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Chapt:enrt rloducti on
1. Background
One of the key a«dimp oin enatnsaa gefmesd p p Isy t-shuep priainearg e
(cont-sabtontredatoonship (BSR). Undoubtedl vy, a
be enhanced tlhipoerlaglleateifdn shiégMbmagraang eMedirata )

Furthermore, building strong bonds between co
solution for a variety of project difficultie
can provide a compgémdcioanle radvant agechomsahayv
advanced knowl edge or technol ogy, compl ement
practbyers & 3909@hH

Il n the past, gener al contractors i ndhopusmredent
capabilities. However, the modern role of gen
surveying, contract managemeqit ,dibuegteitore,stamd

projects.

About 70% of project work i n clIdn st rguotwiinrg irse |
due to contractors | everaging the specialize
capabilities while managing thei.AnoekBeurcesmm

reason f or issubtchoantt rcawcaliinfgi ed subconthactowsr kI
specialty more quickhwnw &ahd gen@Ar & s@Ghemtticbalsd nog s
2005)

Mor eover, out sourcing offers companies the op
freeing up capacity and focusing on their cor
Prahalad, 1996) .

Il n the current system, t h eofs utbhceo nwarak t amd maav
sudbubcontAdadittojrtcsmeay | Wmave contractual agreemen
manuf adti sntendut ors, and mgrAufda dti ur&e rCho tri eofhroeng


https://www.scirp.org/journal/paperinformation.aspx?paperid=121450#ref32
https://www.scirp.org/journal/paperinformation.aspx?paperid=121450#ref13

According to Pallikkonda et al. (2019), a sub
stated in the contract document as a subcontr

a part of the worKks.

1. Rroblem Statement
The construction industry has a dynamic nat:
indicators. The nature and complexity of <cons

invol vement to effectively execute the projec

The reasons for employing subcontractors vary
maj or challenges faced by general contractors
based on all relevant cziingrhbiaasa.ndAddiatnidamrals| y
objectively assess subcontractor performance

operations and use |l essons | earned to inform

I n this sehéextng subcontractors based on su

perf ormance assessments upon project completi

reliance on subjective judgment diost sndbicentirm
guality, mani festing as defects, del ays, and
approach not only wunder mines project integrit
for corrupti oins,i oanss snealye cbtei oinnfdeucenced by per s
rather than objective performance metrics.

The financi al repercussions of these practice
resul t in increased costs due to inefficienci
absence of objective performasces ebnl patripen s
engagement of subcontractors with a history o
del ays and i neffectSafeetiyesoaunacer nst idn e atail s
subcontractors are mrowhtohémaolghbyadbseesesed,; sal
the risk of accidents and injuries on site.
Further mor e, the |l ack of objective performan
reputation. Consistently poor subcontractor

damagi pnagn dt rruesdqtuci ng future business opportunit

2



mi ssed opportunities for continuous | mproveme

which is essential for refining subcontractor
Legal and compliance risks are also amplified
contractual obligations are selected based on

subjective subcontractor selsescetsisame naad contade
increased bias, potenti al corruption, el evat e
satisfaction. This underscores -thevemrcappi b§c

subcontractor management .

1.8tudy Questions
The study is guided by the following research

0O Why are qualified subcontractors important

0O What are the astessnpecfotmanaetand sel ect

O How can the ©performance of subcontractor s
compl etion?

Ut How can the best subcofAtractor be selected

0O What is the | ink between the process of as

1. Research Objectives
The foekpwéemgresearch objectives:
-1 dentify and establish relevant criteria f
subcontractor and explore the relationship
2- Weigh the identified criteria using approp
3 Devel op a metdhoadpfdoogayobj ecti vely evaluatin
subcontractors upon project completion.
4- Create a framework and decision support ¢
subcontractor for new projects.
5 Expl ore and establish the | ink between per"

and the subcontractor selection process fo



l RMesedMedchodol ogy
The research is divided into three main phase:

and objective prgtilees, as shown in

1. Phahse 01: Data Collection and Analysis
This initial phase focuses on gathering relev

T Literature Revi ew,Exlpredus tQpyi nRroancst:i cTehse, parnodc

extensive review of existing |iterature, c!
This step is crucial for understanding the
1T Data Col IPeetpiascmtamach: Based on the informat

to subcontractor evaluati on and sel ection

prepared for detailed anal ysi s.

19 Data Analysis: The prepared data is analyz
t hat wi || inform the subsequent phases. T
eval uaantdi osrealreec thiaosned on empirical evidence

1. Phase 02: l denti fication and Weighting of C
This phase involves identifyisred etlkeé @esmameaai higct
relative i mportance.

T Il'dentification of Evaluation Indices and

evaluating and selecting subcontractors ar

such as cost, quality, time, pahetycesust ol
T Weighting Indices and Criteria: Once the
according to their i mportance. This invol v

simul wttthes Anal ytic Hierarchy Process ( AHF

objective and statistically valid.

1. Phase 03: Devel oping and Applying the Model
The final phase involves creating@ndndel mptl er

subcontractors, incorporating the identified

T Formul ating Criteria (Objectively): The id

framewor k, ensuring that each criterion is



Devel oping the Evalwuation Model An evaluwu
formul atdedddi s mo d el i s designed t o asse
systematically and consistently.
Devel oping Decision Support System: A Deci
assistseiecthen thepbestssubdtbhat D&ESt omt egr ¢
model and all ows for easy application of t
a ufsreirendl y i ntewvatk®@ece .f or deci sion
X E E Phase 02: Identification E E Phase 03: Developing E
. llPha.se O].diatal1 . . . »|  and Weighting of . ' > and Applying the :
ollection and Analysis o Criteria v Model N
Literaturc Review, E E Identification of E E F atine Criteri E
Industry Practices, and E : » evaluation Indices and E : > Omglbe.l m‘cv 111 ena E
Expert Opinion - Selection Criteria i (Objectively) H
4 k 4 1k 4 :
Data Collection and i i Weighting Indices and i i Developing the i
Preparation i Criteria ' Evaluation Model .
v Ll N Y :
. E i i E Developing Decision E
Data Analysis P . Support System (DSS) ,

Fi gutrRResear ch

Met hodol

0gy



1l . Bxpected Co®ntribution
1. 6AtadeQmoinct risbuti on
The academic cortseiabethi ame:0of this

T Comprehensive I dentification of Criteria:
opinions, and industry practices to ident
performance assessment and selection of su

1 Introduction of a Hybrid Methodology: The study introduces a hybrid methodology that
combines Monte Carlo simulation with the Analytic Hierarchy Process (AHP) to weigh
factors related to subcontractor selectionpridposesa mechanism for obtaining more
accurate results by utilizing various probability distributions.

1 Objective Formulation of Measurements: Measurements of indices and criteria are
formulated objectively rather than subjectively, with validation from academic and
industry experts.

1 Integration of Performance Assessment and Selection: The research contributes to
academic literature by establishing a theoretical link between performance assessment and
the selection process, providing a more comprehensive understanding of subcontractor
management in construction.

1 Implementation of Normalization Techniques and Utility Models: The study implements
three types of normalization approaches based on the level of tolerance of measurement
values, along with linear additive utility models (LAUM) for performance measurement,
offering a scalable methodology applicable to various fields beyond construction.

1 Development of a Robust MCDM Framework: The thesis presents an advanced MCDM
framework that incorporates both qualitative and quantitative criteria by employing the
Complex Proportional Assessment (COPRAS) method, enhancing academic discourse on
decisionmaking processes in complex environments like construction

1. 61 BdusQornitarlisbut i on
The contributions to the industry are as foll
T EnhanSuebdcontractor Selection Process:

U Objective EvalByateimpnd o@riintgerai ass:y st emati c fr a

eval ulahda omr,act ipcraolv i adpepsr ogeecnhe r a | contractors



transpasestprmeqnds s e duica Nngs t hat of t en ari s
assessment s.
1T Perfor-bhbase@ Deci siTdhhre Mglkpirmag:ch enabl es cont
objectivitmakimgddaiseidomn quantifiable perforl
the overall efficiency and effectiveness of
project outcomes.
T I mprovement in Project Delivery:

0 Ri sk Mi tTihgatsitaru:ctured assessment of subcon
ri sks associated with delays and cost over
Ssubcontractors are selected.

0O Il ncreased AcBEyuhitabihgtyyerformance assess!I
opportunities, subcontractqourasl i @arye wiomr ke n tfiov
culture of accountability and excell ence.

1T Strengthenisgbcontractor relationships:

0 Lontgerm Parthlke shiisps :of objective metrics
subcontractor eval uat iHoemr merpcaacurnegeshi pisr drec

contractors and subcontractors, enhancing

1. T7Thesis Organization
This thesis is structured into seven chapters
the content for the following chapters is pre
0 Chaptleirt €r at ubeanRenveisewr el evant prior reseal
identify the research gap and |l ay the foun
0 Chapd®evel opment of t heDiGaxrnucseptsuaimet Modell ¢
i mpl ementation (ORUSHARO yd e tsernealitebvweadste®C.a and
0 Chaptlkeved opment of théC&ompuaees zede Modie gl
using Monte tCaachmi wale ABPE an i ntegrated m
subcontractor performance and decision sup
0 ChaptAeprplbs cation of An integrayeideprigddels &ame
met hodol ogi es, model s, and weights discus:

example to generate the desired outputs.



0 Chaptvad ig/lati on dFodu¥esi bnceaheowal i dati on al

crucial for ensuring tmoedelntaengd iDYS and r el
0 Chapt@anc/l usi ons and Recommendati ons: Thi
' imitations, and recommendations for futur



Chapt:eirlt r Reuri ew

2.1Introduction

An extensive review of previous research and
for new initiatives. This chapter delves int
evaluation and sel ecti ononofi nsduubsctornyt.r alTchteo rdsi sicnu
chapter | ssidxect dledsf nt ot section highlights
bet ween the main contractor and subcontract ol
di fferences.Sbebowéekep,ctrhearmnrideand e8bablished |

evaluating and selecting subcontracheedgtiont h

dedi catedrittoermushaldiertg s{ M&CDM) , revi ews severa
techniques employed in construction amhde el uci
fougaeadti on explores the application designed

of subcontractors (SG)Nefxotec tgiemrered plcomdgs agn aa
all eviate +4dma&s nign wd ¢ &ii 11 @ m el acsotnl syt, r u chtei ccrh aipnt ceu
the findings from the I|iterature, identifying

2.TZhe Nature of Rel atiO©Oonrsthn octhbernt waered 3$blec Mati ma

Subcontractors handle a substantial portion,
building industry. The ability of the main ¢
related to time, qualityfoamdncesof heabcobytde
2008) .

The relationghngro@ktrweemwmrt@ed subcontractors
i mpact of subcontractors can extend beyond th
exampl e, a delay by the electrical subcontr a

shhcontractors.

Some studiearretusrsednitariti 6€sanddudSB®s ence
wi || assi gnFieg@tiel d fu 4 thheesaereisdedc eveen main contr
subcontractors.



Fi gak\wari ance

bet weensmbdicontoatctacsor s

and

Sr.|ltems |GeneCoanlt r(@2)t or Subcont®&@rtor Referenc
1 Hiring/ Byowner Bygyenemalt racto
2 Scope |Is responsi bl e Performing sp
Wo r k entire constructitrades within
to famdesrhagilng ajlel ectrical wor
i ncluding coo
subcontractors.
3 Experi|lExpertise i s e\Expertise is ¢
and Ttracking recordsubconspecti br c
Record compl eting simi|skildndsedompl e
budget and on sqprojects
4 Financ/The financial st|The financiaISQ(P,\ABoq\ﬂgui’de
Stabil|project's budgeability to com22ooMassar,
subcontractors work without (Yu, 2Qy7p e s
promptly, and abthat coul d Iezz:zf;;;;;
costs or delays. | quality concer Subcontr ad
5 Capaci|Clients assess GC evaluates §Contractand
and capacity to hanbased on cri|Bakaertadal23
Resour{compl exity ofThijavai | abkiilliaeayd o
includes evalaalspecialized eq
subcontractor specific requ
capabilities certificates o
6 Qualit|Clients &CpoctugFocusi agliiovggu a l
Perforlhiglality standwor k wi t hin S
the project, en/specialty
meets specificat
7 Legal Cli entass srugead c e GCexpect subco
Regul ajcontractor undencomply wi t h
Compl ijwith al/l relevalregul ations an
per mits, and to their speci
governing the cqelectrical c g

regul.ations

10



23Determining C«irtierrira aaidrSkElval uating and Sel

Researchers globally have extensively focuse
procedures of nsaebheortomasdctrarcsi on i ndustry, a s
into multiple subcontracts (Wang et al ., 2001
on the performance &C€h ctuiblclhbommgsa,ct 2065 ;( ACdx t et
general contractors function as project agent .
execution (Shash, 1998). Despite this, the eve:

ovekkdoin the constr umy& Mant ti nedwdss,t B& & OK u2n@ 0 & )s .w

Subpar performance by a subcontractor can r es.
and time for &Acditicarvio®dd; (Saehaufel berger, :
contractors commonly wuse historical Ssubcontr

suitable subcontractors for current and futur e

t wocores, a primary and a final, are provided,
scores, anevalonatedcbyegener al contractors.

heavily rely on expe&iGamnaeehbhhd, i a®0a@B)iomi gAI &
reliszblesmti fic measurement in the field.

As general contractors increasingly prioritiz
devel opment of a technique becomes <cruci al fc
(Kumar a&Mamyhews, 2000) . Numerous papers publ

have expl oNedrthialtopricor studies have sought
in subcontractor selection processes by ident
evaluation obDé¢ésubednexattmmasi ons for the seve
with thei-crirteéenated asuéd provided bel ow

23. Re |l att&adhedul e/ Ti me

Ti mes considered the most I mportant, exerting

' iterature, this criterion has been identifie
wi t hi kEiMaisnmes2l @eOMOr;s &€ & n2a01 0.8,; eAf 2ablg.®Rel | veHan &kt e (

Nekardoy§8, oR02 dGhe&og Watli lJnPe Researchers evaluate
di ver seg(OWVFNIgandki t morexpréd&dded it by calcul a

of deviation from subcontractorsdé project midl

11



using a formula to calculate the schedule sho
changed schedul ¢6o m,t s2a0eBdAid ki # i blh0E0K k ¢ )@d0al 9 )

di vided the ti me-cariittegriiaan fiimtsd l[tyhr ee@mpult i on
ti me; secondl vy, the scale of cooperation and

subcontractor'™s attit updeer cteonwtaargde doefl awosr;k acnodmpll

the planned schedul e.

23. Re |l att@als t

The cost criterion encompasses numerous di mer
financial aspefatls$) kgD ddBYImaah s .p(r2000008)ed- t hr ee
criteria under the cost <criterion. One of 't he
construction project (tender price), compl et
subcontractor has any fuisreanfcuitaulr ep riosbslueenss (tFhiar
Addi t iAornseklalfyZlIOm8 ht i oned that timely payment t ¢

t he cost criterion umbrell a.

On the other hand, the evaluation of the <cost
assessments. Ebomtt hals2prOé8gpasdd t he moessand mpor:
di stinguished bet wenare f coes andexesnanekated t
profitability, gr owt h, actiwamne ng, rxattados tI= t (g
variance) [/ cosNig 200®@P)sedeamwdheétlermining the
to discover the f irnacntcaras bsyt rceanlgct uthl aotfi nsgu btchoen tr

payment to workers and the numbbcrconfrdayer sn

23. Re |l atté@uwal i ty

Achieving successful completion in construct:i
outlined in contracts and specifications, al
par amet erpr off(Rak aehten 20 2 Tonsequentl vy, t he per f
subcontractors involved iIin producing project

hol ds signif(Pabht kko2plBlat ance

To underscore the significance of the quality

criteria: 1. qguality of producti on, 2. standae

12



materials used, 5. experience in similar work
safety, 8 . personnel trainiMeghw®ial & u ek ermdaf

(20xDP)Nnsider ed t he qguality criterion t o have
Ssubcontractor s, assigning it the highest wvalu
hi ghest weight valPRiael I(ilk3k 06n3d)ap r edtp dale.d-ohhd %) a u
under the quality criterion, which are quali:
standard) , a guide to assess the contractor's
performance), bodntotrechhaesr at heuaslu ty assurance

programs) .

Few studies used formul aBomto( 2I0@Biulait ze d htewa ufad
to calcul ate the defect occurrence ratio (DOR
and the rewor k Rec urerweonm ke orcatueg reR@ean/dp arrsteidc i
conceptpwifntf ivyeeal e to assess exeoastdegiggal hna
and RR®d qualityemaeasagemenhe qualitpaprséabdhalrion
(20989ggested evaluating this quality criterior

contractor without determining a specific met

23. Re | attékeds our ce Adequacy

The concept of resource in construction enco
technol ogy applications. Consemriuteertily ,umaeesrr atrh
adequacy criterion. These inglotlel absessmsenots
resources, compliance with the compa&any mphaye
Bakatr aab 2Bheag (2104A0¢@heag. al 20dle2n)t i-bwedd seddl s (
borrowed from tthievec ommatnraagcetnoernt, ceafpfaebci | 1t i es, a

influencing the evaluatiforns ecn290Weont fact bes.

delineati-oagi tnarniea,suwhi ch 1 nclude proposal acc
(supervisor and staff), adequacy of | abor res
equi pment, care of works and workers, compl i ail
the contract, and compFuahbebEomtt @210 & «c0anp amry
the technical side, giving importance to the

13



technical support capability (number of techni

year s) .

I n terms of evalu€@€heag(O6d4pecicki adeghatyt he a
responsibility of theofrem@ivmntolMé eedNuf GBu®.e) i nt
suggested calculating the number o$ k iplelrenda na mc
skilled) and the quantity of physical resourc

and tool s.

23. Rel att@aodmmuni cati on
Theommuni cati on bet ween t he mai n contractor

uccessful co@Gemmuecitcani pmoegreceénds not only w

ubcontCherd@rxs01l@herwa. 20 1RIMashaleh9 This crite
ignificantly i nfl uences t he ((Bakhaaa@anadnpcde i n
Pal | i ktlkdo(n2doagé @ pr essed the compatibility and co

S
subcontractors but al so encompasses compati |
s
s

sudbri teri a, which are compliance with the ma

subcontractors during the project period, and

coBakaa dn 202&f¥ i ned-croterisap namel vy, compl

bcontractor ssiatnal, eanprhrmwyreiesatoinon and compl i a

-~ O O

n

u

armony within the subcontractor's own team,
he cpt¥@me researchers have sought to identify
u

antitative or gWNghnB8hit {f meremp@a0béhenthe. eva

iterion indonavmme lma,i nr eglraotuiposn sdb yp dertde rcnoi mm unngi

> O Q
-

—
> O C

mber of unresolved disputes with clients or
e percentage of ,sitthee meanbiemrgofndti metst emroded e

structions, and the number of days del ayed

On the oEbetrd R&OBNWphasi zed the 1 mportance of
participation (coll aborative work), the | evel

wor k), and the appropr-siate, ouvg@angtzasdé owvel str

14



23. Rel atté@@cdcupati onal Heal th and Safety

I n the constocaop alerad it gadf westtdr yar e i nt erconnect ec
of responsible and suByvainabbeapropebbot mapage
protection measures immation ccoonnsttrrauccttoi rosnc aapnrda ¢ § U
contributebetiongt hoef wweolrlk er s, mi ni mize the env
Therefore, the OHS and en¥vri e quueetolumit epreat @ mt is
to time, cost, Brakagaad®dlOoiptdy di mensi ons

Il n this rrsedgariek,s hrame researched to de.fNigne t hi
& TamgPpPpBYPposedcrtihtaetr isaubr epresenting this crit
environment al protection) include the rate o
purchase of insurance for stafffiard,6 |[ aoarp,l iexni
the contractor's safety regulations, exi sten
compliance with environment al regul ations.
However, the research did not deeply interpre
criteri a, specifically compl i ancRalwiitlhlkkoenndvai r o
(2049 mmmari zed this cqirti ¢ eivth mchvae tlhewe It ha fe eh esaulbt
accreditation, conformity with environment al
contArddli.ti onal |l y, hyWg& mploir{t a6k é jsd mpdtyed t o eval
criterion. It determined quantitative indicat
of fat al acci dehnotusr sp,ert hleO On, uOn®bOe r maonf reportahbl
hours, the numbee by toheo®skeabodéumonbepmadt ment , t
reldate environmental aspects, and the number
On the other h(Eomad 20Behaesrurstdudyndexes rel ate
environment al protection efrriiteenrdiloyn pbryo jaescste scsaif
= order of correction / (participated works 1
= number o(f d uartd lnigebear tsg ) and safety managemer
(SM/ET = |l evel-pofnexscatebh. (five

15



23. Rel atManapement Competenci es

Achieving comprehensive success in projects n«
of subcontractors' characteristics beyond the
and personal traits of yhenplauvénes colvobhbedact,:

a common(Bpukrgaa®e 2 3

Accor dhkergd2@0 erder s possess the ability to ins
provide direction, and foster chhegesqual bei ¢
deemed necessary to achi eve t hFeurgtohacArkmoor§en,t pe
egd.(20@2scl osed that i nnovadl wiendg hs hikli Ing, st gl ie
mat uri ty antdr ucsotntfrrodm parnodj ect stakehol ders ar

successful compl etion of projects.

