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ABSTRACT: Project scheduling in the construction industry, especially under resource constraints,
has always been a major challenge in project management. In this study, a multi-objective model was
presented for scheduling multi-state projects with limited resources, which, in addition to time and cost,
also considers the quality of activity execution as an independent objective function. In line with the NP-
hard nature of this problem, two meta-heuristic algorithms, PSO and NSGA-III, were used to generate
3D Pareto fronts. The results showed that the NSGA-III algorithm was able to provide answers with
relatively low time and cost-effective costs in both resource scenarios; especially in the second case,
where the lowest cost of 3572 million rials for a period of 21 days and a quality of 69% was obtained.
In contrast, PSO outperformed in the first case in achieving higher quality, producing solutions with a
quality of 74% and a similar duration of 17 days, albeit at a higher cost (4304 million rials). Pareto front
analysis showed that PSO produced a higher diversity of responses and provided balanced combinations
among the three objectives, while NSGA-III tended to produce uniform responses with a focus on cost
reduction. The main innovation of this research is the independent inclusion of the quality function in the
scheduling model and the in-depth comparison of the performance of the two algorithms under different
resource conditions, which can be used as an efficient tool for project decision makers to select the
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optimal option based on strategic priorities.

1- Introduction

Projectschedulingunderresource constraints has long been
a fundamental and challenging problem in the construction
industry. The ability to efficiently allocate limited renewable
and non-renewable resources while simultaneously achieving
desirable levels of project duration, cost, and quality has a
significant influence on overall project success [1,2]. In
practical construction environments, projects often encounter
budget limitations, shortages of skilled labor, and fluctuations
in material availability, all of which can adversely affect
project quality and productivity [3]. Studies by FMI (2021)
and the Iranian Building and Housing Research Center (2020)
have shown that in projects with severe financial constraints,
quality degradation of up to 35% is commonly observed,
while early cracking in concrete structures increases by nearly
28% compared to well-funded projects [4]. Consequently,
the need for multi-objective optimization models that can
balance time, cost, and quality under resource constraints has
become increasingly critical. Traditional approaches to the
Resource-Constrained Project Scheduling Problem (RCPSP)
mainly focused on minimizing project duration or cost
independently, without adequately incorporating quality as
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a distinct objective [5]. However, in real-world construction
projects, trade-offs among time, cost, and quality are
inevitable. Accelerating project completion often requires
increased resources and direct costs, while reducing cost
may result in compromised quality or extended duration [6].
Hence, the introduction of multi-mode resource-constrained
project scheduling problems (MRCPSP) allows each activity
to be executed through multiple alternative modes, each with
different resource requirements, durations, and associated
quality levels. This study develops an enhanced multi-
objective optimization model for scheduling construction
projects under daily renewable and non-renewable resource
limitations. The proposed model introduces quality as an
independent optimization objective alongside time and cost,
thus providing a realistic representation of the trade-offs
faced by project managers in practice. To solve this inherently
NP-hard problem, two advanced metaheuristic algorithms,
Particle Swarm Optimization (PSO) and Non-Dominated
Sorting Genetic Algorithm III (NSGA-III) were implemented
and comparatively evaluated [7]. The novelty of this research
lies in integrating quality as a separate optimization function
within an MRCPSP framework and providing an in-depth
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comparison of the two algorithms under different resource
scenarios.

2- Methodology

The proposed model was formulated as a multi-objective
optimization problem with three primary objectives:

(1) minimization of total project duration,

(i1) minimization of total cost

(ii1) maximization of execution quality.

Each project consists of n activities, denoted as nodes
within an Activity-on-Node (AON) network, with defined
precedence constraints. Each activity can be executed in one of
several modes, each mode representing a unique combination
of required renewable and non-renewable resources, activity
duration, and quality level. The decision variables determine
the start time and execution mode of each activity, ensuring
that precedence and resource constraints are not violated. To
ensure feasibility, several constraints were imposed:

+ each activity is executed in exactly one mode;

* resource usage does not exceed daily availability of
renewable or non-renewable resources;

» precedence constraints are strictly maintained;

* binary decision variables xjmtx_ {jmt}xjmt and yjmy
{jm}yjm indicate activity completion at time ¢ and
execution mode m, respectively.

