -1082.48
ACS-PGA (t-test) 1.7496 -7.5484#  2.5268# 3.5946# 4.69494#
ACS-HGA (t-test) 3.2926# 0.7543 2.4997# -2.0911 2.4414#
ACS-SA (r-test) 35.9335# 35.5834#  12.1188#  29.8251#  8.6149#
ACS-TS (#-test) 60.3300# 41.6050#  53.8311#  46.6855#  63.3837#
ACS 40000 10792.6 10690.5 9840.26 20898.9 22161.7
PGA 56000 10794.6 10099.1 9672.02 20984 216144
HGA 56000 10836.5 10298 9358.46 20816.9 21954
SA 84000 6985.64 3504.99 2643.38 17443.6 16420.3
48 TS 84000 6746.74 3527.84 2431.39 17356.5 16283.8
ACS-PGA (-test) -0.0429 4.7416# 3.5669# -1.2246 5.7431#
ACS-HGA (r-test) -1.0468 3.06244# 10.5221# 1.1493 1.9761
ACS-SA (r-test) 65.9458# 62.7684#  56.4875#  25.4352#  58.4956#
ACS-TS (#-test) 74.2564# 61.5503#  66.1167#  27.2581#  64.3076#




10 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART C: APPLICATIONS AND REVIEWS

TABLE II
(Continued)
ACS 50000 9117.69 -1867.39  9918.87 9275.19 9571.67
PGA 70000 6606.23 -2135.71 8994.73 9200.48 9113.19
HGA 70000 8284.35 -2839.28  10428.9 9211.43 9318.88
SA 105000 325.232 -6516.06  5999.01 5932.06 6876.76
58 TS 105000 -3040.3 -13495.8  30.2424 2830.51 3647.89
ACS-PGA (r-test) 10.9689#  2.89654#  3.6469# 0.8138 4.7299#
ACS-HGA (r-test) 6.8391# 9.0169# -2.0136 0.6279 2.6800#
ACS-SA (r-test) 10.9226#  5.4828# 6.4860# 6.37984# 6.8078#
ACS-TS (t-test) 58.5851#  74.6570#  61.8834#  57.6374#  55.6707#
ACS 50000 -6008.9 5694.65 46310.4 8902.57 14787.9
PGA 70000 -6379.32  5489.72 45831.5 8423.06 14276.3
HGA 70000 -7517.64 494325 45855.5 7081.21 12824
SA 105000 -17024.7 -4447.78  31317.7 -4776.22  -2390.17
60 TS 105000 -16998.9  -5190.32  31364.6 -5088.07  -2288.31
ACS-PGA (r-test) 6.1869# 2.19454# 2.0299# 4.4884# 2.0693#
ACS-HGA (t-test) 19.7974#  9.1333# 2.0265# 15.9265#  7.3820#
ACS-SA (r-test) 94.8118#  22.1462# 64.6464#  43.3987#  63.8966#
ACS-TS (t-test) 69.3866#  94.9799#  53.5113#  83.7415#  60.4529#
ACS 80000 16149.7 -476.501  9291.46 22603.4 9598.99
PGA 112000 15851.0 -1542.28  8733.97 22550.1 9418.37
HGA 112000 15377.5 -2174.83 8580.82 21750.1 8193.32
SA 168000 5634.54 -22115.7  -2471.63 12871.2 -7940.28
80 TS 168000 5347.72 -22270.1 -4022.49 12808 -8280.27
ACS-PGA (-test) 3.3367# 4.1547# 4.8106# 2.0779%# 2.67244#
ACS-HGA (r-test) 10.4855#  8.2087# 6.9625# 12.9614#  16.2155#
ACS-SA (t-test) 86.5509#  99.2105# 21.9186#  105.527#  104.475#
ACS-TS (t-test) 92.7033# 104.641#  97.3822#  123.370#  122.831#
ACS 100000 -3281.68  958.735 20500.3 323219 21551.1
PGA 140000 -4336.94  283.996 20204.9 31178.3 21323.1
HGA 140000 -4155.68 -1982.45 19657.3 31798.2 19963.9
SA 210000 -21097.7 -19362.4  -2966.59 26426.8 6143.76
98 TS 210000 -23961.3 -28065.2  -3647.63 24042.7 5929.05
ACS-PGA (t-test) 4.6617# 5.7676# 2.9987# 11.2952#  3.1684#
ACS-HGA (t-test) 4.02384# 25.4095#  8.0218# 4.9981# 19.8625#
ACS-SA (r-test) 19.0892#  21.1621# 117.462#  13.1224#  114.032#
ACS-TS (-test) 116.304#  143.064#  159.261#  93.3670#  122.683#

#The value of ¢ with 49 DOFs is significant at a=0.05 by a two-tailed test.
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Fig. 6. Performance of the ACS-MRCPSPDCEF algorithm with different val-

ues for 3. The results are averaged over 50 independent runs. (a) Instance
Ins16_1 with 16 activities. (b) Instance Ins36_1 with 36 activities. (c) Instance
Ins48_1 with 48 activities. (d) Instance Ins60_1 with 60 activities. (e) Instance
Ins80_1 with 80 activities. (f) Instance Ins98_1 with 98 activities.

plotted in Fig. 7. In the experiment, the algorithm stops when
it reaches the maximum number of NPV evaluations. From the
results given in the figure, obviously, gy = 0.9 is the best choice
in most cases. This is because the artificial ants in the algorithm
are more likely to exploit the good modes found previously
when g is large. However, if gg = 1, no exploration is made.
In this case, the algorithm stagnates in the early stage and the
performance is poor. The earlier results show that the function
of gy in the proposed algorithm is consistent with that in the
original ACS algorithm for the TSP [32].