I n thi Baxaeaada@Xx@@8)i neated the | eafleywdriip ecrriiat e
lthe abil ity tionnboevaantdieveebi s et ansdl i d (pivsiioon tared
i magi)ndaabi bnty t-andadl @ma®sersts memttisc iamalt eamdppor t
t hr état &t egi c) PpHtres paebcitliitey t o assess situation
di sadvantages, exercise sound judgment, and 1
(citical anal)ysle i aantdi ¢ u dtganetnte pr oj ect, acti v
wi tthhmeai n cqgntcroancttroirbuti bn ptoj ¢éedhte beyvomd i ndiv
willingness t o(Camarkiet) nEe.@¢h ii b ii tciers g |l eader ship
coll aboration with team membeassfodmathig.omgalo wit

This study did not mention method to evaluate

Af requency anal ypsBask aatahsh 2Q®mBd ucdteend i fy the cri:
mentioned in relation to evalwuating and sel ec

fronmnt2au4die&sd the restklig2.are presented in

16



Frequency across 24 studies.

Figaa2Resul ts of a frequency anal ysi

24Hi ghl i ghting about Weighting of Criteria

Wei ghting criterviaar iiosu samadericintgii ganlo cetses@ siin Thi s

assigning numerical values (weights) to diff el
weights help prioritize the criteria, emsUrin
on the final decision.

Il n t hi sShcioanut eextt , al . (2003) conducted a surve

subcontractor selection process and the consi
(2003), five primawxyidcrirt ar iaa e a msdusk dydannettdread cot ros rss
i ndi chd ®ld,e itnhe hi ghest weight assigned to a c¢r
while the highest-cweitght aassi §nddB3t ¢ Coosub nat
Tab2ler i taenrdi -&ruibt er i a for Selection SC with Wei

Criteria Weight SubCriteria Weight
Construction Quality 0.107

Construction Capability 0.299 Schedule Control 0.122
Construction Capability 0.070

0 Coordination 0.133

Management Capability 0.198 Safe Administration 0.065
Capital 0.041

Financial Condition 0.170 Payment 0.070
Banking History 0.059

Arbitration History 0.027

Reputation Condition 0.126 Business Evaluation 0.037
Trade History 0.062

Regional Condition 0.207 Material Regional (?onditior 0.128
Subcontractor Regional 0.079

17



I n this context, Arslan et al cr(i20e0r8)a sftorri vseed
best subcontractor to cover a wide range of a
(2008) di vided the maihni cdr iitnecrH uadveacntsvoebaft a/lar am
considered all wec¢ngihtesriod tco i bherequalndi siutbi al |
the GC may set different weights for the crit

projTada2el | ustrates all cfcirtigreira awi t h wei ghts

Tab22€r i t eri a wit KCrWetiegrhitas faonrd SSeull2@® 8 on SC ( Ar

Criteria Weight | SubCriteria Criteria Weight | SubCriteria
Al. Financial capacity C1. Accessibility to the firm
A.Cost 0.25 i i i itti i
A2. Timely payment to labourers C.Time 0.25 C2. Time accuracy in submitting bids
A3. Completion of job within the budgd C3. Completion of job within the time
B1.Quality of production C4. Adherence to program
B2. Standard of workmanship D1. Proposal accuracy
D2. Adequacy of experienced site
B3. Team efficiency superv.staff
B4. Quality of materials used D3. Adequacy of labor resources
) B5. Experience in similar works D4. Adequacy of material resources
B. Quality | 0.25 | Bg. Experience in the construction b. Adequacy| 025
industry ’ quacy ’ D5. Adequacy of equipment
B7. Job safety D6.Care of works & workers
D7. Compliance with site safety
B8. Personnel training requirements
B9. Number of qualified personnel D8. Compliance witieontract
D9. Compliance with company image

On the other hand,empl oyd&«domdtaheor @l i. c ¢120fL193 m
five factogev eorut aifmifrog ttyo deter mine the most

sel ecti onTadd esibavwedn iPml |l i kkonda et al. (2019)
criteria and placed significant emphasis on t
According to Pallikkonda et al. (2019) , t he t
Cost, amas Temer,ged as the first three i mportal
category of "Health and Safety,' with a weigh

Reputation rank as the fifthiandhenxidenmpor
eighth I mportant Fc@®& @owhyi,| east hseh ohwing hiemsst wei g

criterion is 0.07 (Completioniofdadae job within
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CATEGORIES - WEIGHTS
=Time = Cost
= Quality = Technical Capability

= Management Capability = Health and Safety

B Experience and Reputation @ Adequacy
0.16

0.136 0.13

=B

Fi gaxMai n Categor iRal Iwiikkho nmkea gentt sal(., 20

0.124 113 013 o0.123

SUB-CRITERIA - WEIGHTS

N
1 ©
g
>

5.49% 0
5.20% %5_13;3(;;1:1/0
4.82%

= 4.73% 6106 4.65%4.60% 4.58%

i
w
o1
R
>

0,3-32%
29%732%

2.06%

S ——m—nnnm
SO
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Fi g4 S*u-6riteria with weights (Pallikkon
24Mu l-Crii t er i aMakeicngg i (OMCDM) i n Construction

General lmakdegi sisoma cognitive process that en
This process relies on elements such as <cul't
personality, knowl edge, amakr (heel aams OALS of
Shahsawvmlzaardi (d2G@ 25 )mi ned t hat the mai-mabrogess
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Accor dlankggs pteoal.d 20,1 4met hods wi

individual approaches
devel oped several 1indi
with tpepuoasntr ones bei

t he

ned

t hin scope of

to combi approaches
assi st

AHP,

met hods t o
PROMETHEE,

vi dual
ng ANP,

Hwamrtgl. 1 985laaty Brh&SMar eksT86x;laéh sMar es c)hBarla8h s1 995
Vi nclkOe8hp;r i &o iz, O §Ha &t Wa r2gaLs3

Further mor e, S 0ome

researchers

have employed

combination of single processes with other t
PROMETHEE, FSs + TOPSI'S, AHP + MIVES + HMCS ( M
TOPSI S, ELECT RRE enél. 2FOPSBe r v8si o ,&0 DAA-M8 h h mmta d

a. 20 1@®hoeud. 201Bni ef overviews of various widely
are presented in the following paragraphs.
24. 1 AnHdilgtacchy Process (AHP)

AHP stands as a MCDM me-mbdbdr $ hao evrawabgaese de

assessment of

on establishing the

AHP involves the

compari son scaTa&bh23as
T a b23.e

execution of

mu | tZiaphlee®ig, O mPpiean evgr ed ihyerSaat(y

rel at tcwd tiemp-matidéemde ¢ @imt a s

numer o-bsevelai rw

| lustrated in

standawvel nicoenpg®a alisywa r2¢ela?2l e

Intensity of Definition Explanation
Importance
1 Equal Importance Two activities contribute equally to
the objective
2 Weak
Moderate importance Experience and judgment slightly
favor one activity over another
4 Moderate plus
5 Strong importance Experience and judgment strongly
favor one activity over another
Strong plus
7 Very strong or demonstrated An activity is favored very strongly
importance over another; its dominance
demonstrated in practice
8 Very, very strong

Extreme importance

The evidence favoring one activity
over another is of the highest
possible order of affirmation
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Wi t hifnr anmeewor k of AHP, i ndi vidual prefsemae¢mces
wei ght s, subsequently amalgamated into I|inear
weights, -mhkerde¢(DM)oman more ef f encdt i aretliyc irpaan
out c oFnoersmetadin 2 0P Thi s approach effectively manage
i mprecision inhemahkht ngnphomassésc¢ci promi ding ar
and robustness. -mhksgraapl|l asd acdmegli shemd a de
thoroAbgbbhwa&koD 4

242Anal ytic Network Process (ANP)
The analytic network process (ANP) technique,

versatil e adapmtcatoimoro daft e SHHMnhotrreati ntri cate and
including feedback amon@aectadg@hBd8 sOwet hi metphast
ANP has found appli-makiog soevarioss paciscoha

uncer@GapatbVi, mMOoLB,y ¢ kPantdaft2i0dRari fies the diffe
AHP and ANP, whereasayAHP eemplchhy cad ored ati onshi
and more extensive intercondneeatttiroinbsuthbeest.welem ¢
hi erarchbhasedessxSPem operates-based depwoadkntr

si ngilreection. rel ationships

24. 3 Fadlizhyeor y

The Fetztbhgway devel oped by Zadeh, who introduc:
as a mathemat Zadéeéh)flréathteenotrikve(l y refl ects hum
deci-mdkinng by wutilizing fuzzy membership funct
a |l ack of i nformation abd\NiteM®rooaeat. A6 pBgt s an
transitioning gr aduanhe nyb efrrsohm pme nibheer sFhu zpz yt os ento
by diminishing the sharp bountempdhkat separ at
with traditional crisp set theory, which asse
showhi ganrder ueste 1a91 1.4,
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1o —— 1.07]
o
2 £ 5 =
=5 2. g E
0.0 i 0.0
@ = (b) %
Fi gdnMember ship functions fosret(a) a cris
Ki sahnkdiHa j j (199Pef Sepetember)he member ship fun
is a curve that il lustr adeaers bheo walelacccha tpeod na menr
ranging from O to 1, indicati.ng the extent of

A triangul ar f uznayk eérss e(alsMs )f otro duesce sanodn cal cul
where a O b O ¢c. The parameters a, b, and ¢
promising value, and t he Ahlrgsisd etjgadrdadbil e v al

24. 4 Technique for Order Performance by Simila
TOPSWaSs dewvgl ’lp@ethg and Yoon in 1981 and | ater
199&2¢an MCDM technique designed to discern sol
B¢y ¢k KWag20-1va] destd.r2d0m 9

Wan& EI hagcl(ar0iOféi)ed t hat the fundament al prinec

alternmaeil gaswettche positive ideal solution whil ¢
solution. The positive i deal solution i s c h
mi ni mzing cost criteria, while the neagatnidve
mi ni mi zing blemetfhe c«clragsircall TOPSI S met hod, [

ratings of alternatives ametkeowwal utbitli oni pgo

However, under manyrowomdidteiqurag e drirfprodatcad s g
probl ems. Therefore, the fuzzy TOPSIS met hod
alternative ratings are assessed using |l ingui ¢
the | imitraadioniso o'l tt e PKed rSa k2akog | u
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24. 5 Preference Ranking Organizat{( BROMETHE®) f OFr En
PROMETHEE was deRieéope dBrmhgnsleamd Bertr alntd Mar ¢
bel ongs to the class of out rBarnaenani9 Prigketrhgoidass i n
et al. ( 2c00arr)i fhe dapgpmmlaitcati on of PROMETHEE necess
information namel vy, tchoen swalieg letds cad siegned tiand
i mportance, and information about -maker pmwdfear
assessing the contributions .Thfe @lrteédremamniceed um
converts the difference in evalwuations betwee
into a preference degrFeeg,D8debépicrbd fsearpegnecse ffruonnt t(
PROMETHEE.

Function Shape Threshold
Usual Mo threshold
U-shape Q threshold

W-shape P threshold

Linear

Q and P thresholds

Gaussian S threshold

Lewel ‘:, Q and P thrasholds

Fi ga&FRr ef efruenmncctei ons of PROMETHEE ( Mergi as
Brans et al . introduced PROMETHEE | for a par

for t he compl et e ranking of alternatives i n
PROMETHEE met hods were introduced. Tsesle oinncl
an interval, applicable to complete or partial
Additionally, PROMETHEE |V 1is designed for

PROMETHEE V for human brain r e pROMEETnHEaEt | QDNS,S P
for gr oumaldi@oga&isdar es c;Ba laehas 1 DR B



24. 6 Choosing by Advantage (CBA)
CBA i s an MCDM t ec hniinglude® édresvied eorpaeddo $brnya &Stuehsrn at i
and makes comparisons(PaengedfibomebDdeg.eJatdyant ag

Suhr, Jc!l a(rliof9i9%)d t hat the fundament al princi
exclusively on i1 dentifying the advantages of

of simultaneously evaluating both advameagrt

doubbenting and omi ssi ons. The second gui d.
di fferentiating between cost and value; <cost
careful considerati en.cCiBAf drostarisi virmgrsptar and)
making process by explicitly taking into accoc¢

i nfl uenc (Peag r&fi sldotnommesl ei n; Ar 2 @Gt@al62, 0 12u;lEe pil stalz a
2021

Par anBEdimme( 2009 empbhg) zed t hadsttabkel iCBMe sned hoalt
clearly and systematically madecuThit®sdatoab an

as a valuable reference point for future proj

25Appl i saaft iOW ittt er i aMakeicng i (MEDEIONnst ructi on
l ndustry

This section is divided into twmplpeamermrst ed hien
construction industry in general. The second
of subcontractors in construction projects.

25. Application of MCDM in the Construction |Ind
The researchers employed diverse methods and
to the specific needs and requirements of the
a singular method, such as AHRp@rr oAaNMP,e swhiilkee
TOPSI S, AHP + MIVES + MCS.

Il n t hi £heaangBearqd2,02 bhducted a comprehensive rev
l'iteraturecontevi-mgldmomed si®MCDM) i n construct.i
2007 to 2017. I nitially, 165 published-journ:
hybrid anidblleésr indul FMCDM met hods. FMCDM is gain
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approach to address compl e-ma kpagrob'l emet ewi & sht sd |
objectives, and abund(€hen PatO 2En) g@%xitdali ins ti rnad toer sm
devel opment of FMCDM applicdghemBafMalconstruc

35 T : : 3
Model Summary P Estimates
Categories iy—stbx)
30 W Sig. a .
Total 003 OO0 -58200673 2,952 +
Siagle Hybrid GELT  0.000 -4436.382 2212
25 [ Mubtiple Hybrid 0705 0002 -1484200 0739 -
g R
5 20r Lo 1
e —— 4 Total - =
2 --- = Single Hybrid L il
2 157 Multiple Hybrid = b
g
» = ety -
Z  4p o
E o
i o
5
e =] o Q. o
0‘ P ——— gt 1 1
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Year

Fi gaa®xevel opment of FMCDM applications in

On the ot her Zheatrad(, 2 0aR fsyteusdtyi gbayt ed 530 ci vi | en
articles published between 2000 and 2019, exa
The researchers identified the uSbkheofta@ysriag
that the two | argest hybrid categories are me
articles (30.00 percent), and methods that ir
Fi g2arGr ovi des a visual representation of the t

hybrid MCDM met hods that were utilized in art
Top Five Single MCDM Methods Top six Hybrid MCDM Methods
J0
L]
ad
& 'E 1 8
£ 5:
E kL Zz
= _
- . 14
10
AHP FALEEy Cleferk Dala FATE] L2
Mgcelthen Envelnpmen *

Fi g2arC Singl e andMeHyhbordisd MCDM
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5. 2 Application

Gener al

Yy,

subcontractor s.

of

t her e

a

MCDM in the Selection

r e

not many existing

and

E

stud]
Addarsd ianega ath2r 0OplaBit)shteu orye skeyar c her

the number of papers about subcontradctagureel e
211
Authors Study purpose Findings

Hazouni and Metwally
(2000}

D. Wang, Yung, and Ip
(2001)
Ng and Luu (2008)

Arslan, Kivrak, Birgonul
and Dikmen (2008)

Mbachu (2008)

Hatmann, Ling, & Tan
(2009)

Yin, Wang. Yu, Ji, and Ni
(2009)

Enshassi, Arain, and
Tayeh (2010)

Marzouk, B Kherbawy,
and Khalifa (2013)

Abbasianjahromi, Rajaie,
& Shakeri (2013)

Laryea and Lubbock
(2013)
Abbasianjahromi, Rajaie,
Shaker, and Chokan
(2014)

Decision support system for subcontracting
construction works

A heuristic genetic algorithm for subcontractor
selection in a global manufacturing environment

Modeling subcontractor registration decisions through
case-based reasoning approach

Improving subcontractor sdection process in
construction projects: WEBSES

Conceptual framework for the assessment of
subcontractors’ eligibility and performance in the
construction industry

Relative importance of subcontractor selection criteria:
evidence from Singapore

Application of DEA cross-evaluation model in project
dynamic alliance subcontractors selection

Subcontractor prequalification practices in Palestine

Factors influencing subcontractors selection in
construction projects

A framework for subcontractor selection in the
construction industry
Tender pricing environment of subcontractors in the
United Kingdom

A new decision-making model for subcontractor
selection and its order allocation

Their model optimized the selection process based on time and cost

They used a hybrid model of fuzzy logic and genetic algorithm for SC
selection after dividing a project into subprojects

The selection of SCs with characteristics like successful past
exparience

They proposed a web-based model with 25 criteria for 5Cs selection.
The shortcoming of their model was using the same weight for all
criteria

He found that the quality is the most important criterion in 5Cs
prequalffication and selection

They considers price as the most important criterion in SC selection,
though criteria such as technical know-how, cooperation, and quality
are also effective in SC sdection

They showed correct selection of SCs leads to an increase in the
probability of the project success

Thair research was on the criteda for SC selection in Palestine, as
commitment to contract, good planning, price, reputation, and
proficiency in one or more tasks

They used 10 citeria for SC selection as cost, quality, tme, staff
behavior, safety, repair and waranty, equipment, risk avoidance, and
the company’s past experience

They developed FPSI SC selection without criteria weight

They studied 94 SCs in the United Kingdom and they found the price
is not the sole factor in 5Cs evaluation in the United Kingdom

They applied continuous ant colony and fuzzy set theories to find the
best 5Cs, while optimizing project risk and cost They showed that SCs
selection without attention to the type of subcontract work is not
suitable

Fi galrleSummar y

of

SC

Sel ection Literature

I n thisSShadhndssnd2 QL @8enti fied the criteria

suppliers in the
to as suppliers),
t hrough Mamdani 's
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27

for

wh i

Rev

t
ch

second, service &Bupplie

erence mechanism ( Mamdan



system devel oped by Lot fi Zadeh in the 1970s)
for a fuzzy expert system.