A minimum overall project quality threshold of 69% was
introduced to prevent the algorithms from selecting low-cost
but poor-quality solutions. Two metaheuristic algorithms
were implemented to solve the model:

(a) Particle Swarm Optimization (PSO)

PSO was employed using a numeric encoding scheme for
the sequence and mode of activities. Violation of constraints
was managed through penalty functions. The algorithm
iteratively updates particle positions and velocities based on
local and global best solutions, allowing convergence toward
an optimal Pareto front [8].

(b) NSGA-III Algorithm (NSGA-III)

NSGA-III, an extension of NSGA-II, introduces a set
of reference points to enhance the diversity of solutions in
many-objective problems. It sorts individuals based on non-
domination ranking and selects elites using reference vectors
that distribute solutions uniformly along the Pareto front [9].
Parameter calibration for both algorithms was performed via
trial-and-error. For PSO, the best configuration included a
population size of 150, 200 iterations, and an inertia weight
of 0.8. For NSGA-III, the optimal setup used a population of
100, 200 iterations, a crossover rate of 0.7, and a mutation
rate of 0.1. The model was validated using a 10-activity test
project, each with multiple execution modes and resource
combinations. Two resource availability scenarios were
tested one with higher resource supply (Scenario 1) and
another with more restrictive conditions (Scenario 2). Both
algorithms were implemented in MATLAB, and the resulting
Pareto fronts were analyzed for comparative performance
evaluation.
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Table 1. A comparative summary of performance metrics.

o Superior
Criterion Algorithm Key Values
Mmlr.num project  Both (17 Comparable
duration days)
Minimum cost NSGA-III 3572 million Rials
Maximum quality PSO 74%

Pareto diversity PSO Broader spread

Stability under

X NSGA-III
constraints

Higher consistency

3- Results and Discussion

The results demonstrated that both algorithms successfully
generated feasible and diverse Pareto-optimal solutions,
effectively balancing the three conflicting objectives. In
Scenario 1 (higher resource availability), PSO achieved the
best performance in terms of quality. The highest recorded
quality level was 74%, corresponding to a 17-day duration
and a total cost of 4304 million Rials. NSGA-III, in the same
scenario, produced comparable results with slightly lower
quality (71%) and shorter project duration (18 days) at a
reduced cost of 4165 million Rials. Overall, PSO exhibited
superior exploration capabilities, achieving broader diversity
across Pareto solutions. In Scenario 2 (limited resources),
NSGA-III outperformed PSO in cost efficiency. The optimal
solution from NSGA-III achieved the lowest total cost of
3572 million Rials, with a project duration of 21 days and
a quality of 69%. PSO, in comparison, delivered solutions
of similar time and quality but at slightly higher costs (up
to 3941 million Rials). The three-dimensional Pareto front
analysis revealed distinct behavioral characteristics of
the algorithms. PSO tended to produce a wider spread of
solutions, including high-quality—high-cost combinations,
which are valuable when quality is prioritized over budget.
In contrast, NSGA-III generated more uniform and stable
fronts, emphasizing cost minimization and consistency
under constrained resources [10]. Figure-based analysis in
Fig. 1 indicated that both algorithms achieved convergence
after approximately 150 iterations, with PSO exhibiting
faster improvement during the early iterations due to its
collective learning mechanism. However, NSGA-III showed
greater stability in the later stages, maintaining diversity and
avoiding premature convergence. A comparative summary of
performance metrics is presented in Table 1.
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(NSGA-III)

yva.