The parameter v in (23) is used to control the scale of
pheromone amount. If v is set to a small value, the differ-
ences between pheromone values on all edges become small
and the influence of pheromone is reduced. In the experiment,
¥ is set to {5, 10, 15, 20, 25, 30, 35, 40, 45, 50} and some of
the results are given in Fig. 8. Experimental results show that
the performance of 1) = 5,10, and 15 is not good. This is be-
cause the differences between pheromone values are too small
to reflect the previous search experiences. According to Fig. §,
the algorithms with ¢ € [20, 50] are all able to obtain relatively
good results.

B. Performance of Different Heuristics

Eight different heuristics have been considered in the pro-
posed algorithm, including MTS, WRUP, EFT, SPT, MC, MDC,
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ues for go. The results are averaged over 50 independent runs. (a) Instance
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MRC, and the hybrid heuristic. The performance of the ACS—
MRCPSPDCEF algorithm with different heuristics is shown in
Fig. 9. In the experiment, the algorithm stops when it reaches
the maximum number of NPV evaluations. The results marked
by triangles in the figure are the averaged results of all the runs
where feasible solutions are successfully found. In some diffi-
cult instances with tight nonrenewable resource constraints, a
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Fig. 9. Performance of the ACS-MRCPSPDCF algorithm with different

heuristics. The results are averaged over 50 independent runs. (a) Instance
Ins16_1 with 16 activities. (b) Instance Ins36_1 with 36 activities. (c¢) Instance
Ins48_1 with 48 activities. (d) Instance Ins60_1 with 60 activities. (e) Instance
Ins80_1 with 80 activities. (f) Instance Ins98_1 with 98 activities.

heuristic may sometimes fail to find feasible solutions. There-
fore, the percentages of successful runs are also given in Fig. 9.
If the percentage is not provided, it means that the heuristic is
able to find feasible solutions in all runs.

The precedence-relation-based heuristics MTS and WRUP is
designed to expedite the critical activities with respect to the
precedence relations [18]. If an activity has many successors,
the precedence-relation-based heuristics intend to schedule this
activity first so that the successors can be processed as soon as
possible. According to the results in Fig. 9, the performance of
MTS and WRUP is not remarkable compared with the other
heuristics. However, for the instances characterized by having
sufficient renewable resources for the parallel execution of sev-
eral different modes (e.g., the instance Ins48_1), the MTS is
able to yield promising results [see Fig. 9(c)].

The time-based heuristics such as EFT and SPT are impor-
tant for the classical RCPSP with makespan criterion [18]. For
the MRCPSPDCEF, time-based heuristics are still useful as time
value of money is considered in the model. Fig. 9 reveals that
EFT and SPT are able to yield good results on some instances,
for example, the instance Ins16_1 [see Fig. 9(a)] and Ins60_1
[see Fig. 9(d)]. However, as these two heuristics only consider
the influence of time, they sometimes fail to find feasible so-
lutions for the instances with tight nonrenewable resource con-
straints [see Fig. 9(b) and (f)].

Cost-based heuristics are directly related to the cash flow
criterion. Thus, the performance of the MC and MDC heuristics
is good in all instances. As the MDC heuristic considers the
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Fig. 10. The search speed of ACS-MRCPSPDCF, PGA, and HGA with re-

spect to the CPU time. All results are averaged over 50 independent runs.
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time value of money, its performance is slightly better than MC
according to Fig. 9.

For the resource-based heuristic MRC, it is designed to bias
the modes that use fewer resources. Although the performance
of MRC is not as good as the cost-based heuristics, MRC is able
to help artificial ants to build feasible solutions that satisfy the
nonrenewable resource constraints.

In addition to the previous heuristics, we also combine four
different heuristics to propose a hybrid heuristic. In this way, the
hybrid heuristic is able to consider the problem from different
angles. According to the results in Fig. 9, the hybrid heuristic
significantly outperforms the other heuristics in all instances.
Other

C. Comparison with the

for the MRCPSPDC

Existing  Algorithms

In order to demonstrate the effectiveness of the ACS—
MRCPSPDCEF algorithm, the proposed approach is compared
with the pure GA (PGA) proposed by Ulusoy [11], the hybrid
GA (HGA) proposed by Ozdamar [18], and the SA and TS al-
gorithms proposed by Mika et al. [14]. The encoding scheme of
the PGA in [11] is based on the mode assignment and the order
of activities. A multicomponent uniform order-based crossover
operator (MCUOX) and two mutation operators are defined in
the algorithm. The parameter configurations of the GA in [11]
are as follows: population size popsize = 140, crossover prob-
ability pc =0.65, bit mutation probability pmy;; = 0.05, repo-
sition mutation probability pmi,eposition = 0.50, and elitist rate