Il n cold {zaGsle))ar i fied that a |l ow bid price is r
subcontractor. The st udymeaknpd pyapmpramadm,t ewtrialt
and PROMETHEE. AHP was applied t o det er mi ne
PROMEHH was used to achieve a complete ranki ng
Anot her study introduced an Artificial Neur al
data. The objective of the study was to devel
identify significant criten(Hus2@lLadted to the

Abbasi amtjadah2rOcangip | i ed t h € hkkarKa nmo dveld e | i's a th
devel opment and customer satisfaction)tdevel op
classify the selecti on -bcer,i treervidcar mieemtsgonieiaV e aa t
and indifferent. Foll owing this categorizatio
Anal ytic Hi erarchy Procelastitr 8blns$ € g udeenctilsyi,ona

devel oped to select the best subcontractor (S

Ki shepbah@20R0O)egrated all criteria with equal [
empl oyed AHP for weighting, foll owed. Why | ehe ¢
Cheta.( 20gddPposed a subcontractor selection mo
i mpact of constructdiesn geaede rtphrei srao dded mamalse d
depl oyment (QFD), AHP, and i mproved grey corr
empl oyed to transl ate specificieadetipei wei glm
criteria. AHP was used to quantify the exper:t
serving as input f or.Mamhemogrddy v e da t{tRRPE) @ch @M

gualification perfobmanteactvarlsuattsiong of he Or
(OPA) . This approach allows for the simultane
subcontractors to be evaluated, and the exper
26Al | eviating -Bleksngn Deci sion

According to the Oxford English Dictoodasgr { BE
a sl antBiirag Irieders to the presence of prejudi

presented, i nt-mabregepdrooessesi sion
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I n various <context s, bias can mani fest as a
standard, often influenced by p&oedatirnetla rbveelyi ef
(20@e8pediwop distinctions trhedaae¢eedate of asesusé&
deviations from a norm; they can also simply

anot her . For i nstance, the term positivity |
positive overonrsedat ipwe sSercadmelrltoie ptbii@ars can be ¢

a cause and as an effect.

The bias of the bowl may result from its shaj
run. I n the psychology of judgment, bi ases w
causesfact, it has been reported that the appl

(Cheuwmidi2,019

Il n thi Stdcam@lerxd? dlidii)scovered thaakibm@sjeeopard is i
success of construction projects.Chéhvarmdgdir esul t
201Wangga. 2017 an inefficientKut sabidanlalngag2@@®»t s
subopti mal pPion2eoit3 palnadn mai nfgai(l ure to heed ear|l

Javi damddbrr ahi mp oruaf e r2rO0eldg ytfoo rtmaantc e appr ai s al IS
human r esour caendmarneapgreenseennttr € s pan g intpiolrittaynt f or

superandarss in performance appraisal i's probl
making appropriate personmMelel2dPdbndi ahso euvahu

errors and biases may occur at various stages

processing. These factors can significantly
perf or manc el aevi adlnueahtri oannsd. Eprr avhii dnepdb ua t(R2@dAI59gy
bi ases i n perf orwhancahkeoaeromalliheantcsy v pammidt ogo st ,r ast

pr o X i emir,ceyn tte rad € p sy M efrf gecd e rcryoerp s bdingad aantde tri t ude s

anadl ues

Furt hezZzhnaoartge(,2102 0L ar i fOned wtalyatt o correct the bi as
techniques such as TDvaax kwablfve aet h ddrsdted D rbaigais
correction using the TaGdaonInHgddbadngdi atd t({HLHODS)
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271 denti fying the Research Gap and Defining th
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on the findings from the |iterature revi
conducted on the evaluation and selecti ¢
researchers have higlhhi goift esdu btcloent eaal oa

ng stage, without taking into account th

s have focused on evalwuating subcontract
s have estabdriistheerdi acrfidrer @ ma lamalt isnugb s u b c
etion. |l n some cases,i ntfhoersnmea te voanl uvaantdi ogrusa | |
ut addressing the potenAd ahothbadsinnt htehe
WS, researchers did not sufficiently hig
xecut isddiotfi opnrad jleygt snno research has prov
ation of subcontractors at the stage of

roject.

fore, tdeseamepMe€drMc mowlielll t hat aligns wit/
rch aims to address sever al aspect-s. Fir
ria related to the evalwuation and sel e
ran management (ti me, cost, guality), a
faction, aédad destai ndkel e epreactcihcas ms t o
bjective measur ements as amudc ha cahsi epvoes stihbel
e of transparency. It also seeks to empl
s and subjective measurements. Third, th
ntractors atd pcrroejaetctn gc campd aetta soent atnh a't [

nabl e evaluati on of subcontractors who I

ruction company, each with different eval
cehctproLastly, the research aims to retrie
a construction company is |l ooking for su

ment ation of an.appropriate MCDM met hod
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Chapt et BodolPoeegy oframanc earkEead iusaitam nSusp por t
3.1 I ntroduction
The aim of this research is to @eveaeloatangofle
and select.inki rfsuncyt,i oanf)t er the completion steé
funmabBeei sts gener al contractors (GCs) i n ob
performance regarding critical aspects. Secor
system to aid GCs in selectingwbhwistmoisn au@d o jf

utilizinAS tMed h®@QPR MCDM) .

Thi s model wi | | establish a connection bet wee
side of aspects because of their commonaliti e
utilize the database of s ufbwmmttircarc ttoo se <tr akalt ie

among competing subcontractors (further el abo

The methodol ogy for develFomiBitaggen d heen anomdped s siess |
phases. Firstly, it involves data coll ection,
met hods for assessing andesplembbgpgamtimbcsinbe at

criteri a

Il n the subsequent phase, performance indexes
upon project completiofriAdckdiitai dmoal Isy,l eccrtiitnegr
wi || be established, with amyd cddnmemoaea lgihttiiensg b
i ndexes, cr-cteremaiba awdl Isube conducted throug
i mpl ementing a combination of Analytic Hierar

to minimize bias.

The third phase wil/| ent ai l t hendd ev@lhbpmgnof
common indexes iampdl ea@inted miga at iamm tihreqg RAR es a
me t hfodr selection Eiomplelne etr f #dcCe s wi | | be em

i mpl ementation phase
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Diata Collection and Preparation for
Evaluation and Selection Criteria

Diata Analyvsis

!

Identification of Subconractor
Evalustion Indexes at
Comapleted Project

.

Weizhting and Fanking of
Evahiation Criteria by
Combining Monte Carla
and AHP

!

Idemtification of Subcontractor
Salection Criteria for MNew
Project

!

TWeighting and Fanking of Selection
Criteria (Evaluoation Criteria snd
Additional Criteria*} by Combining

:

Fornmmalating Criteria

¥

Developing hiodel for Evalostion and Selection of Subcontractars

'

Evalnating Subconractors
(At Project Completion)

Fetrieving Potential Subcantractors . Utilizing Pre-svaluztion Inguiries and
Diata (s Prefarences) MMCDH Method (COPRAS)
L]
F.anking Potential
Subcontractars (TVew Project)
Complet=d Project. | Phasze 04
Projectll — : L —
Teputs 25 Evaluation System Crutputs
{Criteria) L3 . ! (Evaluation 5Cs)
Drojectn (Interfzce /1)
MNew Prodect.
Decizion Support System
—_— 3 .
— g Outpuats (Fanldng)
Additional Criteriz® E— (Interface /27

Fi g3ltMet hodol ogy
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32Hi er arkEvhayl ucaft i on System and feaciSLison Support
The core of the research is two key applications:pidormanceevaluation system and the
decision support system. The hierarchyefformancesvaluationproblemand decision problem
isillustrated inF i g 812 Fei g 83 andFigure3.2.

Goal Subcontractor Performance Evaluation (Upon Completion Project)

|
! { ! ! ! !

Schedule | |Cost and Finance Quality Resource Adequacy Satisfaction-
Index Index Index Index Communication Index

Indices

OHS-Environmental
Protection Index

Leadership
Index

N | cFec2 . . . . : . N
A4 B - : . . . . . . . : B
Sub-Indices STC1 : : Qc2 . . scc2 | : :

| CFC4 t QC3 ‘ RC2 | SCC3 HSC2 L3
R R R R preet T [t e o
4 ¢
Outcomes Evaluating Performance of Subcontractor

Fi g82 eHi erarchy of Performance Evalua

Goal Selection of the Best Subcontractor (New Project)

|
i R S S ! I }

Criter Pricing and Schedule [ |Cost and Finance| | Quality | | Resource Adequacy Satisfication- OHS-Environmental Leadership
riteria Experience Criteria| | Criteria Criteria Criteria Criteria Communication Criteria || Protection Criteria Criteria
.................... Paseseaaas parreeasan pariisaaam
PEC1 cFcl -] act R1 SCCH HSC1 L1
v 1 PEc2 [ « ] cre2 | : : : :
Sub-Criteria ' ' sTCc |t ofloQce2 . . *| sccz2 | : o L2
PEC3 |- 1 cres
PEC4 CFC4 Qc3 R3 SCC3 HSC2 L3
........... o R I e g | e
1'% R R AL LR R ¢ .................................................. :
Alternatives . Subcontractor (01) Subcontractor (02) Subcontractor (03) Subcontractor (n) .

Fi g8x eHi erarchy of Decision Probl e
33



3.V gni ficant &rriitteerriiaa o AP edwleolr ureatnicreg and Sel e
the Best Subcontractor

3. Mel hodol ogy

The | iteradwbeomtevaetwomos was conducted to gain

the performance of subcontractors upon projec

projects, and identify the relationships betw
Threevi eiwd emtdi fad rciath eaedrcaoanfp | i s h e d -stt lrerpo ypg o cae smu letx
as il | FstgRaTeleel pmocedure begins with the selec
platform. Google Scholar is chosen for its col
a diverse range of research found i n( Ma¢erhte?2rn da
Mart2n et al ., 2021).

Addi tionally, Scopus and Web of Science are

thorough review of relevant sources. Once a

review is conducted wusing predefrsiinteed skuebyowoorrtdrs
assesmmehbod, criteria for subcontractor appr
Selection. These keywords ar e meticul ously ¢

performance evaluati on ,anadnds ecloencctliuosni.o nT hoef te atc

in the search are then screened.

The second step involves reviewing the full p

analysis and to characterize the relationship

Next, analyze the contentTabBl2a Heo 9 daleenatidd & rhtei
sudbriteria for both perfor manc e Ca sTsheesssemeanrtt iacnl
classified into two categories based on their
and selection of subcontractors. The body of
Usage I ndex (RUI) andSBSArxitabd dNet woe kt Aeabiygns
a shortlist of significant criteria was ident
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Seloct Search Engine. Gooal Identify Relevant Literature about
elect search Engine: Google Subcontractors (Performance Evaluation
> Check Scopus / Web of Science > ) .
Scholar ” oK Beop 4 and Selection)
Identity Criteria for Subcontractor . A
y ) Ny . Select Suitable Papers for Content .
Performance Evaluation and < Analvsis < Review Full Papers
Selection y
v Simplified Analysis: Calculate the

Score for Each Criterion

Analyze the Results to Form a

Shortlist of Criteria (Evaluation
and Selection)

Analyze the Relationship between

Performance Criteria and Selection

Criteria Social Network Analysis: Form the

Adjacency Matrix for Criteria and
Calculate Centralities

Fi g34dMet hodol ogy folrndide@riidamcdtiad i on of

Tab3lle Li st of Selected Articles and Studies

Item | Studies / Formats Evaluation of Performance SC Selection of SC
R1 Okoroh and Torrance (1999) v
R2 Hudson et al. (2001) v

R3 Shiau et al. (2003) v
R4 Rahman and Kumrswamy (2005) v
R5 Dulung and Pheng (2005) v
R6 Ng (2007) v

R7 Maturana et al. (2007) v

R8 Ng and Tang (2008) v

R9 Eom et al(2008) v
R10 | Arslan et al. (2008) v
R11 | Mbachu (2008) v

R12 | El-Mashaleh (2009) v
R13 | Yin et al. (2009, May) v
R14 | Hartmann and Caerteling (2010) v
R15 | Cheng et al. (2011) v

R16 | Cheng and Wu (2012) v

R17 | Abbasianjahromi et al. (2013) v
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R18 | Ng and Skitmore (2014) v
R19 | Chamara et al. (2015) v
R20 | Polat (2016) v
R21 | Pallikkonda et al. (2019) v
R22 | El-khalek et al. (2019) v
R23 | Demirkesen and Bayhan (2019) v
R24 | Handk andNekardova (2020) v
R25 | Chen et al. (2021) v
R26 | Zhong and Elzarka (2022) v
R27 | Afshar et al. (2022) v
R28 | Peansupap and Nov(2022) v
R29 | Mahmoudi and Javed (2022) v
R30 | Koprivica (2022) v
R31 | Putri and Nusraningrum (2022) v
R32 | Liu et al. (2023) v
R33 |[Bakaran et al . (2 v
R34 | Lumanauw et al (2023) v
R35 | Abdull Rahman et al. (2024) v
R36 | Hansen et al (2024) v

3.3d2z2ntification of Criteria and the Relation
Criteria

An examination of t he Tsaed3llj cntdei dc aataetse ghtweos & § 1t eefr @ |
from a usage perspectivecriEti@ghitacranerempl @yeng
subcontractor. Meanwhi | e, -csreveerr i ar i taerrei ay s eidn

subcontractor performance

|t i's worth mentioning that the selected art
subcontractor are essentially the same as tho
addition of <criteria r ehliast ecdo nttoe xptr,i cMbnagc haun d( 2e0
critericariatnedr issubused to assess subcontractors'
| essons | earned and retrieved for futTuarbel euse

32i l lustrates crcaeegarcempri sing both
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Tab32e |

dent

i ficati-€nmni

okerCrmiteria and Sub

Sr.Criteria SulCriteria l denti fication
1 Pri @ainng Bid Offer The SCdés bid offer to
Experienc project.
Financial c¢c|Refers to the profitahb
(PEC2) stability of the subcon
Experience Number of similar pr g
works (PEC3|accomplished
Experience Number of years of expe
constructio
(PEC4)
Ti me accura|lRefersprnecitshieon and ti
submitting subcontractor submits t
2 Time Crit{Compliance The SC's ability to adt
(STC) flexibility|to demonstrate fl exibil
schedule (S|schedule shorten that i
the schedule for the G(
3 Cost and|Ensuring su|The ability of t he sub
(CFC) budget comp|budget l'imits agreed u
(CFC1) submitting claims that
documents and ensuring
performed remains withi
Adaptabilit|The capacity of the SC
ti meliness cases of payment del a
conditions, and the purn
the GC in accordance W
Cosstaving ((Thisstbri terion ceGRVEMNYS
i mpl emented by the SC
stages. For exampl e,
reductions for t he GC
particular technol ogi es
Ti mely paymThe timely payment per
(CFC4) each stage of project e
material suppliers for
4 Quality Upholding mEnsuring the quality of
guality (QC|withsttanedar ds speci fied
and specific specificat
Level of wo|The guality of constr
(QC2) project execution.
The quality|The complianaecsemp@altiushea
product (QC|with the project gener g
5 Resour ce Technical <c¢|The -csruibt eri on (RC1) c
(RC) (RC1) competence of empl oyee
adeguegs®urces such as t
software.
Material s Ensuring that the mater
(RC2) sufficiently availabl e
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6 Occupati ol/Adhere to t|{Assessing the attitude
and Safet|safety regu|safety requirements an
Environme|(HSC1) adopt and comply with
Protectio reqguested by the GC.
(HSC) Environment|The environment al C 0 m{

(HSC2) during the project, whi
wor kspace and adhering
pl an.

7 Gener al (Ef fective c|Communication and compl
Satisfact|compliance t he use of coordinated
(Communic|(SCC1) information exchange d
(SCCQC) with the GC.

Adaptabilit|The ability to flexibly
Responding is the sedcodredidumb

Changes (SC

Effective c|Ensuring adherence t o
wi t h (dStChCedr) subcontractsanse a@&mpl oye
smooth coll aboration wi
Abil ity to Refers to the capabilidf
orders el ec|process, and respond tg
(Sscc4)
Ability to Refers to the capabilit
compl aints manage compl aints or
(SCC5) channel s
8 Leadershi|Coll aborati|leadership is evaluategqd
(LC) (LC1) coll aboration and faci
subordinates
Dedi cati on Dedication to the proj
extent of effort dedic
GC.
Effective | |The ability t-oando ntdan
(LC3) assessments and anticig
considered as an i ndi ¢
(LC3) .

3.33nalysis and Distribution of Criteria Among
A matrix, Tabk33@Bowmnishruct-e€d i wietTla ®32ae o2 wssu ban d
the Stagdiesl umns. Each cell at the intersectio
of 1 if the criteriamidefsi mbabkosedoin Thessma
agreement among academics and professionals r
divided into two separate matri ces: one for e

subcontractor.
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Tab33e MaotfOriixttru dai e s

Evaluation of Performance SC Selection oF SC

R2| R6 [ R7| R8|R1YR15R16R1§RIJR29JR33 R34 R3 R1| R3| R4 | R5| R9|R10R12R13R14R17R20 R21 R22 R23 R24 R25 R26 R27R2§ R30 R3] R32 R34
PEC1 1({111])1 1(1 1({1]1 1(1]1 1(1]1
PEC2 1({111)1]|1 1 1(1)1]1f(1|1]|1 1
PEC3 1(1 1(1 111 1(1 111 1 1
PEC4 1 1 111]1 1({1|11)1]1
PEC5 1
STC 1(11])1 1111|111 11111111 (1]1 1)11)1]1 11111111
CFC1 1 1 1(1 1 1 1(1 1 1 1 1
CFC2 1 1 1
CFC3 1 1
CFC4 1 1 111 1
QC1 1 1 1(1)1|1(1])1 1{111)1]|1 1(1 1|11 1 1(1
Qc2 1(1 1 1({111)1j1f(1]1]|1 1(1)1]1 1(1 111 1 1(1]1
QC3 11(1(1 1 1111|112 1|11 1|1 1|1 1 1|1
RC1 1 1 1 1 1 1(1 1(1)1]1f(1|1]1 111]1 111 1
RC2 1 1 111 111 1 1 1 111 1 1 1
HSC1 111|111 1 1111 11|11 1 1|11 1 1|11
HSC2 1{111)1|1(1]1 1 1 1 111 1 1 111
SCC1 1 1(1 111 1 111]1 1 1 1 111 1 1 111
SCC2 1(1 1(1 1 1 1 1
SCC3 (1|1 1(1)1]1 1 1 1 1 111 1 1 1
SCC4 1
SCC5 1
LC1 1 1 1 1
LC2 1 1 1 1 1 1 111]1
LC3 1 1
NotTehe details of-ceadlerstaudifashit@andldecdlBeiespect i vel y.
3.43 mpl emenfafAnahysis Methods
The purpose of applying analysis methods is t
Tab33sramong the | isted TablIWi ead( nteof ehreelnpc eldi gihnl
commonly usSwd meti heds aare I mplemented as f ol |l

3.3Ré| ative Usallet hodex (RUI)
The RUI met hod begins by calculating the freqg

matrix (rledb8B8ppe ntcedddatner mi necchbtweof or.ni sambnsut

Next, the RUI val ues 3a.rTle ecseael ovuall auteesd ausei nt gh elnq wa;
the most and | east frequently mentioned crite
among the-cvwartieousa shmbve not been accounted for
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(Frequency of Criteri (31
(Tot al Number of Studie

RUI

The calculation of the RUI I's completed for b
Sshowhah34€&ab3d5edFi g3 el t i s notcerwotretrhiya trhealta tseudb t

criterion are not mentioned in the evaluati on
Tab3d4e Cal cul ation RUI for Evaluation Matri X
Evaluation of Performance SC