VEE B AYAY doio VFF Sl A oyl DY 095 ¢y ol () po i 4yl

oo ysls 5 sl 00 S5 (ol ] o) o K, lids clled i el
(ij = O) Sloduss JL«B cuJlsd Qlo.:a le).g

9 dljgy @l Codgiome b ojgp ble) (odlgrin Jae -¥ Y
o ris clacalus

L b s galej sdlime cddllae (pl i o)Ll a5 glaslon

wilin gl ) Sy b bl 3 oS ok 4,8 a5 o alle iy (glacaled
2 35 b adllas ool @5 sl dinge 2,05 565 (o0 B (s 290
ol G @l [F+] ol o ol ool Kij 5 <S5 adlbaa o

ilboe D zy0 4 Llegh

ailjo, dgame qale L oo p JoSS yloj (g5lw Jolus @
Oloj ySTs 35 dieS (83 Jlas b Bus 1l > oS Sua oyl

2 dnale pjdlaily b plgice ) Bum @l ol canl 039 plos]

LFJH
min Y XL ()

1=EFy,

il ey gm0 lio b 2jgp du 32 (g5l flas @
plosl diz o (3.5 4ireS 0lh 418, JJaS 13 G s 3 45 Bam (pnogd

:J; Ml?u 2) dja.;l)bulytio |) Ban C)L’ L)"‘ Cw 0)9).5

min{t+d ;, ~1,LF; }
k
CiVimpX jmp +

J M

min3Y>

J=lm=1k=1 b=max{tEFj}

2595 Sl CobsS (gilwiSlas o
5 oolitul cwlal lal bl e 4 diwly bedld cuns @
CasS B o ol 38l ]y CatS  F aastie slaes b i liuess
ebedld gx cwlacyld codS Iy jg ggeme 35 039 (2l

)l ot i pre 551 gyl Cuenl &S

RS

S 00y6Sl 93 odleidiy Jao J> sl ol 00 (8)2C
LYY}l 05 03lisel NSGA-TIT 5 PSO Ll
S ol gl ol ool lis 4usdS Slalllae 45 aS jelailen
&y e Jo (2Ulg5 b (coyoSl & jl 053 Sy b dsgerne
L oS ol cuadly ol S 4 bdas g9090 cul [FPYT bl o ilise
e Bl 05 4 g5y blus el OBl s Gl sl il
NSGA- lsie 4 NSGA-II o g y0 dbaiss G ¢ Si6 4. b
g5 bis o )3 & 25l o oty (B di Sl b dblio (<, I
& e bl 5l ealaas Sl gy 4 Blbail g g b Cupmen sliael Gl
JHo (milisl jshaie 4 (rizen D90 (o bais oAb 03,18 09b 4
blled gl o piod 3 alig) @l sly Sl 93 cgoleiuiiy w2 o5l
20,5 oo &l dline 4S5

altaws (sl el - ¥
Sl hd £ob 4 ooy S 4 428 b dline (sl
§ b osg3il i3yl EV
plul Jgb o M s K 55 5l 5590 plnios wia olise 77,
el
Jsb 21 e 3V g5 5l 3550 2 iibasdod asde e M1
ol ploxl
U395 3 Lopod 2 pdy 08 glie Gl Ry,
t 39y 3 oy 3 pdilinaes gl Glie NR,
2y 4205 glie ggene TR,
b5 glie ggeme TNR,
m e ] cdlad pbol loj e d ),
K plsaos gio soly o aise C)
V i e sy p auze G
able ] Cllad Sl i o placuld dcgere O

i (gl yusio =V =Y
2 29 ) 09 eSSt gy M e ] el SIiX
Cuol + & yguais]

sl Oygal] pE )39 ) 298 plwl M e ] el 1Y



VES B AYAY doio OFF Jlo A oyl AV S el lpos soign 4 s

Omeds |y e (e (g5l alaly (8) dasly b o (L S5y S
O e begld 5l Sy ya al il de 0aiS e (F) ala) S e
phios mlie e (V) dasly bl o culled O elel caasS e

P ek 4 LS (oo o Sl ok ) e sl e yied
ligy solay Iy ato o (hil oyt 13 Al 008 wlie ljee (A) e
o8l o 53 3590 @lie JS WS oo (e () il S (0 (o) 2
e S5 Gl (e yied )3 glie JS i Sl cllad pled plos
plo3 Pl (sl il 205 53 3590 e JST S (o0 (e (V+) alad
Ao gl yiie (W) abaly S5 55l o yied 3 e oliee Sl aeoled
OSo w2 )9Sl il D900 sl @l ST am3 o (Li5 1) Alis S5
oly loss .5,ld (63508 Al 3o S 39 (b CurS b plade Eluw 4 Cunl
o 48 JlacT b Ban @l ) CodS 4 (2309 g9d90 cnl U8
758 aalllan ) )3 b 3> <9y el 31 sl a8 g ke 5,