G =19/140=0.14. The HGA in [18] was originally designed
for the MRCPSP with the makespan criterion. The encoding
scheme of the HGA is based on domain-based heuristics. In the
experiment, we modify the HGA for the MRCPSPDCEF with the
cash flow criterion by incorporating the MDC heuristic defined
in (32) to the algorithm. In the SA and TS approaches [14], the
neighborhood is defined by shifting the position of an activity
on the activity list or changing the execution mode of an activ-
ity. The parameters of the SA and TS are set according to [14]
as follows. In the SA, 50 trials of transitions are generated to
determine the initial temperature 79 . The initial acceptance ratio
Xo is set to 0.95 and the distance parameter 0 is set to 0.5. In
the TS, the length of the tabu list is 7. Parameters for the pro-
posed ACS approach have been given in advance and the hybrid
heuristic is used in the comparison. A total of 55 random in-
stances with different sizes are generated. The experiments are
run on a machine with Intel Core2 Quad CPU Q6600 at the rate
of 2.40 GHz and 1.96 GB of RAM. The operation system is MS
Windows XP and the compiler is VC++ 6.0. In the experiment,
the algorithms stop when they reach the maximum numbers of
NPV evaluations given in Table II.

In Table 11, the size of each instance, the maximum evaluation
number for each algorithm, the results averaged over 50 runs,
and the t-test values are tabulated. Compared with the PGA
approach, ACS—-MRCPSPDCEF yields better results in 47 out of
55 instances. The results of two-tailed ¢-tests reveal that the ACS
approach achieves significantly better results in 37 instances.
Compared with the HGA approach, ACS—-MRCPSPDCF yields
better results in 49 out of 55 instances and achieves significantly
better results in 35 instances in terms of the results of two-tailed
t-tests. It is important to note that in the largest 15 instances
(with 60 activities or more), the proposed approach manages
to make significant improvements in all cases. For the SA and
TS approaches, as they only search in a neighborhood of the
current solution, they are trapped in local optima in some runs.
Therefore, according to the results in Table II, the averaged
performance of SA and TS is poor compared with the proposed
ACS approach.

In Fig. 10, we also make a rough comparison of how fast are
the algorithms using CPU time. As the curves of the SA and TS
algorithms are out of the scales of the plots, only the curves of
ACS, PGA, and HGA are shown in the figure. The results are
averaged over 50 runs. According to the results in Fig. 10, in
most cases, at the very beginning of the search process, ACS is
able to find better solutions than PGA and HGA. This is because
the ACS algorithm uses domain-based heuristics to build good
initial solutions and searches in an aggressive behavior by setting
the parameter g in (14) to 0.9. Furthermore, in the late stages of
the search process, ACS is still able to improve the quality of the
solutions steadily. These results reveal that the proposed ACS
approach outperforms the PGA, HGA, SA, and TS algorithms
for the MRCPSPDCF.

V. CONCLUSION

In this paper, an ACS algorithm for the MRCPSPDCF has
been proposed. MRCPSPDCEF is an important model for project
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management applications and the problem is NP-hard. Due to
its great complexity, only a few algorithms are available for
the problem and the performance is still not satisfying. Com-
pared with the existing approaches, the proposed ACO approach
is promising in the following aspects. First, ACO has been
found to be good at solving graph-based search problems. In
the proposed algorithm, by converting the precedence network
(AoA network) into a construction graph (MoN graph), the
considered MRCPSPDCEF is naturally converted into a graph-
based search problem. Therefore ACO is suitable for solving
the problem. Second, as the mechanism of ACO supports the
use of domain-based heuristics, the proposed algorithm is able
to make use of different heuristics to enhance the search ability
of ants. Eight heuristics are used in the algorithm, including two
precedence-relation-based heuristics, two time-based heuristics,
two cost-based heuristics, a resource-based heuristic, and a hy-
brid heuristic. These heuristics consider different aspects of the
tradeoffs in MRCPSPDCEF to improve the performance of the
algorithm.

In the experiment, the performance of different heuristics
is compared. It is found that the hybrid heuristic is able to
combine the information from different aspects and achieves
the best performance. For the parameters, it is found that 5 =1,
g0 =0.9, and ¢ = 20 — 50 are able to find good solutions in
most cases. The ACS-MRCPSPDCF algorithm is compared
with two GA approaches, an SA algorithm and a TS algorithm
on 55 random instances. Experimental results reveal that the
proposed algorithm outperforms the existing approaches for the
MRCPSPDCE.

In the future research, we plan to integrate the ACO algorithm
with local refinement procedures for large-scale MRCPSPDCF
instances. On the other hand, ACO uses pheromones as a kind
of historical records. Such characteristic has been found to be
helpful for solving the optimization problems with uncertain-
ties [42]. Therefore, it will be also interesting to apply ACO
algorithms to solve the MRCPSPDCF model with uncertain
duration or cost.
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