R2 | R6 | R7 | R8 | R11| R15| R16| R18| R19| R29| R33| R34| R35| Sum| RUI
STC 11| 1 11|11 1|1]1 1| 11 085
CFC1 1 1 1|1 1| 5 |038
CFC2 1| 1 |008
CFC3 0 |0.00
CFC4 1 1 2 015
QcC1 1 1 1| 1|1] 1| 1] 7 |o054
Qc2 1 1|1 1 9 |0.69
QC3 1|11 1 1 1| 1] 1] 9 ]o69
RC1 1 1 1 1 4 |031
RC2 1 1 101 4 |031
HSC1 111 1]1]1 1 1| 8 |062
HSC2 111 1|1]|1]1 1 1| 9 [069
sccl 1 101 1|1 1 1| 7 |054
scc2 1|1 1|1 4 |031
scc3 | 1| 1 10111 1 1| 8 |062
scca 1 1 |o0.08
SCC5 1 1 |o0.08
LC1 1 1 2 015
LC2 1 1 1 3 023
LC3 1 1 |0.08
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Tab3s5e Cal cul ation RUI for Selection Matr
Selection oF SC
R1| R3| R4 | R5 | R9 | R10| R12| R13| R14| R17| R20| R21| R22| R23| R24| R25| R26| R27| R28| R30| R31| R32| R36| Sum | RUI
PEC1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 15 0.65
PEC2 | 1 | 1| 1| 1] 1 1 1111 |1]1]|1 1 14 0.61
PEC3 1 1 1 1 1 1 1 1 1 1 1 1 12 0.52
PEC4 1 1 1 1 1 1 1 1 1 1 10 0.43
PEC5 1 1 0.04
STC 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 17 0.74
CFC1 1 1] 1 1 1 1 1 0.30
CFC2 1 1 0.09
CFC3 1 1 0.09
CFC4 1 1 1 3 0.13
QC1 1 1 1 1 1 1 1 1 1 1 1 1 1 13 0.57
QC2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 14 0.61
QC3 1|1 1|11 1|1 1] 1 1 1] 1 12 0.52
RC1 1 1] 1 111 1|1]1]1 1] 11 1] 1 1 16 0.70
RC2 1 1 1 1 1 1 1 1 1 1 10 0.43
HSCL | 1| 1| 1 1{1] 1|1 1 1] 1|1 1 1] 1|1 15 0.65
HSC2 1 1 1 1 1 1 1 7 0.30
scc1 | 1] 1 1 1 1 1] 1 1 1 1] 1 11 0.48
SCc2 1 1 1 1 4 0.17
scc3 1 1 1)1 1 1 1 7 0.30
scca 0 0.00
sccs 0 0.00
LCc1 1 1 2 0.09
LC2 1 1 1 1 1 1 6 0.26
Lc3 1 1 0.04
RUI Values
0.9 0.85
0.8 i
§ 074 0.690.69 0.69
0.7 ‘
0.6 s 0.54 % (g
05 g 0.5F E |
= L.3s §E
0.4 g g |
0.3 g § 030 - E A 030 (o3
- B A0:26
02 PI\ o ffE al T
01 P e dor | o = ¢ Joo\
0 % 100F L . 0.%0ﬁ P-4
000008R80333803830008308398
haaaa®?300660008202883333~ -

=== Evaluation of Performance SC == Selection oF SC
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1.8
Aggregate RUI for each St@riteria

1.6
14
1.2
1
0.8
06
0.4
L. Il
0 - ™ - - I |
Qc3
PEC PEC PEC PEC PEC CFC CFC CFC CFC HSCHSC SCC SCC SCCSsCCscCC

1 2 3 4 5 STC 1 2 3 a4 QC1QcC2 RC1 RC2 12 1 2 5 LC1 LC2 LC3

3

u Selection  0.65 0.61 0.52 0.43 0.04 0.74 0.30 0.09 0.09 0.13 0.57 0.61 0.52 0.70 0.43 0.65 0.30 0.48 0.17 0.30 0.00 0.00 0.09 0.26 0.04
® Evaluation 0.85 0.38 0.08 0.00 0.15 0.54 0.69 0.69 0.31 0.31 0.62 0.69 0.54 0.31 0.62 0.08 0.08 0.15 0.23 0.08

Fi g835 ®UI Values and Aggregate RUI

3. 2Sdci al netw®dmMNKA)anal ysi s

SNA msethodol ogi cal approach used to study the
Wasse&mBall®%a24)lt involves mapping and measurin
peopl e, groups, organi zations, computer s, or
(Sca&t tCarr208g1tBry, vi sualizing and analyzing the
key players, understand the flow of informatic

within the networ k.

I n the current study, the network constructi
sel ect evoanl uvaantdi on) . Each criterion is represent e

(edge) between two nodesneings iiomfeelr wed hiifin the o

network is categorized as unadicrcaagtred cei mde tiwtc
rather than the directional influence of one
To i mpl ement SNA, Gephi is utilizedsdbdorcanadagt
designed for network analysis and visualizati
of centrality measures (ustgeareieng bed evefeinmieesrst, s

detection algorithms (Bastian et al , 2009) .
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ev

res used in social net work analysis are
mati on about individual positions and i nt
the overal/l structureddfethe@0866b6fri aFonetW
i's on (tihredifvirdsua |Capnoesgi@diyotnys,) a measure o0

ndirected networ ks.

ality i sSMA kwesyedcothc eipdentni fy the most [
vidual s, entities, or criteria) within a

ture and dynamics of the network &alk. guant

There are sever al types of centrality
ality, and others.
i's study, degree centrality is adopted,

s) a node degs.eel cemtthraarl iwor dsn,di cates whi

oned together with other criteria.

| lustratesra&metdgiagsmfilner Goafpshi . The edges ¢«
e (criterionl), a node target (criterion:
the relationship betwdéde maoaddeit ahdedges

aluation matrix is 389 edges and regardi

Tab3e&AnNnExampl e of Edges

Edges- Evaluation (SC) Edges- Selection (SC)
Source | Target | Studies | Edge Type | Source | Target | Studies | EdgeType
STC QC3 R2 Undirect PEC1 | PEC2 R1 Undirect
STC SCC3 R2 Undirect PEC1 | PEC4 R1 Undirect
STC CFC1 R6 Undirect PEC1 STC R1 Undirect
STC QC2 R6 Undirect PEC2 QC1 R1 Undirect
STC QC3 R6 Undirect PEC2 QC2 R1 Undirect
STC RC1 R6 Undirect PEC2 QC3 R1 Undirect
CFC1 | HSC2 R35 Undirect PEC2 | HSC1 R1 Undirect
CFC1 | scci R35 Undirect PEC1 QC3 R32 Undirect
CFC1 | scCcC3 R35 Undirect PEC1 | HSC1 R32 Undirect
CFC2 QC1 R35 Undirect PEC1 | PEC3 R36 Undirect
CFC2 QC2 R35 Undirect SCC3 LC2 R27 Undirect
SCC3 LC3 R33 Undirect SCC3 LC2 R30 Undirect
SCC4 | SCC5 R29 Undirect LC1 LC2 R9 Undirect
LC1 LC2 R11 Undirect LC1 LC3 R9 Undirect
LC2 LC3 R33 Undirect LC2 LC3 R9 Undirect
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Af ter i mporting the edges into Gephi, t he ne
gener at ed, B b gb@abnuifsitgrddteeEladm node represents
size of the node corresponds to the number of
a criterion that is connected to many other ¢

i nteoact

Fi g8aS*ocNatl wioecEle al uati on of Perfor mance

Fi g% e Soci al Network for Selection
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7 @ 2 8 >
sy e @ -

Fi g83& e Soci al ANatrveegraktl ef atri on and Sel ectio
3.57Anal yRa sulotfs

As il |l usahldda Bd nomber of studies related to t
13, whil e the number of studies related to tF
studies and reveal the significant criteria

analysis of results from theeepthwanthet bodsadia

significance and application of each criterio

3. 3RBs filrtashRRUI  Met hod
The res#&ig85perroovm de a comprehensive compari so

(RUI')) for dirThktecentecriritareacategorized into

3.3.PBrilcilng and Experience (PEC)

ThRUI for (PE& 9 fOf efror evaluation but 0.65 for
the bid offer is not considered during perfo
selection process. This <criterion islictrwcioél

subcontractor engagement .
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Similar to PECIN,PEfG2nsa ncn aRUIc agpfacl tfyor eval uat.
This shows that while financi al stability 1is
vitalbhel seselection of subcontractors. Ensurin
resour ces mist iegateinstigsattdasgsooci ated with project

TecritePBOnwith an RUI of 0O for evaluation at
i mportance of prior experience in similar pro

record of relevant work are preferred during

Experienmaest nimdtnisdo m ywi (t hE Gdn) RUI of .f48r feoval
selection, experience in the construction ind
This experience ensures that subcontractors &

which can contribute pgroojtdheet s.uccessf ul execut

Ti mecur agclymi hitdshg( PEC5) has the | owest RUI val
for selection, indicating that it is consider
criteria. While timely bid submissioatisenrele

selection process.

3.32bi.me Critierion (STC)

The cri tsetramdis Solrt with high RUI values of 0.
It underscores thdherienceal oi mpojtancecbhedul e:
project timelines. This flexibility is essent.

compl eti on.

3.336o0dt and Finance (CFC)
Ensusuibmg ntowu dgceopl i ance (CFC1) has an RUI of 0.
selection, indicating its moderate i mportance

to budget constraints is.cruci al for project

The RWCIFCR®&r08 for evalwuation and 0.09 for sel
Whil e i mportant, adaptability in handling inv

or selection process.
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Theri t(eCR®A)s an RUI of 0 for evalwga@dgtoinna@nidt Oi
priority during evalwuation but-sahvaisn gs omeea sir It

beneficial, but they do nmakhegvplrypycempact th

Ti mpd ywment fromi 668 ROFC#plues of O0.15 for =eva
refl ects moderate I mportance. Timely payments

3.3.Qudl 4ty (QC):
The criterion (QC1l) has RUI valueshio$ ©Orbderio
consistently important sgqonabotyw mabeesaks. i &nt

success and | ongevity.

Leveworokimans h,iwg t Q@A) val ues of 0.69 for eval
highlights the I mportanc-qualfi tsykiwdrelkdmawaorhk npa n

projects meet the required standards and spec

Qualitewdonfoduke (QC3) also has high RUI val ue:
selection, indicating its critical role in bot

is a significant factor in determining the ov

3. 35Besdource Adequacy (RC)
Techmrdmpdt en cdeaasi RRWU) of O0.31 for evalwuation anr
criterion is particularly important in the s

subcontractors have the necessary skills and

ThRUObf RG@23idlsfor evaluation and 0.43 for sel e«

Having adequate materials is essential for pr

3.3668cdupational HdeHEdwihr ammde IiStddHSIMW)r ot ect i on
Adher elmead ttofaagd/ul at i owist h( HRBIWLI1 )val ues of 0. 62
0.65 forissedrewcdii aln 1 n both <contexts. Ensurin

regul ations is vital forprporjoetcactriimgk swor ker s a
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Envirommamemeéss (HSC2) has an RUI of 0.69 fo
indicating its higher i mportance in evalwuati ol

for sustainable project management .

3.37G6Gerer al Contractor Satisfaction (Communi c:
The RUI io6f. 5ACClor evaluati;omiandr0t£8i boar i sel e
processes. Effective communication ensures th

execut ed.

Adapt abeslponydiionge aimges (SCC2) has | ower RUI va
and 0.17 for selection, i ndicating | ess empha
changes is not a primary deciding factor.

The c¢crS8a@wiitohn RUI val ues of 0.62 fo,ri sevlreat i
significant in evalwuation. Effective communic

project execution.

Abi |l i toymmuoioc atd € ctroni cal lai I(iSte€ jcompnidai nt s
e ectroni chdtlhy h(aSvCeC5l)ow RUI values (0.08 for
indicating mini mal i mportance. While electro
significantl y i mpmadti ntgh e rooweersasl.l deci si on

3. 3. 5eddd&8rship :Criterion (LC)
Coll ableaderedi p (LC1) has RUI values of 0.15
showi Agpwmpertance. Coll aborative | eadership

ensuring project success.

Dedicatiwnhn h( RO2) values of 0.23 for evalwuation

somewhat i mportant in both contexts.

Ef f e tetaidee shi p (LC3) has | ow RUI values (0. 08
indicating | esser significance. While | eaders

evaluation and selection process.
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The results analysis reveals that certain cri

schedule (STC), l evel of workmanship (QC2), i
(HSC1), are highly val ued eisns ebso.t hOtehvearl ucartiitoenr i
(PEC1) and financi al capacity (PEC2), are cru
evaluation. On the other hand, some criteria,
to communscetecbrdercally (SCC4), and abil it
(SCC5), are of very |l ow importance for both pi
these distinctions helps in priorfienaenthgstdagege:

subcontractor management .

3. 2RBsul ttshXorca m | net WoMNiMeamaldy si s

Threet wor k v jassu asl hiBzwegtdioraoansi g 318 reeveal significant
the critepiiwaottahlatr oplleasy in both the evaluatior
criteria are categorized according to their d

3.3.Ger2t.r1al Criteri a
T Timeiterion (STC) emerges as a central cr
net wor ks. This criterion's high centrality

project schedules are adhered to. rBlceorfer eq

the pivot al role of time management i n bo
making selection decisions. STC is strongl
QC2, kB )effective communiicadi oeatfivencdt htvi@Ltt (i
management i s closelyquiahk¢gawidbbdmmidei aiah.i
T Qualitcyri sabia (QCdreo@Bd,st &B) Yy centr al [
highlighting the i mportance of materi al gu
product . These criteria are essential i n

performance standamds tygndudeluit ser hi gh

T Effective communication compliance with th
communication with other parties (SCC3) al
criteria'"s high centrality wunderscoiroens t he
and responsivenes3SCQGIn gpmrd | CAE3 exree uftrn equen
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both quality and time management criteri a,
project success through clear and effectiywv
1T Health and safety criteria (HSC1, HSC2) ar
whil e HSC1 is more pronounced in the selec
mai ntaining safe working conditionscand a:
executi on.

T Competitive pricing (PEC1l), financi al capa
are more central .The dée ecrsietl eercita oenn snert avotritkat
are not-ebhégticovetbut al so possess the nece:

to complete the project successfully.

3. 32Beri.pher al Criteri a
f Leadership criteria (LC1, LC2, LC3) and adc¢

SCC5) appear more perimpéereirpHerianl bpdshi tniea nMotl
| eadership and communication (SCC2, SCC4,
factors They are essential for smooth pro

are not the primary dred egari exatnitesn i mr d dhees eevs
T Cost and finance criteria (CFCl, CFC2, CEFC
bal anced i mportance in both evalwuation and

n
budget <c¢compl-siawmicreg ameda scuorsets ar e necesbkary
a

but re not as critical as time and quali't
1T Resource adequacy <criteria (RC1, RC2) e x h
bal anced i mportance in both evalwuation and

T Ti mecur asuyomi tht dsng ( PECS5) has a r edaltdcovteil oyn

net wotrlkiss not as critical as other criteri a

STC, QC1, QC2, QC3, SCC1, and HSC1l are consi

selection processes. Meanwhi |l e, PEC1 and PECZ:
HSC2 is centr al i @nott hee reth@&da 6CECA, paodeSECS5 he
degree of centrality.
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Based on the matching results derived from im

of <criteariiat earnida stugdbs been i dentified. Tahle | i:
32except those with the | owest RUI values and
accuracy in submitting bids (PEC5), ability t
ability to receive complaints electronically
333Ref l ection of industrial Experts Perspectiv
The Shiosrtt was presented to a panel of expert

representing the viewpoints odi dgemocetr add d oaarty a

andpéd astihzeed mportance of all criteria, not jus
communi cati on, and manageri al eprad ataitda ey Plr ayc
successful selection of the best subcontracto

3.3 denti andaMeasafeBeghi ficantcrdrtietreirai a and S
The $hett as shown in Table 11.3 and Fi-gure 2

criteria for selecting the best subcontractor

ncl udes seven macirn tcerriitaer iaas wWiotlhl olwBs :sub

3.43Ti nGer i t eSTCO N (

Time refers to the duration required to compl
enable the SC to deliver work according to a
di vi des ncorti ttewoi asunbamel y, scheidul @ @rudioalmaaocek
evaluating the SC's ability to adhere to the
demonstrate flexibility when deaanldi nsgc hweidtuh ed eslft
that i s amount tbé s$cmeduhlhe SC savess all pr o]

ThmeasuremehéexprfesksTe& the performance of cons
schedobdeprocurement schedulTd maNiat(esIalir®)& iAsb odueRii.
rom historical dat a of bSe eafindpiuasl. cMaxsd alre r &ardd
2014) mehbsyurcead cuTiCating the Schedule Perfor ma
tage @ofwotrtke GC

mA—h

On the other hafAR00a@NHhandedldbhbrmnman nSTGe speed o
and the time variation at apgr ejh®ebid7demamlwet il @n
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Ng and Skitmore (2014) referred to the perc

mi |l estones without providing clarification on

Tab37e Formul as and equations to determine ti me

Il t em For mul a For|Aut hor
Schedul e PeBudgeted cost ®Budwetkedead|GC |( Nassar &
| ndex schedul ed AbouRi z k,

Speed of coGross fl odComgteraudtm2gn t i m
Time variat|{(Constr ucReivdrs etdi meo B rADEIOA GC | (Ch a&nCh aAn,,

Al 1T O0OAAO PAOEIT AQ 2004)

Percentage |[No For(omuladitative) SC |(Ng & Ski
2014)

Compl etion |[No Formula (qualitative) SC |Pallikkor
within the 2019)

Based on previous stthialimes c&iMiteem pore t(c & liecvg leamse C
Equad3idn

Revised Contract (3.2

Schedule perforgenee &) 11 n

Wh e:xr e

T Construction Time (CTi)worpk accd mmear ¢ ecroenptl edat
1T Revised contract period (RC)= omirginnald dgn
t he (M&G be | ndkeceraesa snign g)r

3.4320st andCrFiitnr@Exen

Cost i s an i mportant measure. The cost extend
ent i rcotsyngoubryr ead project from inception to compl
from variations and modi fications during the
from | egal claims, su(c®hams & iGhagm,t if,n 2a0n0d4 )ar b

The evaluation of the cost and ofsinhan tFe rmesa il tygr |

it involves assessing the ability of the subc
in the contract, without submitt idogc ucnheanitnss atnh
ensuring that the actual cost of the work p
(Palli kkondal teti sal c 9 ns2i0dledr)eed aFoguatnhe tguiawne.i
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measur emesnkbroft(e€hm@ikm) t i s reasonable to foll ow
cal cul ating theNadsgmer cand eAb ocoun® d( kD & E2r0flodr) macrad e
|l nd€RIl )( during thaen@mkxkemcuand ALG@axsi dered t hat
performance cantke mieaaflene@ nt agstof net varia

Tab38d or mul as and eqU@GF € d)pn etvd toduest es mi ne

Il tem For mul a Fo|Aut hor
CoPerformanqBudgeted cost ®Actwoarlk cpoesrtf GC|( Nassar &
perfor med AbouRi zk,
Net Variati adaNet value 6d¢fi nadr icoatnitomst GC|(Chan & C
2004)
Compl etion gNoFor mudquwal i t ati ve) SC|(Pall i kkor
within budgseg 2019)
Ability to gNo Formula (qualitative) SC|(Bakar an
project budg 2023)

Based on previous sftameiae strhaemda beixlpietryt orfe vti heewsS C
the bud@€F Ch)jnmibtes © & li BEoggu aaBt :eddn

CEC SC Financi al Claims (FC) (33
1§_evised Contract Value (R

Wher e:
f SC Financi al Claims (FC) are claims that ar e
example, an SC may submit a financial <c¢claim as

T RevisedValouw® raotr i gi wmal+tcreaomy e @xlgweant ed by t

GCmay be increasing or decreasing)

Secondly, the capacity of the SC to adapt to
to specific conditions (Putri & Nusraningr um,
t he General Contractor (GCatiownaccocohaanhceéuwiet |
criteCkFoa)This el ement elucidates the financi
guantitative cost i nput, assessed by deter min

the GC priorltdatéae. contractua

Subsequentclryi,t (eCki@)nsctelr nss atvhengcanetasur es i mpl e
SC for the GC across all project stages (Eom
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reductions for the GC through the adoption

guantifiable benefit, md&agswad aadsined etrhirvoeudg hf.rtohne E
(2008) .
. xCost Saving (ltem o1 (34
n_a ( CEC 21\ —
Cost Savime fiFreetual cost (1t

Wher e:
Cost Saving (Task) iMoGa rftirealc tCwaslt Godsats k() Tas k)

The | &gt te@B®AR) the timely payment performance

project execution and timely payment to- mater

Khal ek et al., 2019). 1t is important t® dete
its | abor force or material suppliers during
SC. This aspect servecsrigseraoguamti ti st inveea sua s

frequency agyfme@wdsrakerds pand matre@muigdlousupmlei omr D)

3.3.4.3 Quality Criterion (QC):
I n construction, quality criteria are essenti i

project meets the r eAsus esesdi nsgt atnhdear gl a loift yq ucarl i

measur i ngcrtihtreerei asuabs f ol | ows: Firstly, ensuri
complies with the standards specified in the
(Arsl an )et Thdosi t2008®n (QC1l) iIis measured using
Kim (2011), which invol weoenfagsmansieng etploe t su rilN
materi al s. These reports are 1issued by tthhee ¢

project.