RGO P w)f)lw)a

dgel o o) =5 -V

ol bl @iges alte & Gdos oyl 2o ddllae 4 a2
Sl Cowo g Jdo wyp pelaie a YV, YA ]Cwl od (g5l odly
phbs mle g dise olal el bocdls Ve ols Jio
2 ks 5 odd 48)S s dilie) Gygar b8 )90 phlnaes
9 de  p Cld S Gemen sl oS pasuie jo ol
b ol oiis &) Cawgo (V) Jgio Billae Colled ya cudsS 039580 35
gle 5l S slaay o e ooloiudiy Jio )3 dja —ploj (owyp & 425
b (imen Cunlodyd)S 7 (V) Jgi )3 o phibinaod g pdibpaos
sl 005 a3 (V) JSC5 5o Jlo ol AON

Vo il ofa ol el oad ooy i Cangy Jolia ;5 &S jelatlen
(V) US55 30 et ol Lo oy cal snd S5 collad
3L el sled Casg Jshia )3 pmizman A5 o il el
el 52 sy Jgt cnl 3 sl 0205 2 okae 3 (loj g @lie (e
b yiahl I o g cunlond 485 )l )3 12l (g iz eyglled
. Cowl 005 ua.’x»w )JJJLJJADU 9 )JA;AJJ&U é:l...c

A 5> (28 Jle (el Jde (e slitel g Como pplaie o
Oalate diljgy mlio go5 93 b (oolpiiin o ysNl 1 oolawl b o 4 )

5 XZZEV X i XV
ZE j=1 m=1 (‘N)

J=1

Jie lacudgise =0 -V
23055 g p o8 mlie S jekaies 00l Jlasl (glacydgasme

ML’LSA J).)C).wu &S ol ol 4\0].)).: )Lu dy90 9 43‘)'5) O yd >

M; LF,

Z Z X =

m=1 t=EFj

VieJ (¥)

Mj LEj LEj

33 X, <33 (-d, )X, o)

m=1t=EFj m=1t=EFj

Vied

ZZn r X SNR, WveV , VieT ()

Jj=1 m=1

J M min (l+t -1 LF}

ZZ Z ,/_./I;zhxjmb S TRk Vk (S K (‘\)
J=1 m=1 bmdx[EFj

J M min{(e, 1L}

2.2 15X < TNR, ()

j=l m=1 b=max{t,EFj}

Xjmt,Yjm € {0,1}
VmeMj, VteT

Vjied,

2 g 0ud bl de Sy 5 o Clled pm WS o e (F) o

yyay



o Cdlad il i 5l 2,90 pdiinaad g pdvaaad @l jlasly po 45a ) Joso

Table 1. Cost per unit of renewable and non-renewable resources required to implement activities.
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Table 2. Minimum and maximum activity resource values.
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Table 3. Values of NSGA-III algorithm parameters.
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Table 5. Results obtained from solving the sample problem in the first case by the two proposed methods
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Fig. 2. The solution obtained from the PSO and NSGA-III algorithms for the first case of the sample problem.
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Table 6. Information related to solution number 1 obtained from the NSGA-III algorithm for the first case.
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Table 7.Results obtained from solving the sample problem in the first case by the two proposed methods.
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Fig. 3. The solution obtained from the NSGA-III and PSO algorithms for the second case of the sample problem.
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Table 8. Information related to solution number 1 obtained from the NSGA-III algorithm for the second case.
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Fig. 4. Quality assessment obtained from the two proposed methods.
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Fig. 5. Comparison Pareto solutions diagram for two cases extracted from Tables 5 and 7.
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Table 9. Description of Pareto solutions in optimization problem.
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Table 1. Activities, prerequisites, implementation options and the amount of resources required to
implement each activity. (Continued)
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Table 1. Activities, prerequisites, implementation options and the amount of resources required to
implement each activity.
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Table 2. Renewable and non-renewable resources available daily (first case).
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Table 3. Renewable and non-renewable resources available daily (second case).
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