Next ,peQCRaihgesal ity of construction wO(BERmanahip
et al ., QebP2B¥s assessed by dedrefrari ma mage trhep onrutt

related to work requiring rework.

Lastly, QC3 refers to the compliance status of
and particul ar specifications (Bakaran et al
stakehol der s, including other 6G6rpunsedct QE3I ¢
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i's measured by assecsosnfnogr nmtatnec en uwnebpeorr t af ( NECR s )

productlwvbhh QC2 anardi tQe€r3i & uibs consi dered a quar

3. 3IRédsour ce @rdietgaR&irgyn (

Resource caddgeuaa@ay in construction refer to tt

constr

0
Cc

resouricesllalaom,g mat er i adrse sanfdf iecqgueinpgmetnad meet
uctlideemtprfoyjiencgt .r esource adequaac®ricreticai
u

to ensure that the project has the necessary

specified constraints

The ficrrgtt esubon (RC1) concerns the technical ¢
of adequate resources such as technicians, eql
i s measuwurgadtd.emh,ng3. 6 ,dex.iv,edandd o3n 8al l i kkonda
et al. (2008).

RCL = Number of At@@@ﬁ@ii@mspgggogo (3.5)
Number of reqlAi AelAODERBABIOAD st ¢

Number of s [ [
RCD —= .pec.la i zed gqu (3.6)
Number of specialized equi pm

RCB =Number of software issues en (37
RC1 = 0-138. B2FRCB3 RC1 (3.8)

Secondl y,rittheer isomb ( RC2) involves ensuring that
sufficiently available at the proper time (Ba
3.9

Total of days of delay in tF (39

RC2 Revised Contract Period

Wher e:

T Revised contract period (RC)= omirginnald dgn
the(Ma be increasing or decreasing)

All resource adequacy sttiteria are considered a quantitative beneficiplts, except RGB
and RC2.
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3. 30dcupatHeahualbafaemtdfEn@aindo n Prenttea@t 1 6 EHL P n

Health and safety are defined as the extent to which general conditions promote the completion of

a project without major accidents or injuries (Bubshait & AlImohawis, 1994). Constrpctioa j e c t s

i mpact the environment in numerous waHWH$SC t hr ou

criterion issues are among t he (nBoaskta riamp oertt aanlt.

HSCl1= 0.-2% BSZB+HSC28+HS8C28 HSC: (31D

The HSC <criteri on -cernictoemrpiaas.s elBi rtshtrleye, siutbh i nvo
t owaorcdcsupati onal health and safety requirement
comply with the health and safety rules reque:c
Bakaran efThaslssdr | 2@0HBOPIN) i s measured INywamet hod:
Skitmor@anko2edtl 4810:0 8)

T HSGL-Number of 1incidents of damaging utilit

durpmgj ect

HSC12= Number of fatal incidents by SC workehsring project

HSC13=Number of reportable safety violation and injuriesi r i ng pr oj ect

HSCZ14= Number of prosecutions made by Labor Department or Union during project
The second subriterion pertains to the environmental compliance of subcontractors during the
project, which involves maintaining a clean workspace and adhering to the GC's waste
management pl an ( Ba k acriterion (HSC2) & measuld® @ePeBnjning T hi s
the number of warnings issued by the GC site officer.
3.3Général Contr aCtoonmua teCadifi taodSt@ Jom
Meeting the expectations of the client is essential for ensuring that a contracting company will
continue to receive repeat business (Nassar & AbouRizk, 2014). Similarly, a subcontractor should
maintain an ongoing working relationship with its clients (Sims & Anderson, 2003). The
satisfaction of the general contractor is achieved by meeting expestatigarding the level of
quality and communication. Quality expectations are covered under the quality criterion.
Therefore, SCC specifically focuses on the satisfaction of the general contractor with the

communi cation process with subcontractors.
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|l bhis context, the SE€CitaridaviBdiedstilIlngy,0 itthrieryv

compliance with the GC through the use of coc¢
exchange during the project 2&2%utiNg &I TaAang!
partially measurred omhitdhrrouwlph the rate of atte
responses to contractor correspondence. SCC1

3.11, 3.12, 3.13, and 3.14

Number of RFI Osentoff irferisopio n9adt (3.1 )

SCCL = imber of oséncialrfémpm mics d
Number of attendance meet (312
SCGA —= .
Number of meetings that SC sh
Number of submittin d
scey g ocument (313
Number of documents as conti
SCC1 = 0.830SXTXIBZLCR3 -BCC1 31 2%

Next, the ability to flexiblyrespond to changes in the project is the seconasigvion (SCC2).

In other words, when a change is requested by the client or GC in the production process, the
subcontractor's reactions and analytical skills are ass@d4apék& Nekardova202QBa k ar an et
al., 2023) SCC2is quantitative input andan be measured using Equati@Gnka

Number of accepted changes (316
SCC2—= pmTmb .
Number of changes required

Lastly, ensuringadherence to coordination with other subcontractors amsiteremployees
guarantees smooth collaboration without causing delays. Thisrgabon (SCC3) is measured

by determining the number of incidents, complaints, or conflicts reported by GC esgineer

3. FLédadeCshipLCi)on (

Effective leadership is indispensable in every construction project, with leadership behavior
serving as a crucial variable that significantly influences project management success
(Gharehbaghi & McManus, 2003)here is an increasing necessity to scrutinize and assess social
structures, individual perspectives, and personal characteristics, as they can also exert an impact

in coll aborative endeavors ai med at achieving
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Limsila and Ogunlana (2008¥efined the style leadershimnd concluded thatansformational
leadership styles better thatransactional leadership stydecausé¢he transformational leadership
style has significant relationshipsith work quality and creativity in problem solving of

workforces

The leadership criterion (LC) is assessed through a qualitative evaluation of thha@esish

( Bak ar a&2023)dirst, laadership is evaluated based on its focus on fostering collaboration
and facilitating the development of subordingieS1). Secondly, commitment to the project is
gauged by assessing the extent of effort dedicated to resolving issues with (héZxd astly,

the ability to conduct sherand longterm assessments and anticipate opportunities and threats is

considered as an indicator of effective leader§b@).

LC1, LC2, and LC3 are considered subjective evaluations because the GC team's opinions are the
source of evaluation. To measure LC, the rating scale method is implemented with a scale of 1 to
10. This method provides a simple and intuitive way to quantify qualitative data (Nassar, 2005).
To obtain the final aggregated value, the weighted average with the expert calibration method
(WAEC) is utilized.

WAEC is a robust method for aggregating expert opinions. By assigning appropriate weights to
eachGCteand s r ati ng b as dheevalumtionik emnsidereel faipamdreadcisate,

Furthermore, WAEC helps to reduce bias dssigning more weight to the opinions of more
experienced or reliabl&C teams this method reduces the impact of less informed opinions
(Shahar,2017) Additionally, the final aggregated value is more likely to be accurate since it
reflects the insights of the most knowledged®(@ teams

3. 3. UmE!l etnftreentRatamd) Weiad et e dG CA vt e€radny e Mwit t o
3.3..48t7e.p1l 1: Develop a Rating Scale
1 Createratingscale: Develop a rating scale from 1 to 10 for each , where 1 represents the

lowest level of performance and 10 represents the highest level.

3.31&2%-p 2GCGCaOPpmNI OoNns
1 CollectGC teamratings: Obtain ratings from a panel@€C teamfor eachcriterionusing

the developed scale.
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Rij=Ratinggivenby GC team for criterionj

3.314Bt7e.p 3: Assign Weights to GC Team
1 AssignGC teamweights: Evaluate and assign weights to gaChteambased on their
expertiseandexperience.

Wi=Weightassignedo GC team from 1 to 10

3. 314St7¢:p Cal cul ate Weighted Ratings
1 Calculateweightedratingsby utilizing Equatior3.16

WRj= | _2EETE 318
WhereWR,; is the weighted rating fariterionj, R; is the rating given by G@&am i for
criterionj, and Wiis the weight of GGeam i.

3.31%.Step 5: Sum the Weights
T Sum weheghts by ut3i.lli7zi ng Equati on

/

TW | _7E 311

Where TW is the total weight.

3.316et.Step 6: Cal Awlea talgnedplly e e Wait)e klt e d
f Calculate the final ag@rd@ated value by us

W Aj | _WRj547 (318

3.3PAi Bing and Experience Criterion (PEC):

The PEC is divided into two categoriesiteheap:!
Firstly, the tender price, defined as t-he SCO0
Mashaleh, 2009; Pall i kkomddear epr iade ,wi2l0l19ne g d tnic

selection of the SC. Therefor.e, it i's consi de

Secondly, financialf aafo@oms £Zx0 GBhicropnpl &ys, s(afbli)t o b ¥
refers to the ability of a subcontractor to g:¢
Akin&oSlkit moNextgO®BeephndGtt@gattelse expansi on of a
business over ti me, typi cTahlilrych anteiavsua teels 9§ (NA & )etr

| evel of engagement and invol vement of a subc
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mar ket changes, and pr oLaacstsitvgepliyldietfdydrr(deBsl s)amd gl ic h
of a subcontractor to maintain consistent perf
without signi fiTchaehstcechegatomei dmpadtquantitati
are meastkEgeadt3usidsgg 3. 20, 3. 21as 3p.rop,o0sEk.d2 b,y akEno
(2008) .

Operation _Profit SC
b R ifd Cd ( ) 310
Revenue
GICurrEInAIEEEAdveQd\lAeD (SC) (32D
Prev&blusl ARlv e
N Cur r&eEd tAT AERAIveSBlAlAeO( C) (321
Curr&eEntAIAEl'AItaSDAA&@p % al
S11 3 year average annual re (3222
S12 credit rating score 323
PECD .IJP+0. I BKOJ2AKO.I 341+0 I 8-2 32 %
The experience category includes the experien
similar projects that the SC has accomplished
Next i s experience in the construction indust
construction. The experience .category is a qu
| Selection the best (SC) ‘
i 'I : ! i | I- i -I nvironmental ea erls i
1.EF;::Ir?egn2;d 2. Time (STC) Fii.a(;gesl(gf;dc) 4, :Z():L’ng;ty 5. Resuur((:cﬁ)tdequacy (Cgl:n?ﬂinsi:::;i(;zggc) 7. glr-;?esﬁon(Hsc)t | S,L(L(:(I:) hip
(PEC) L
&
( A
1T sSTC _2- Cost and 3. Quality 4. Resource Adequacy 5. GC Satisfaction 6. OHS-Environmental 7. Leadership
LIS Finance (CFC) (Qc) (RC) (Communication)(SCC) Protection (HSC) (e

Evaluation of Performance
(8C)

Fi gB3Rel ati onshi p blentdweceens Fevlad cutaitam nCr i t e
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T a b3l9.e

Shiost

of Craernierermi and Sub
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Criteria
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1
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Experien

Criterio
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constr

projec
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u

S
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€

No Equation
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Ogeratioanrofit ( S
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Revenue

Gl

CurrEhAI EER\avegni&lA/eD (OSO/C)
Prevabiuhl ABRelv e °

Al

Current Financi al Year
= - —/1 0 0 %
Current Financi al Year

Si1 = 3 year average an

S22 =credit rating s

Exper.i
simila
(PEC3)

Number of years

Exper.i
constr

i ndust

Number of years

Ti me Cr i
(STC)

Compl i
flexib
projec
(STC)

1

(STCBevised Contract P ¢
7Construction Ti me

Cost and

Criterio

Ensur

subcon
budget
compl i
(CFC1)

n
t

0
r

FCl§C Financi al Cl ai ms3
Revised Contract Va

Adapt a
i nvoi c
ti mel.
(CFC2)

n

€

Determining the frequency of

prior

to the contractual dat
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Cosstavin Cost Savinsz;\:ch?vi_ng (1t
(CFC3) xContractual Cost
Ti mely |Assessing the frequency of d
from SC|suppliers) throughout the pr
Qualdrtiyt (fUphol di fAssessing theomumbmanoé nepo
(QC) materi allmateri al s.
(QC1)
Level offDetermining t-benhaommancefrap
wor kmansto work requiring rework.
(QC2)
Theuali |Assessing theontbmbmanoé nepo
the end|finished production
(QC3)
ResourceTechnica o
Adequacy/lcompet enRCd Number of Aleﬁc’hfh,éiﬁclﬁlal?’\{s(ésc,)f
Number of regAl AeAAOOEBRNEI
Criterio(RCL) RCD —= Number of specialized
Number of specialiCzedt egqgoct
RCB =Number of software issues
Materi al RC2To_tal of days of del.layooi'n
availabl Revised Contract er i
Adher e HSGIL= Number of incidents o
Occupatilhealth gmaterials by SC workers duri
Heal th aregul atilHSGA= Number of fat al i ncide
Safety a (HSC1) HSG3= Number of r epor tiarbjluer isg
EnvironnHSC1=10.project
Protecti|HSGL+ d.[HSGA= Number of prosecutions
CriterioHSGA+ d.|Union during project
HSGa+ (.
HS G4
EnvironnDetermining the number of wa
awarenes
(HSC2)
Gener al Effectiy S(:G]lN_umber of RFIﬁs.eﬁ.tonirf(erisapﬂD
Contractlcommuni d Number of osémtcialrférsomod ra
Satistac SCOA (et ot mee T as THAT SC.
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(Communi|jcompl i an
CriterioGC (SCCI1
scc1 = d SCG3LN:umber of submitting docun
. Number of documents as ¢
ISCCn+0.
Iscca+ol |
SCC3
Adaptabi Number of accepted cha
Respondi SCC mber of changepsnTFpequ
Project
(scc2)
EffectivyDetermining t he number of i
communi greported by GC engineers
wi t h
(SCcC3)
Leadersh/Coll abor/l mpl @ mghr&t ismagl ewed mgdat eerda g &Cwi {
CriteriolLeadersHhcali bmatihod
Dedi catill mpl @ mghrgt ismagyl ewea mdat erda g &ECwi 1
(LC2) cal i bmat h o d

EffectiyV

| eader sh

| mpl éd mghrét ismayl ewea mdat erda g &ECwit 1

cal i bmat h od
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Chapter 4: De vCeolnoppuniegwtdidzedfd ft hre Per f or mance
and Selection of Subcontractors

4.1 I ntroduction
The assessment of the performance of subcontr
selection pro@ess af orewt pe ohbest require the de
includ-tngt esmuiba and their respective weights.

sel es€Cdenmgands precision and foresight to ensur

The devel opment of a computeri 56de|neocdeilonf orre ppre
a significant advancement in project manageme

criteria are identified and formwvl awed based

Il n this chapter, theriweéegha sand assitgegmed, aadd
model is developed using formulas for assessir

is then wutilized to sewegnojtdet best subcontra

42Cal cul ati ng Wei ghtGr iotfUsrCnagt ontaea@dr Baband A
4. 2.1 Background

ThAenal ytic Hierarchy Process (AHP), pi oneered
deci-mdakinng tool for effectively managing and
( Momani & Ahmed, 2011) . By engagbmgarnsanstoi
criteri a, facilitabgd uBBh2) g hteh ed Amiad iydnn ¢ maHk esrr ¢

determines the weightSadwoy &h¥aregad,uaz20ldh; cBar

Il n the oModretre hGanrdl, 0 Si mul ati on i s a mat hemati

account for theuantsiktsat inwe | aredal @anaoaneétdadi s i

AccordBamgzdm@e&f,Blamer ous studies globally have
Analytic Hierarchy Processer(iAdHP) d d mi sa dodr ecshsa

relying solely on the conventional AHP presen
esti mpteféoences. This singular appr-makhngeig
and poses <challenges to achieving precise de
i naccuraci es, sever al studies havCardmaloxtait e d

Hi erarchy -RHBrebgygb((ML. This hybrid approach a
6 4



deci sion across various <criteria by represen

variables within a distribution.

4.22 mpl ementing Mon{({ MQAGEPHlybr and AHP
Situat edFibgedlt,oewwhisch outlines the steps descri
Anal ytic Hi er aArHPhy nRertchooeds § o(rM@ve-c giht emigacr Thies

approach was developed using the Python progr

Preparation of Pair Wise hMatrox betwesan Uszazge of Traditional
Criteria (Individual Fesponses) AHP

Preparation of Probability Dhstribution
Function for sach Datarminiztic Variable

—_—

Uzage of Monta
Carle Simmlation

Creating of Pair Wise Matrices according to |

randem values

[ Creatmg of Mormalized Matrices ] 3\

v

Obtaining The Priority Vectors J

} Uzage of Traditional
_ AHP

Checking the
Conzistency

Ratio (CR= 0.1}

[ Detanmmining the Waight of Each Critenna J ..J

Fi g4lr e St epsAHPf) (HWbri d for WeiCrhittienrg aCr i t e
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4. 2.2.1 StepPadilr@oGemeaerriastodnoad xtpreir X s

The daltlaecti on process involves gathering inpt
each criteriamrramcec sehative to one another th
scale ranging from 1 to 9 tmmpoex(RPRencré&l Peerstt or
2023). This process is remgeagatted ifagr ialclorpairrag

opinion

I n order to reduce bias and facilitate expert
judgment is employed instead of poi nltevjeddg me
comparison scaTe&ebdleeas il lustrated in

The compar Moe matmerd from the comparde.sjon ma

Equa4 ilesn usedctjo define

C=YET (7iIE | m 1,2,3,6é (4.1)

wheg gefers to the i mportance degreevealoufateiloenme n:

cri melddeanot es the number of criteria compared

Tabdllest andalrav enli neompari son scal e

Intensity of o

importance Definition Range
1 Equal Importance 0 - 10
2 Week 11 - 20
3 Moderate Importance |21 - 30
4 Moderate Plus 31 - 40
5 Strong Importance 41 - 50
6 Strong Plus 51 - 60
7 Very Strong 61 - 70
8 Very Very Strong 71 - 80
9 Extreme Importance 81 - 90
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Cc1 C2 Cé Critat®

C1i 1 W1l/ W é. . W1 /W

M(expemrt [C2 CGa W2/ W 1 é. | W2/,Ww
cé ée. . ée. . 1 ée. .
Critea¢®B(Cyoz WJ W W/ WI é. . 1

4. 2SPepClle®rebabil ity Distribution

4. 2.2 .2ntroduction
AProbability Distribution describes how the
di stributed agorsed D I(Whedd ke of

Il n Monte Carlo simulations, probability distr

compl ex systems and processes that involve un

One of the primary purposes of wusing probabil

generate a | arge number of random samples for
the defined probability ditgstomi bauctciuornast,e |l & n sruerfi
variability and stochastic nature of the syst
Kotudtskal ., WwaarRé&eOnpl andphbambpedtubald.e,x p(l 220 In&)d det .
characteri st i cparodmedtiesrts i dnud isoma ppen dd a B4l2e s e c a s
Tabd2er aripowdbabil ity distribution
Distribution | Parameters Shape Use Cases
Mean (¢g), Used in natural and social sciences to repre
Normal : :
Devi ati on realvalued random variables.
. Used insimulations, random sampling, a
: Minimum(a), .
Uniform : scenarios where all outcomes are equ
Maximum (b) : oo o
likely. Examples: rolling a fair die
- Used in project management and risk anal
Minimum (a), - .
. : where only minimum, maximum, and md
Triangular | Maximum (b), : i )
likely values are known. Examples: cost &
Mode (c) . )
time estimates.
. Used to model nconegative skewed dat
Locati on ) . ; A
Lognormal () ‘ Examples: stock prices, income distributi
time to failure of mechanical systems.
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4. 22Rr.®2babil ity Distribution

Based on experts opiifj dmavsa | ueeasc.h Inma tortihxe re | weonre
opinion creates a pairwise comparison matri x.
simulation employs various probability distr.i
expertsyviaTheseace then used tActor ditasgepirababi

(201 B, number of distribomiiBognuZauncti on i s obt

N: n _1) n (420

I n order to determine the fit diSmirbotvi ¢ KSQf
i mpl emented (Schaefer etmialnoyv 2®k93) .i sThae ckoonlvn
investigatingwmdehéyheg uwovariate probability
undi stinguishable from each other or whether .
hypot hesized distribution (Olea et al., 2009)

KS test defines the maxi mum absolute differen
function (ECDF) of the sample and the cumul at
di stribution as a measure opadamageesmeht tfphkeo

are considered when .determining this differen

Further moalyetpmleays a cruci al role in deter mi]
I n ot her wwoaldwse iisf Itahregepr t hant,hteh endlelv el y ppdt hse
iaccepted (Olea et al-val 200D Pi DFOBOSH msbitt ameg e c
suggesting there is no significant difference

Given the diversity of -Smiprerav o(pk $)i otness,t thhaes Kb
using Python t of idteteirsni mieb uthieonb e sltt has been
di str i-Naurtmaolns( ND), Triangul aar é TO) i, t almlde Loigtn® r
ci.,,b, f i s i mportant to note that the nor mal di s
meaning it can generate negative values, eve.l
should only &tei weosvdliwes da&mg have a high prol
particularly when the mean is close to zero or
et al . (2022) and Diwakar (2019) stabemalhat
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di stribution (LD) cMGAHMR cuosnesdi denr iinngp |tehnee nntiinni g

val uesasofi ndio,rimed by expert opinions.

The wutilization of ND, TD, and LD distributio
values (samples) that adhere to the ch®&0&cter
random values have been generated separately

gener at 06 ¢8Il uesg for each c

4. 2.2.3 Pteaaegr@3 e Re Pairwise Comparison Matri x
I n this ste@mpaaripainr wnaster i X i s regendr@d@@d ac

random vala,gsAsf oar reeaschl @0 0 amattortiacle sofarleD f or med

4. 2SSt epCreating of Normalized Matrices
After generating m pairwise comparison matrices,stiesequent step entails normalizing each
matrix. This process involves dividing every dell) by the sum of its respective column values,

according to Equatiod.3.
@B = Ti#i || (4.3)
4. 5SPempOWt ai ning ThesPftWeirghtysMector

Average the normalized values across each rows to obtain the priority ygdmrdach element.

This step has been implemented for 10,000 matutkzang Equatiord.4.

T (4.9
3

4. BSPemChecking for Consistency

Step 06 involves checking the consistency of the pairwise comparisons made by the-decision
makers (Saatyl987). This step is crucial because it ensures that the judgments provided do not
contain unacceptable levels of inconsistency, which can undermine the reliability of the eecision

making process. The breakdown of how to check for consistency is as follows
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4. B. QRal cWPlIratnei pal _mixgenval ue (

The process of calculating the eigenvalugs) involves several steps. First, multiply the pairwise
comparison matrix (M) by the priority vector to obtain a new vector. Then, divide each element of
the new vector by the corresponding element of the priority vector. Finally, the average of these

eigervalue estimates isnax, as shown in Equatioh5.

n (4.5)

Ama (M /)
1

Sl

4. b2Qal cul ate the Consistency Index (CIl):
The calculaton of the consistencyindex using the principaigenvalue (max of the matrix. ClI
has been calculated by EquatiB.

Sma - & 4.6
cp Pmaf (4.6)

Wher e:
T ni s the number of criteria or el ements bei.

4. 23Retber mi ne the Random Consistency I ndex (RI
Rl is an average consistency index derived from a large number of randomly generated pairwise
comparison matriceRl values help determine if the level of inconsistency in your judgments is
acceptable or if it might be due asandom errar

T a b4.3eshows the commonly used RI values for matrices of order 1 to 10, based on a large

number of simulations

Tabd3drRl va&BSmasy, 1987)

Size of Matrix | 1 2 3 4 5 6 7 8 9 10
R 0./]0.10.%Y0.9 1.1 1.2 1.3 1.4 1.4 1. 4
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4. 24Qal6c.ul ate the Consistency Ratio (CR)

The consistency ratio (CR) compares tomsistency index (Cl) with the random consistency
index (RI) to assess the consistency of the matrix. A CR of 0.1 (10%) or less is generally considered
acceptable. If the CR exceeds 0.1, the pairwise comparisons may need to be reviewed and adjusted
to reduce inconsistency. TheROs calculated using Equatiahy.

C) (4.7)

CR R

4. ZSR epDdv etlloeg Wei ght of Each Criteria

In this step, any matrix among the 10,000 matrices that does not comply with the condition of the
consistency ratio (CR) is nobnsidered. The final weight of each criterion is calculated by taking
the mean of the weights resulting from the acceptable matrices that meet the CR c(B@itiorz o n
et al., 2016)

4.32 mpl ementi nAHPraditional
Refer Fi gdliteloe AHP is i mplemented using steps (
Schaefer et al . (2019) , I n the traditional A

averaging the weights obtained from each expe

4 42Application of AlflorSAMPs Using Python

The data was collected from three experts who
extensive experience in the construction indu
All stepHdPodr MCcoded in Python to automate th
devel oped for t he Nor mal ( ND) , Triangul ar (T
inputting the type of distri butniuomb,ern uonibeirt eorfa
experts' opinions, the final outputs include
di stribution, a histogranmaofr wi sequrempiate sbaor

weights of the rcamkiemg acdFri igtlsdiacvwshetdndeof coof d eM C
AHRBt eps.
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In [ ]: MC-AHP Steps
1. Import necessary libraries

2. @et expert opinicns:
- Input: number of criteria, number of experts
- putput: list of expert opinions
- For each pair of criteria, get and validate opinicns from each expert

2. Generate comparison matrices:

- Input: number of criteria, number of samples, expert cpinions, distribution type

- output: list of valid matrices, count of valid matrices

- For each sample:
- Create a matrix with ones
- For each pair of criteria, generate a random sample based on the distribution type
- Update the matrix with the sample and its reciprocal
- Check if the matrix is consistent, add te list if wvalid

4. Calculate weights using AHP:
- Input: matrix
- Qutput: weights, consistency index
- Calculate principal eigenvector and maximum eigenvalue
- Mormalize the principal eigenvector to get weights

%. Check censistency ratio:
- Input: matrix
- Qutput: whether the ratio is satisfied, CRI wvalue
- Calculate weights and consistency index
- Calculate CRI and check if it is satisfied

o

. Plot distributions:
- Input: distributicn parameters
- Qutput: none
- Plot the probability density function for normal, triangular, and logmormal distributions

. Main functicn:
- Get user inputs: number of criteria, number of experts, number of samples, distribution type
- Get expert opinions
- Generate compariscn matrices
- For each wvalid matrix, print it, check consistency, and calculate weights if consistent
- Plot histograms of weights for each criterion
- Calculate and print mean and standard deviation of weights
- Plot distributions for each pair of criteria
- Plot final weights of criteria in a bar chart

3

. Run main function if the script is executed directly

Fi gaaZ2RseudocodleHH oSt eMG

4 42 Criteria for Selection the Best Subcontrac
Firstb#a3idl ustrates the threperpai dekxgpyatmlpacei

PEC STC CFC QC RC SCC HSC
PEC 1 2 2 3 1/3
STC 1/2 1 2 1/3 1/2
CFC 1/2 1/2 1 1/3 1/2
QC 1/3 3 3 1 1/2
RC 1/4 1/5 1/3 1/4 1/3
SCC 1/4 1/4 1/3 1/4 1/3
HSC 3 2 2 2 1
LC 1/3 1/3 1/2 1/3 1/2 1/2 1/3

l_
@]

Wk PN |w|o | s
Wk PN [w| S|~

P WININWIN(W|(W

Figax @& Expert 01
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Next hr ee

empl ofiegdd, &i gdb.eantBi gdbsehow

respectively.

Probability Density

Normal Distribution

| PEC STC CFC QC RC SccC HSC LC
PEC 1 2 2 2 2 2 1/3 2
STC 1/ 2 1 2 1/ 5 4 4 1/ 4 3
CFC 1/ 2 1/ 2 1 1/ 3 2 2 1/ 4 2
QC 1/ 2 5 3 1 4 3 1/ 4 3
RC 1/ 2 1/ 4 1/ 2 1/ 4 1 1 1/ 4 2
SCC 1/ 2 1/ 4 1/ 2 1/ 3 1 1 1/ 4 2
HSC 3 4 4 4 4 4 1 2
LC 1/ 2 1/ 3 1/ 2 1/ 3 1/ 2 1/ 2 1/ 2 1
Fi ga32&Expert O

PEC STC CFC QC RC SCC HSC LC

PEC 1 4 7 2 2 3 1 7
STC 1/4 1 5 1/4 1/4 1/4 1/7 4
CFC 1/7 1/5 1 1/7 1/7 1/6 1/6 2
QC 1/2 4 7 1 6 1/2 1/6 4
RC 1/2 4 7 1/6 1 1/6 1/3 2
SCC 1/3 4 6 2 6 1 1/3 2
HSC 1 7 6 6 3 3 1 2
LC 1/7 1/4 1/2 1/4 1/2 1/2 1/2 1

Fi g4 8 Expert 03

Fi g43Rair o meparMasgan ces

types -Nofr mdil st(rNiDQuyt iTornisangul arar(eTD) ,

0.20 +

e
=
3

4
=
o

— Mean: 1.722, Std Dev: 1.437

0.5

1.0

15
Value

Fi g4« e Nor mal

2.5 3.0

Probability Density

7

0.14 +

0.13 4

0.10 4

0.09 ~

3

exampl es

Normal Distribution

QC vs. ¢
(1/326)

—— Mean: 3.167, Std Dev: 2.754

T T T T T
1 2 3 4 5 6

Value

ON B Yolrh rbeue

f or

iBbxperts

ND,



Triangular Distribution
Triangular Distribution

0.7 0.35 4
0.6 | 0.30 1
0.5 0.25
z 5
2 5
& 0.4+ ri 0.20
> =
£ 3
203 s 0.15 |
g 8
£ & QC vs.
0.2 0.10 ;
(172,
0.1 0.05
0.0 4 —— Min: 0.167, Mode: 1.722, Max: 3.000 0.00 4 —— Min: 0.500, Mode: 3.167, Max: 6.000
T . T . T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 1 2 3 4 5 6
Value Value
Fi gasx @driangul ar Distribution (TD) for
Lognormal Distribution Lognormal Distribution
—— Mean: 1.722, Std Dev: 1.437 0-301 —— Mean: 3.167, Std Dev: 2.754
0.5 A
0.25 A
CFC vs. QC vs
5041 (1/6,2 . 112
= 2 0.20 ( L
5 5}
[s] [=]
203 z
= 2 015
g g
= 02 =
0.10
0.1
0.05 A

T T T T T T T T T T
0.5 10 15 2.0 2.5 3.0 1 2 3 4 5 6
Value Value

Fi g4 elLognor mal Distribution (LD) for

Next, 100,000 randomave gepthes at ed @sdcmgv &NIDyue TLC
number of accepted pairwised4dOdmpaoci sbd0 Madoit
74 48ut of frOoon ODP4d@Ewntd of 100FOQQ@7AiHrlouns tlrat es t
accepted matrix for ND, TD, and LD.

Pairwise comparison matrix for Sample 7406 :
[[1. 2. 3.25049107 2.92265841 3.20488553 3.07723777
0.83614457 5.84112443]
[0.5 1. 3.11837408 0.25425593 1.06232855 0.83533758
0.36350208 3.29227053]
[0.30764582 0.32067994 1. 0.14285714 0.40995706 1.98797551
0.31374354 2.78254187]
[0.34215425 3.93304496 7. 1. 4.35595912 3.54125702
0.32040389 3.22873529]
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[0.31202362 0.94132837 2.43927988 0.22957057 1. 0.7452148
0.33333333 3.2230872 ]

[0.32496676 1.19712081 0.50302431 0.2823856 1.34189498 1.
0.28833505 2. ]

[1.19596543 2.75101589 3.18731661 3.12106069 3. 3.46818743

1. 2.
[0.17119991 0.30374175 0.35938363 0.30971879 0.31026154 0.5

0.5 1.
CRI Satisfied: True, CRI: 0.0988+0.0000j, RI: 1.41, Consistency Index: 0.1
393+0.0000j
Weights for the matrix: 0.2311, 0.0888, 0.0598, 0.2026, 0.0760, 0.0652, 0.
2357, 0.0407
Pairwise comparison matrix for Sample 74743

[[1.  2.60056704 3.23444691 2.29155315 3.26828853 3.15069359

0.95849656 3.42843073]

[0.38453152 1.  2.92559911 0.27717129 4.76541908 1.93073523
0.28510744 3.12834489]

[0.30917187 0.34181033 1.  0.28305838 1.03808579 0.80927838
0.3349755 2.3503462

[0.43638525 3.60787733 3.53284009 1.  4.2873742 1.306153
0.39449635 3.4369148 |

[0.30597054 0.20984513 0.96331152 0.233243 1.  0.93307936
0.28196991 2.55417065]

[0.31739043 0.51793741 1.23566874 0.76560709 1.0717202 1.
0.30234338 2.35119015]

[1.04330056 3.50744969 2.98529292 2.53487771 3.54647767 3.3074976
1. 2.11239914]

[0.29167864 0.31965785 0.42546922 0.29095862 0.39151652 0.42531651
047339538 1. ||

CRI Satisfied: True, CRI: 0.0723+0.0000j, RI: 1.41, Consistency Index: 0. 0
91020+0.0000j
Weights for the matrix: PEC(0.2241 ), STC ( 0.1224 ), CFC (0.0607 ), QC (0.1752 ),
RC(0.0580 ), SCC (0.0758 ), HSC(0.2386 ), LC (0.0453 )
Pairwise comparison matrix for Sample 23046 :
[[1. 2.61045392 7. 2.67177306 2.79863516 2.80587409
0.37435329 5.64493306]
[0.38307514 1. 3.14566981 0.26178945 2.06443576 0.82797447
0.16906331 3.01968994]
[0.14285714 0.31789732 1. 0.33333333 2.15194143 1.12726084
0.24311087 2. ]
[0.37428329 3.81986361 3. 1. 4.67435721 1.93909645

0.25817727 3.55483438]
[0.35731703 0.48439386 0.46469666 0.21393316 1. 0.6899989
0.33333333 2.16336377]
[0.17715002 0.33115983 0.5 0.28130706 0.46224311 0.46927228

0.36429756 1. 1l
CRI Satisfied: True, CRI: 0.0831+0.0000j, RI: 1.41, Consistency Index: 0.1
172+0.0000j
Weights for the matrix: 0.2229, 0.0841, 0.0593, 0.1534, 0.0540, 0.0726, O.
3136, 0.0401

Fi ga7n elPast Wo m@a rMastorniND , f olrD, and LD

75



Lastly, the final wei ghts have been calcul ate

accepted matirfiacbdlde, as shown

TabdldeNei ght s of Criteri a for Selecting SC

Crit MGAHP AHP
N D TD LD ExpelExpe ExpelAver
Wei g Std [Wei g/ StlhleyyWei gSt d Wei gWei gWei dWei ¢
PEC |0.21(No0.do0.22/(N0O.|0.2Q(NO.|0O0.1]0.12|0.2]0.1
STC |[0.10(RNo.(¢o. 10/(No.|0.12q(No.|]0.1[0.1l0.0]0.1
CFc |[0.06/(No0o.(¢0.06/(NO.[0.04(NO.|0.0[{0.0/0.0[0.0
QC 0.18(No. (0. 18/ (No.|o.14d(No.|0.1]0.1[0.1]0.1
RC 0.05(NO. (0.06/{(NO.|O.08(NO.|[O.0[0.0[{0.0[0.0
scc |[0.06/(No0o. (0. 05 (No.[0.07(NO.|0O.0[{0.0|0.1]0.0
HsSC |0.25(No0.do0. 25/ (NO0.|0.2%3(NO.|0.2[0.2|/0.2[0.2
LC 0.04(NO. (0. 04 (NO.|0O.04(NO.|[O.0[0.0]{0.0|0.0
Tota/l.000 1.000 1.000 1.0/1.0{2.011.0

To show the distribution of weights for each
each criterion, hi stograms of frequencies for
Fi g48& e

Histogram of Frequencies of PEC Histogram of Frequencies of STC

4000

Frequency

2000 4

1000

ols 020 0.22 % T

Histogram of Frequencies of CFC Histogram of Frequeancies of QC
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Histogram of Frequencies of RC Histogram of Frequencies of SCC
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Fi g4& e Hi stogramfofr EaehuNEDncitesi on

Based on,Rihgei9Yaeeiugdtrfe datd5e |l | us tcoanpe etelaewere n
weights and ranking of criteria

Comparison of Criteria
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Criteria

& MC-AHP (ND) @ MC-AHP (TD) i MC-AHP (LD) @ AHP- Expert 01 & AHP- Expert 02 & AHP- Expert 03

Fi gaa@omparcCirsomeri a
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Tabdse Ranking of Criteria

Criteria MC-AHP Expertl Expert2 Expert3 A\,(A‘e|-r||%ge
Rank Rank Rank Rank Rank
HSC 1 1 1 1 -
PEC 5 > 3 > >
QC 3 3 5 . :
STC 4 4 2 5 "
CFC 5 5 5 . -
RC 6 7 5 - =
scc 7 5 - - :
LC 8 3 3 - -

Visualization of Ranking Criteria

Rank Rank Rank Rank Rank
MC-AHP Expertl Expert2 Expert3 Average AHP

BEHSCEPECEQC mSTCHCFCmRC mSCCuLC

Fi g4r0¥i sual i Rant kCamgt efr i a

4421 ndifoes Eval uating the Performance of SC

The steps have been repeated to obtain the we
each value usiAdgheNDumbByr @hdalbDepted pairwise
4852ut of 1003,/MDutf oorf N0, O B®BLOr oTD10&NOO0 f

Fi gaar®rhows histogram of frequeinncdides weirg INtDs TI
have been cal cTualbdeed as shown in
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Histogram of Frequencies of index SCC- TD
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Fi galrleli st ogram o-fl nEreexq B&€rCci e s

Based on RihepdlrZéEsgdlt3s dmddée | | ustrate the
wei ghts ancd irtaenrkiiang of
Tabdee Weights of I ndices for Evalwuating
Crit|ND TD LD Expe Expe ExpelAvera
Wei g|Weitg|Weitg/Wei g|Wei g Wei g/ Wei gl
STC |0148/0.140.130.1/0.1/{0.0/0. 114
CFC |[0087 |0.080.070.2/0.0/0.0/0.0¢
QC 0267/0.260.250.2/0.2/0.1(0. 21
RC 067 (0. 060.070./0. 001D 0. 0¢
SCC |007r8|0.080.090.0/0.0{0.1/0. 11
HSC (0298 |[0.320.310.2/0.3/{0.3/0. 31
LC 0051 /0. ®@50.080.0/0.0/0.0(0. 05
Totall1.001.0Q01.0¢21.0|2.0({2.0]1.0

compa

SC



<+ D Comparison of Indices
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Fi gar2€ompawoid ian ces
Tabd7e Ramhkidnges

Average
MC-AHP | Expertl Expert2 Expert3
Criteria P P P AHP

Rank Rank Rank Rank Rank

HSC
QC
STC
CFC
scc
RC
LC

Nojga|h~hWIN|RE
N OO~ lWIN|F
N ~AWIN|EF
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Visualization of Ranking Indices

Rank Rank Rank Rank Rank
MC-AHP Expertl Expert2 Expert3 Average AHP

EHSCEQC mSTCECFCmSCCmRCmLC

Fi galr3i sual i Ran klioni afe s
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4 4B3Wei ght s-Croift StiibEev dlowat i on

Each

i mpl emented

SCC,
t he

gene

RAnodc &4 ect i

on

criteriocnricaesrd sab OwbIOEThhseu bwei ght i ng

and
wei gh

rat ed

f o
L C. I
ting

for

r each

n othercwioreisi afelweai

steps

cricretieomat havthi chsiatc!| ud

progess.epfShevewei gpher f or med

each

TabdlBeWei gBu-€roferia

Ceri t-EeECON

MGCAHP( ND)| MGAHP (T MGCAHP (L
Sub Criweig|[std DWei dStd DOWeig|Std D
PEC1 0469|(NO0.0O0.49(NO0.00465|(NO.O
PEC2 0282((No.o00.29(NO0O.00280|(NO.O
PEC3 0156|(NO.0O0O.19(NO0.00160[(NO.O
PEC4 0090|(NO.0oO0.09(NO.00093|(NO.O
Tot al 1. 000 1. 000 1. 000

Ceri t-éFCon

MGCAHP( ND)| MGAHP (T MGAHP (L
Sub Cr|{Weig|Std DWei dStd DWeig|Std D
CFC1 0.50|(No0.o0O0.51(N0.o0/0.46[(NO0.O
CFC2 0.21[(No0.o0/0.24(N0.o00.28[(KNO.O
CFC3 0.17|(No0.of0.1¢(No.oo0.16|[(No0.oO
CFC4 0.10|(No.oO0.09g(No.o0.09[(NO.O
Tot al 1. 000 1. 000 1. 000
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Ceri t-8€Con
MGCAHP( ND)| MGAHP (T MGCAHP (L
Sub Criweig|[sStd DWei dStd DOWeig|Std D
Scc1 0.49({(No.o0.51(No0.o0o0.48[(N0.O
SCccC2 0.30[{(No.o0.3(¢(No0.o0o0.31((RNRo0.oO
scc3 0.19((No.oo0o.14(No.oo0.20[(N0.oO
Tot al 1. 000 1. 000 1. 000
Ceri t-@€Ci on
MGAHP( ND)| MGAHP (T MGAHP (L
Sub Criweig|Std DWei dStlev|Wei g|[Std D
QC1 0.49|(No0.0o0.51(NO0.0O0.48|(NO.O
QC2 0.16|(NO0.0O0.14d(No0.o0O0.17|(NO.O
QC3 0.33|(NO0.0O0.34(NO0.0O0.34[(N0.O
Tot al 1. 000 1. 000 1. 000
Ceritke€i on
MGCAHP( ND)| MGAHR TD) MGCAHP (L
Sub Criweig|[sStd DWei dStd DOWeig|Std D
LC1 0.49|(No0.oo0.5(q(No0.o0O0.47|(NO.O
LC?2 0.32|(No0.o00.31(N0.0O0.33|/(NO0.O
LC3 0.18|{(No0.o0o0.14(No0.o0O0.18|(NO.O
Tot al 1. 000 1. 000 1. 000
4 42Det ermine t had8afsiemdalonCrrRietseid it &
4. 2448 Selection Criteria:
Re g arTdib#l4dp nTda b4l8e t he ranking of criteria- remai
AHP with ND, TD, or LD, despite differences
criteria differs when |Iimplementing traditd.i

8 2
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02, and 03, as well as when using the average
rank of HSC is the same for al/l met hods.

I n this -MHRIdys MRosen as the method for t he
Consequentl vy, the final vAeHiPg ( INDA & IPUMCT Da-t e od e M

AHP (LD). Two factors are cruci al i n deter mini
Firstly, the volume of accepted matrices (CRI
of accepted matrices helps obtain more reliahb

mean and also indicateusédti sheherbbabifityf drn

opinions).

Secondly, the standard deviation (Std Dev) val
how accurately the mean represents the data (

deviation signifies that ftlheectv alguegsr earter c lcoan

resul ts, while a higher standard devil atrigem ir
range.

Tabd9¢ | |l ustrates the final -AMé®i WtD)v alfues dceomisy
factors. The ®Fox4ahpdeoprsgvishe® wan Vvinsual represenit

with their standard deviations for each crite

Tabd9ead he final Weights of Selection Criteria

MGAHRND MGAHRAT D MGAHRL D Lower S

Criter|WeigStd [ Weig Std D WeigStd D (Met ho
PEC 0.21(No.d 0.24(N0.0|0.2({(NO. O MGAHP
STC 0.1¢((No.¢ 0. 1((No.ojO0.1((NO. O MGAHP
CFC 0.0¢(No.C 0.0¢(No.ojO0.0[(NO.O MGAHP
QC 0.14(No0o.qd 0.1¢(NO.0/0.1{(NO. O MGAHP
RC 0.04(No0.C 0.0¢(No.0o|/O.0[(NO.O MGAHP
SCcC 0.0¢(NOo.C 0.05(No.0o|/O0.0[(NO. O MGAHP
HSC 0.24%(No.dg 0.25(N0.0|0.2[(NO. OfMGAHP
LC 0.04(N0.Qg O0.04(NO.0/0.0{(NO. O MGAHP
Accepted 7,406 74,743 23, 046 MGAHP
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4. 242 Evalodices
I n ref @abdbaadaldl8d he ranking of criteria remai
MCAHP with ND, TD, or LD, despite variations I

Tabdlléd | | ustrates the final-AMWRI @hD) vafltuers demsiv
fac{aceepted matrices and standard deviation)

Tabdlld The Final Weight Valwues of Evalwuation |

MGAHRND MGAHRT D MGAHRLD [Lower S
Criter|WeigsStd OWeigsStd Dweidstd b (Metho
STC 014¢§(Nap{o0.14(Napdqo. 1{(N@. (MGAHP
CFC 0087/ (Nay{ o0.0¢(No0g qoO. O0|( NaB(MCAHP
QC 0267 (N@p2{0.2¢(Nad4go. 2{( N@#»(MCAHP
RC 0067/ ( Nap{ o.0¢(NoggqO. O0|( NAapP(MCAHP
sSccC 0078/ (Nap(0.0¢(No09qoO. O0|( NAapP(MCAHP
HSC 0208/ (Nakb({ 0.3](Napqo. 3|{( N@P(MCAHP
LC 0051/ (No.{0.085(N@YdO. O[( NO. QMGAHP

Accepted 4,852 37,012 13, 863|MCAHP
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4. 243 Wei gh€mrsi oér iSab
RegarThib#i8a nd
i mabdlld

considering two factoristtetrih® d3 na

Tabdlld The

FinaloBwight e NVabhues

86

SuBrite| MCAHR D) SuBGritdg MCAHRTD
PEC Wei gStd D CFC Wei g Std D
PEC1 0. 4|( Na 5( CFC1 0.5|( N06) ¢
PEC?2 0.2/ (Nay( CFC2 | 0. 2|( N0
PEC3 0. 1|( N09) CFC3 0. 1(( NO05) C
PEC4 0.0[(NO) CFC4 0. 0{( NOQ) C

Accepted 5,637 9, 363

SubBrite MCA HR D) Fewer tha#«xrihee
LC Wei gStd D¢ SuBr it Wei ght
LC1 0.5|(N@d}o HSC1 0.8
LC2 0.3/ (N@3BO HSC2 02
LC3 0. 1{(Napo RC1 05

Accepted 9,875 RC2 0.5

SubBrite MCA HFA D) SubBr it MCAHRTD
QC Wei St d Dg¢ SCC Wei g Std D
QC1 0.5|(Nayo SCC1 | 0.5|(Naxd
QC?2 0.1/(Nayo SCC2 | 0. 3((N@x(¢
QC3 0.3/ (NG@pPO Scc3 | 0. 1{(N@5K(

Accepted 8, 388 9, 0609




4., 2431 Summary:

TabdleanTabdled al ofrg gerBhEi gdrmepr esent the inte
main criteri daewibhfooubuse in evaluation and s
Tabdllel nt egr@niitaed icBEulbt er i a
Sr |Cri tfWei gSu-lEr i tjWei ¢ Sulcri tfWei g
PEC1 | 0. 4
PEC1 | 0. 009
1 PEC| 0. 2 PEC2 | 0. 2
PEC2 | 0. 06
PEC3 | 0.1
PEC3 | 0. 03
PEC4 | 0.0
PEC4 | 0. 02
2 STC| 0.1 STC 0 .04
STC 0.10
CFC1]0.5
CFC1  0.03
3 CFC| 0.0 CFC2| 0.2
CFC2 0. 01
CFC3|]0.1
CFC3 |0.01
CFC4 0.0
CFC4 | 0.00Q
QC1 0.5
QC1 0.009
4 C | 0.1 c2 0.1
Q Q QC2 0. 03
QC3 0.3
QC3 0. 06
RC1 0.5
RC1 0. 03
5 RC | 0.0 RC2 0.5
RC2 0. 03
HSC 0. 8
HSC 0.20
6 HSC| 025 ¢ HSC2 0. 2
HSC2 | 0. 05
SCC1|0.5
SCC1 | 0. 02
7 SCC| 0.0 SsCC2 0.3
SCC2 0. 01
SCC3 0.1
SCC3 | 0. 01
LC1 .
c 0.5 LC1 0. 02
8 L C 0.0 LC2 :
c 0.3 LC2 0.01
LC3 0.1
LC3 0.00
X =1 0
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SubCritria

Ranking Sub-Criteria

HSCL hd  0.2048
STC s 0.1090
PECL hd 0.0994
QLI d 0.0954
PEC? hd 0.0649
QC3 sd 0.0604
HSC? s 0.0512
PEC3 [ 0.0341
CFC1 hsssssd 0.0330
RC2 s 0.0320
RC1 i 0.0320
QC2 ussssssd 0.0310
SCC1 s 0.0287
PEC4 jusssd 0.0213
LC1 |sssd 0.0203
SCC2 |Jumad 0.0170
CFC2 s 0.0143
LC2 | 0.0125
CFC3 jud 0.0103
SCC3 jud 0.0102
LC3 kd 0.0071
CFC4 d 0.0063

0.0000 0.0500 0.1000 0.1500 0.2000
Weights

Fi g4lr%e Ranki«€gi owe tttBea bFi nall
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Tabdllg8l nt egr ati @amd elfudinae < es

Sr/IindilWei d Subndi|Wei d Subndi | Wei gf
1 | STC|014{ STC | 014¢ STC 0.14
CFC1 |0 s CFCl1| 0.04

2 CFC| 08 CEC?2 0. 2 CFC2 0.01
CEC3 | 0. 1 CFC3 0.01

CFCa (0 o CFC4| 0.00

0C1 0 5 QC1 0.13

3 QC | 026 ] QC?2 0.1 QC2 0.04
0C3 0 3 QC3 0.08

RC1 0_5L__;>> RC1 0. 03

4 RC | 0.D RC?2 0. 5 RC2 0. 03
HsSCT 0 8 HSC 0. 24

5 | HsSc| 029¢{ HSC2 | 0. 2 HSC2 | 0.06
ScCC1 0.5 SCC1 0. 04

6 | sccl0-0 sccs o 3 Scc2| 0.02
SCC3 0. 1 SCC3 0.1%

LC1 0.5 LC1 0. 02

7 LC | 0.5a LC2 0.3 LC2 0.01
LC3 0. 1 LC3 0.00

X .00
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Ranking Sub-Indices

H S L [ ———, 0.2488
ST C [ —— 0.144
QCL ] 0.13311
QC3 e  0.084303
HSC?2 s 0.0622
QC2 s 0.043326
CFC1 il 0.042745

8 SCC1 sl 0.041472

RC2 e 0.034

RC1 e 0.034

LC1 S 0.0254

SCC2 s 0.024624

CFC2 s 0.018509
LC2 s 0.0156

SCC3 i 0.014742

CFC3 i 0.013363
LC3  0.0089

CFC4  0.008134

SubIndic

0 0.05 0.1 0.15 0.2 0.25 0.3
Weights

Fi gaaree RankishgdoteSulwith the Final Wei
43Devel api hgt Mgdébeevda lrugabhReer f or mance of SC
4311l ntroducti on

I n the consG@Csaircd i ®mu csiealt oirn ensuring projects

component of this role is the systematic asses
concl usi on. Subcontractors, who carce ounttépe
overall guality, cost, safety, and schedul e c

and meticulous evalwuation of their performan

promote ongoing i mprovements.

Furthehemomaeaal ysi s of the outcomes of eval uat

practices and t he revel ation of inefficienc
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Consequently, the insights gained from one pr

refining and enhancing the overall project ma

Traditional met hods of evalwuating subcontract
and subjective judgmensemi whi ahdcpnome to mbi
chall enges, there 1is a growing rmeadd mabesiesan
standardi zes the evalwuation process. Such a s

provide a more objective and comprehensive as

An integrated model for evaluating subcontr a
performance index (PIl) wuti(lAUtNMhata cloinnseiadre rasd d
criteri a, including cost, guality, safety, ti

and | eadas s $Hi qowidr 7ei n

1- Select Criteria (Indices)

2- Develop Single-Attribute Utility Functions

3- Assign Weights to Criteria (Indices)

h 4

4- Normalization of Scores

Y

5- Calculate Individual Utilities

. S
A

r ~

6- Compute Overall Utility Scores (using LAUM)

A vy
Y

r ~

7- Categorize Performance Levels

Fi galr7e Steps for Calculating PI
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Steps 01 and 02 have been covered in Chapter 3
using MCAHP in relation to Step 3.

4. No2 mal i ztahtet oSnC oFfer f or mance | ndi ces

Nor mali zation of SC performance indices is &es
evaluation process. 't eliminates 1issues r1ele
wei ghting, and enhanmneaeki ntgheBryovwedcapht i ndgecappo
nor mal i zat i dGrCstaenc henn quirees , t hat their perfor ma
consistent, and ref(Krecdnereberfg,t raik0 )er for manc
Nassar (2005) noted that the complexity of pe
These include the dynamic nature of project
i nvol vement o f numer ous projectespartincidpdn tns

prioritizing these objectives.

Additionally, some desirable objectives are s
because construction pmojrenatl s zart € o u npt rqalsjé eecstp enu

specific conditions andThérefporogecthe mommaloil

performance indices Vbvarikissbasedyontleacmhopmal i
three types of normalization based on the | ev
| ow.

For demonstration purposes only, the foll owin
indices based on a medium | evel of tolerance:

4. 3.2.1 Normalnidda8T®)n of Ti me

STC mesasbhwr Elgauiast gli@m39eTo nor mal i ze tthh€eT€lat ainge d
scal e i sTa b4l glohspesdo pionsed scale is for illustrat
toeflect the specifamcd c@Qdals tpolniscyof the proje
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Tabdlled Ti me Rating Tabl e

STC
Condition Rating Index Range STC Range
A Outstanding Performance 1>1.15 STC>1.15
B Exceeds Target 1.05<1<=1.15 1.05<STC<=1.15
C Within Target 0.95<1<=1.05] 0.95 <STC<= 1.05
D Below Target 0.85<1<=0.95 0.85 <STC<=0.95
F Poor Performance | <=0.85 STC<=10.85
4.3.2.2 Normalization of Cost and Finance 1[I nd
CFC is divided into four indices: CHhEéhsuCEQG2,
usi ng EigmaabBl9.ealelld | | ustrates the normalizati on
rating scale is for demonstration purposes on

Tabdlldse Codti nmmadce Rating Tabl e

CFC1

Condi Rating l ndex R CFC1l Ran

A Out standing I > 1. CFC1= 0

B Exceeds T|1.05 < | 0 < CFCcC1

C Within Ta 0. 95 < | 0.1 < CFU(

D Bel ow Tar| 0. 85 < | 0.2 < CF¢(

F Poor Perfqg I <= 0 0.5 < CH
CFC2

Condi Rating l ndex R CFC2 Ran

A OQut standing I > 1. CFC2= 0

B Exceeds T/ 1.05 < | 0 < CFC2

C Within Ta 0.95 < | 1 < CFC2

D Bel ow Tarl 0. 85 < | 2 < CFC2

F Poor Per f g | <=0 4 < CFC
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CFC3
Condi Rating l ndex R CFC3 Ran
A Out standing I > 1. CFC3> 1
B Exceeds T|1.05 < | 5< CFC3«<]
C Within Ta 0. 95 < | 1 < CFC3
D Bel ow Tarf 0. 85 < | 0 < CFC3
F Poor Perfg I <= 0 0 = CFC

CFC4
Condi Rating l ndex R CFC4 Ran
A Out standing I > 1. CFC2= 0
B Exceeds T| 1.05 k.1 0 < CFC2
C Within Ta 0. 95 < | 1 < CFC2
D Bel ow Tarf 0. 85 < | 2 < CFC2
F Poor Perf g I <= 0 4 < CFC

The calculated CFC (Cl) value can be

Fi gar8here NIK = f (CI)
=12 CFEC1 Conversion Chart
< <1.15
() y =-0.0743x + 1.13
= \"‘\ 1.05 R2=0.9657
o© 1 \
8 0.95
C_G \..
€ TT———/ 085
208
0 0.5 1 15 2 25 3 3.5 4 4.5

Calculatied Index (CI)

CFC2 Conversion Chart

z 12 0,1.15

o 11 1,1.05

= L y =-0.0743x + 1.13
= 2,0.95 R2 = 0.9657

N o9 e r—

g TTT———-4,0.85

£ o8

z 0 05 1 L5 calcdlatied Ifitex (1) 3 35 4 45
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converte



CFC3 Conversion Chart
y = 0.0274x + 0.8903 10,1.15

10 12

y =-0.0743x + 1.13
R2 =0.9657

— 4,0.85

g 1.2
S 11 5, 1.05 ——R*="079323
©
< /
- 1 1,0.95
ﬁ 0.9 e
< ¥0,0.85
% 0.8
z 0 2 4 calculati€d index (c1) ©
CFC4 Conversion Chart
< 1.2
) 0,115
£ 11 T
S 1,105
RS 1
_(__6 Z \ 2’ 0.95
£ 09 —
S
Z 08
0 0.5 1 1.5

Fi galr8& i near

Calculatied Index?(CI)

3.5

4 4.5 5

TransfNommali onebea wede@al

4. 3.2.3 Normalization of Quality I ndex
QCi s divitdeddi @@, @3.do normali ze
rating scal eabddedThuggesstad ke i i ntended
TabdlléQu alRiatty ng Tabl e
QC1
Condition Rating Index Range QC1 Range
A Outstanding Performanc I>1.15 QC1=0
B Exceeds Target 1.05<I1<=1.15 0<QC1<=2
C Within Target 0.95<1<=1.05 2<QC1<=4
D Below Target 0.85<1<=0.95 4 <QC1<=8
F Poor Performance | <=0.85 8<QC1
QC2
Condition Rating IndexRange QC2 Range
A Outstanding Performanc |>1.15 QC2=0
B Exceeds Target 1.05<1<=1.15 0<QC2<=3
C Within Target 0.95<1<=1.05 3<QC2<=5
D Below Target 0.85<1<=0.95 5<QC2 <+
F Poor Performance | <=0.85 7<QC2
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QC3
Condition Rating Index Range QC3 Range
A Outstanding Performanc 1>1.15 QC3=0
B Exceeds Target 1.05<1<=1.15 0<QC3<=1
C Within Target 0.95<1<=1.05 1<QC3<=3
D Below Target 0.85<1<=0.95 3<QC3<=6
F Poor Performance | <=0.85 6 <QC3

The calQEcu( @it pdval ue can be tQCaANsE)ovmkbdei nsDNng
function NI =Fif g&LYP as shown 1in

QC1 Conversion Chart

S 12
= <0,1.15
v 11
2 el 2.1.05 y =-0.0371x + 1.13
I oo 4,0.35
S —_—
§ — 8,0.85
Sos8
0 2

C%Iculated Index FCI) 8 10

QC2 Conversion Chart

=
N

Normalized Index (NI)
-
R e
w
=
/b
()]
o
D
Q
o

y =-0.0339x + 1.1442
R2=0.9836

|

.-""\ 9, 085

o
o0

0 1 2 4 5 6 9 10
Calculated Index (Cl)
12 QC3 Conversion Chart
Z  Ko0115
1.1 ~
é ~<1105 y =-0.0476x + 1.119
-qof\-l) 0.9 3’ v 95\
% .""‘-\ 6, 085
€ 0.8
(@)
pd 0 1 2 5 6 7

Caldulated Indéx (CI)
Fi galr%i near Transformation between Nor mal i
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4.3.2.4 Normalization of Resource Adequacy I n
RC consists of RC1 andEqrRuCat. imeR¥LE a l1éhd d sussrt erdat Les
the normalization of the RC rating scale. Thi
TabdlleéResour ce Rade qwacdybl e
RC1-1andRC1-2
Condition Rating Index Range
A Outstanding Performance | >1.15
B Exceeds Target 1.05<1<=1.15
C Within Target 0.95<1<=1.05
D Below Target 0.85<1<=0.95
F Poor Performance | <=0.85
RC-B
Condi Rating Il ndex RCB Rar
A Outstanding > RCB= 0
B Exceeds Ta 1. 05 < 0 < -RC4
C Within Tar0.95 < 1< RCI<
D Bel ow Targ¢g0. 85 < 2 < -RC4
F Poor Perf ol | <= 4 < -RC
RC2
Condi Rating | ndex RC2 Ra
A OQut standing I > RC2= (
B Exceeds Ta|l. 05 < 0 < RC2
C Within Tar{0. 95 < 1 < RC2
D Bel ow Targ/ 0. 85 < 2 < RC2
F Poor Perfor I <= 4 %< RC
The calRCu( @lt)edval ue can be ®EnyHEIF]} edRil mwroal $ h e ¢
42 0where NKO = f (CI)

97



Normalized Index

Normalized Index

12
<0,1.15
1 ~————

NI)

0.8

1.2
~0,1.15

(NI)

o © B

0 0.005

0.01

RC1-3 Conversion Chart

te 1,105

1.
1 2,0.95
~ 0.9

2 ) 3
Calculatied Index (ClI)

RC2 Conversion Chart

1% 1.05
29 0.95

0.015 0.02 0.025
Calculatied Index (CI)

y =-0.0743x +1.13

R2 =0.9657

TTT———-4,0.85

y =-7.4286x + 1.13
R2=10.9657

crrereeee_ 49 0.85

0.03 0.035 0.04
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Fi ga20i near Transformation between Nor mal i
4.3.2.5 Normalization of Occupational Heal t h
|l ndex (HSC)

HSCs dividveddiH®lanld®&2 To normalize thiee® esul ti
rati ngprscmd®eeldlsd8Thi s scale is intended for il/
Tabdl8 Occupational Health and Batfieny HBall e&Envi
HS CL
Condi Rating |l ndex R HSC1 Ra
A OQut standing I > 1 HSCL= 0
B Exceeds T|1.05 < 0 <H&%Ck-=
C Within Ta0. 95 < 1<HSAl <=
D Bel ow Tar{0. 85 < 2 <H$Cxk-=
F Poor Per fd I <= 0 3< HEC1
HSC12
Condition Rating Index Range HSC1 Range
C OQutstanding I > 1. HSCZ2= 0
F Poor Per f( I <= 0 l<= HXSC



HSCG3
A OQut standing I > 1 HSCGL= O
B Exceeds T|1.05 < 0 <H&Cxk-A
C Within Ta0.95 < 1 <H3$Ck-S
D Bel ow Tar{0. 85 < 2 <H3ICk-S
F Poor Perfd I <= 0 3< HZEC1
HS C4
Condi Rating Il ndex B HSG4 Ran
A OQut standing I > 1 HSCGL= O
B Exceeds T|1.05 < 0 <H&Cxk-A
C Within Ta/0. 95 < 1 <HS8Ck-=
D Bel ow Tar{0. 85 < 2 <H&$Ck-=
F Po®rerf or mg I <= 0 3< HEC1
HSC2
Condition Rating Index Range HSC2 Range
A Outstanding Performanc; |>1.15 HSC1:1=0
B Exceeds Target 1.05<1<=1.15 O0<HSC11<=1
C Within Target 0.95<1<=1.05 1<HSC11<=3
D Below Target 0.85<1<=0.95| 2<HSC11<=4
F Poor Performance | <=0.85 4< HSCZ11
The caH&ul(aCtled val ue can be tHSanNIf)o rvmeeldu e nutsoi na
function NI =Fif¢g4a21 as shown in
- HSCZ211 Conversion Chart
z 12 Jo11s
él'l ................... 1,1.05
e e y =-0.1x + 1.15
£ N 2,0.95 =
N T e
c09 T
E Ty 3,0.85
Sos
0 0.5 1 3 35

15 2
Calculatied Index (ClI)
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Normalized

12 Jo,1.15 HSC12 Conversion Chart y=0.3x + 1.15

= R2=1
Z Ll e
X 1 | L
o L 1,0.85
09
0.8
0 Calculated Index (Cl) 1
. HSC13 Conversion Chart
> 1.2
< 40,115
R R
g T i 1,1.05 y=-0.1x + 1.15
- 1 ﬂl%h“‘-n“ R2=1
Q e 2.0.95
‘g 09 R —
S Y e 3,0.85
S o8
0 0.5 1 15 2 25 3 35
Calculatied Index (CI)
— HSC14 Conversion Chart
=12 0,115
Ll T 1,1.05 y =-0.1x +1.15
S T —n R2=1
s 12,095
D09
0 S 3,0.85
= 0.8
% 0.7
= 0 0.5 ! Ca}c?llatied Ind%x (cn 25 3 3.5
HSC2 Conversion Chart
g 1.2
= <0,1.15
8 1.1 \
< 1,1.05 y =-0.07x +1.14
3?1 T R2=0.98
c 09 TN
5 ~~-4,085
Z 08
0 0.5 1 15 2 2.5 3 35 4 4.5

Calculatied Index (CI)

Fi galinear Transf or mat i oQa lbceulweeteend NHOS CGnall n &
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4. BNBr mal i

zGetnieornalofContractor

Satisfaction

SCC consists2 oan8CECC3SCECC1L i s (e)aIlupr eadnd si n
313 wBICl2e util i z(8@ls6TERpdlad | bostrates the&eChor mal
rating scale. This rating scale is for demons
TabdlléeGener al Contractor Satisfaction Rating
SCCUSCCZanl3CCA
Condi Rating |l ndex K SCC1l Ran
A OQut standing I > 1. SCC1 > 1
B Exceeds T|1.05 < 1. 05 < SC(
C Within TaO0. 95 < 0. 95 < SC(
D Bel ow Tar/ 0. 85 < 0. 85 < SC(
F Poor Perfc | <= 0 SCC1 <=
SCC2
Condi Rating | ndex K SCZRange
A Out standing I > 1. SCZ% 10009
B Exceeds T|1.05 < 100% ®2>8¢€C
C Within TaO0.95 < 90 % >2>5C3
D Bel ow Tar/0. 85 < 80 % >2>5CiC5
F Poor Perf I <= 0 75% >2 SC
SCC3
Condi Rating | ndex H SCC3 Ran
A OQutstanding I > 1. SCC3= 0
B Exceeds T|1.05 < 0 < Sscc3
C Within TaO0.95 < 1 < SCC3
D Bel ow Tar/ 0. 85 < 2 < SCCs3
The calS€CcR@anBLC C3ClI ) value can be c®&CCAR)t ed i n
anSCCEBNI ) rwaslpwre sitvhegel yf uncti on NIFigaxeCl ) as sh
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1.2 SCC3 Conversion Chart

x
3 11 f 0,1.15
k= . T =-U. .
= w1108 y 020_743x +1.13
o= 1 R2 = 0.9657
c ~— 0.9 -
£ TTTT——-4,0.85
o 0.8
= 0 05 1 15 Calcalatied Idfex (CI) 3 35 4 4.5
SCC2 Conversion Chart
=12 100%1.15
< y = 1.1525x + 0.0059 ;
% 1.1 R2=0.9797 90% 1.05
< 80% 0.95
D
-% 0.9 75%0.85
£ /
5 0.8
Z  70% 75% 80% 95% 100% 105%

céltlatied Index (CI)
Figa22i near Transformation beS€E€RnSECONBr nianldiezxe d

4. 3. 2.7 NorLmeaadezrasthiiopn lonfdex ( LC)

LC is divided into two indices: LC1 and LC2.

and weighted average withotdket a GG ttdemficmadli barga
LC value ranges between 1 andabll2d hhe nld@ Hrudbstoirmg i svi

purpos.es only

Tabdl2édLeader shi p Rating and Normali zation Tabl e

LC1, LC2,LC3
Condition Rating IndexRange LC1 Range
A Outstanding Performancg 1>1.15 LC1>9.5
B Exceeds Target 1.05<1<=1.15 9.0<LC1<=95
C Within Target 0.95<1<=1.05 8.0<LC1<=9.0
D Below Target 0.85<1<=0.95 6.0<LC1<=8.0
F Poor Performance | <=0.85 LC1<=6

The calL&@uCla)t edal ue can be trLaChBf dprmabuenusi agr
function NI =Ffg42A3® as shown in
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LC1, LC2, LC3 Conversion Chart

~1.2

= y =0.0743x + 0.3871 10, 1.15

<11 R2=0.,9657 __—

S 9,1.05

£ 1 /

2 8,0.95

8 £6,0.85
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Z 5 6 8 9 10 11

Calculated Index (CI)

Fi ga23 i near Transformation between Normal i z
4 .3.C Per f drmmdaemc gAPIL)f near Addi(tLAWM)Uti |l ity Mod:é
4.331 Background
The Linear Additive Utility MondelctriillAUN)a ids ca

anal ysi s ( MCDA) for evaluating and rwaintkhi n g

significant advantages in(fFegmseioh. eifTmpbi mo@e
i's particularly advant amgealiursg iinnwclewnas i masl avheil
conflicting, criteria. It provides a structu
performance metrics ifmdoilai tsatnignge &« omproesidcemps
of al v@s maiteti raal;Bel 0 8602t

4.332 I mplement A Linear Additive Utility Model
The condition for i mplementing LAUM to cal cul

evaluating the mettbatmgnpeedbers8a@6tameély indepel

wor ds, it ensures that the preferences for an
other <criteria, all owing for a straiglkobforwar
exampl e, an attribute A is said to be prefere
values of A do not depend on B (Nassar, 2005) .

Nassar (2005) asserts that the condition of n
order to decompose the joint ut i-At tyi dwtnect i to
functions when the utilitseseslarehrepsesdyt etdh:

because all criteria are quantitative.
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Performance index (Pl) can be formul a4 8&d as a

00 ®wQ 0Q (4.8)

Wher e:

f Wi=utility weight or the relative I mportanc
to the subcontractor performance (Pl) wupon
f nt meumber of i ndices

4. 3.3 Categorize Performance Levels

Categorizing performance |l evels using normal.i

into a standardized range and then assigning

cat eglabdeii .| | ustrates t hepemrdromanainz&thileenvedfs| € h
demonstration purposes only.
Tabd2d Nor malReraftaromamde Level Tabl e
Pl
Condition Rating Index Range

A Outstanding Performance Pl >1.15

B Exceeds Target 1.05<PI<=1.15

C Within Target 0.95 <Pl <=1.05

D Below Target 0.85 <Pl <=0.95

F Poor Performance Pl <= 0.85

44Devel aommr ehensi ve Deci 6D%f89S8upp B Sy st em
4. 4.1 Introduction

A decision support system (DSS) is a computer
makers by i ncesrppeocriatiicn gk adoawhaeitdngealandeci si on mc
relevant information and off @adeirmaehgret 4d919d

I n the constructi omn hienShdassst ray, c rtihtei csaell edcce diosni oo
i mpacts the overadmustccensiodferaapmaoij dodttdude ¢
priceual BCsasanderTha maompl exi t y-maokfi ntghipsr od ec
necessitates the devel opment of a r(@©lba®dn and

De c i s2i000nls)
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A comprehensive DSS for subcontractor selecti
criteri a, ensuring a holistDS%evalmadgdrsiotne roifa f

deci-mdakinng (MCDMHotelbhectgiuesISYSs.assess and r ank

| mpl ementing a comprehensive DSS not only str
deci sion accuracy, reduces biases,G&Gndofmaker
informed decisions based on systematic and ob
successful compl et i olnt oifs ccornwsctiraulc tti @ nc @lrlog etct
potenti al SCs fromohbertctsbondphaset, theppceal
gener al cont roac thaarv e( &¢CG)s tdad sc an i nformati on.

4. DeZi sion SuppoRrtocSggsss em ( DSS)
Figd24utlines the steps undertaken to establ

sel ecthiesgbrtloeat ractor for. awarding a new proje

[ Select Criteria ]—)[ Assign Weights to Criteria ]

h 4
Utilizing Pre-evaluation Inquiries (Screening ]

Stage)

(Eligible SCs)

| Develop a Data Collection Framework ]

Determine all prefernces for al T'he lowest value from other potential
alternatives according selected
criteria

SC's with historical data should be used

[ Implement MCDM (COPRAS)

A

[ Rank Subcontractors

Fi g424 Steps of DSS for Selection t he
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4. 4%5Pep 01 and Step 02 (select and weigh crit
Regarding the fiirnsctl uadn ch gs escdd ngca t S toapi e, earsisai jgina n
weights to them, theserafr@abdeompki sbmdi nnngh.

explained next.

4 .243tep 03 (Screening Stage):

| mpl ement ad Vv alnu aotfi omr ei s consi dered cruci al CC
delineates gener al and specific conditions ac
easlCmust meet these conditions to be include:
instance, one condition may require a subcont
certain province or a minimum | evé&l o f 8 X ME

subcontractors do rhety madtl tntods é ec d mdSIGsiderds ,i n

4 .24. Bt epDeOvdel op a Data Coll ecti:on Framewor k (EI
The acqui sietliaadre do ft od eshedeelcitgeidb lcer iSXCGesr iias a f ounc

a r el ieafbfleec tainvde DSS for subcontractor selectio

is relevant, accur at e, and consistent, -thereb
making. A robust data collectidonyframeworlknesimp!
the subcontractor selection process, ul ti mat

stakehol der sati sfaction.

I n the procurement stage and t he SsCisinady uafe ds u by
t he | i stSCafr eelaicgiulall d Cok n dvarv et ortetve ous exper.i
this context, t hwsceasnaumgoGCineg ueeesumnher when
data onSCesl i gible

4 . 28.Slcen@ilio

Il n this SCleinsatreedo ,asalell i gi bl e haveG{Da toenr twoerskei n
SCss retrieved from a data repository establi
upon the completion of pGE€wnIChibepropdatdavsemet w
criteria afsi gddhehst eaeedhth criteria (PEC) I S

resul usi fHpuentgina 3d9.dh e at a are highly robust, ac
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effectively minimizing bias, as they GG e deri
staff.

Il n cases whevmwoe kede wE&€im himdnlet iGLCl e project s, t h
application to assess SC performance mul tiple
When the GC retrieves data from the data repo:
usi ngoBgatoinsi dering the volume of the projec
of the contract for each project. It is neces.
each project are cogskEqemlaBdBdbowheaxampl € mesbd mae
have a higher percentage of the contract val.

accordingly.

B (IRVi 4.9
Fy  BIMTRA (49)

B' _RVi
Wher e:
T F\=final —ealauien ocfrict eri on
1 Vi=eval ue taafi nc ¢fr ig¢ ®@ah omr oj ect
T RV=revised value of the contract for each p
T n = number of projects

For more clarification, iBubcontractor A has worked with general contractor B on three previous
projects, it means that the value retrieved for thecwrformance report (NCR) to measure the

QC1 sulbscriterion for A is calculated using Equatidr9 as follows:

NCR1RV N R2RV R € R2RV 2

NCR RV1+RV2+RV3

4 282Scenario 02:

In this scenario, not all subcontractors (SCs) listed as eligible have prior working experience with
the general contractor (GC). This means that the GC does not have data regardicgtseiaen

for one or more SCs. In this case, the GC should collect data by analyzing SC qualifications,
communicating with reference GCs, and using any possible means to obtain data regarding the

seven criteria.
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To ensure the DSS process is fair, négessary to compare all potential subcontractors using the
same criteria. Therefore, if any value is unavailable, the lowest value from other potential
subcontractors with historical data should be ukeslimportant to note that Equati&® should

be used when there are multiple values for a single criterion

4 .24 A epl Mptl.emen@rii t@eadiaba loinviegt -€CEDP RAS

4. 4. 12nt4r.dducti on

I n 1996, the researchers of Vilnius cQendplneixnas
proportional evalwuation COPRAS (Complex Propo
evaluation of both maxi mi gPodvankdomi BDMLYi ng

This method evaluates both the maximizing and
of these attributes separ @tlelny zdra dt e Kdiwadri d lil,

COPRAS is particul amalky ngsesfcelnafoos dewbeseomot
i mpact) -baneéf inoinail mp(ancetgyatdrviet er i aP onduvsetz kime @dr
Alinezhad & Khalili, 2019

4. 4232t lpGOBARS
Met hod of the COPRAS includes several steps

U StepColnstruction oAsDewni aildn mwd ttrinpadke ngr i t «

probl efmsr,stt hetep i s to form a decision matr
X111 ----- X1j  ----- X1n o
1 N 1 1
1 IN 1 AN 1
1 S 1 N 1
1 1 1
o | % e PR o | 1T 1o . @1
1 < 1 1
1 ~ ! ~ 1
1 RS ! S 1
! : h !
—Xm1  ----- Xmj  ----- Xmn -
YT v

I n ulaq 4 o0, ix0ji s H# e ail ternative assessmeamt val

criterion, m i s the number of alternatives
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Step 2 Normalization of decision matrix using the equatiohl:

Xi j 411
N v BR X1 |

Step 3 Determination of the weighted normalized decision matrix, D, by using the
equatiord.12

D=y IY:TJ{/ Wi | 412

Where j is the normalized performance value -of ialternative on-th criterion and ywis

the weight of 4jth criterion.

Step 4 In this step the sums of weighted normalized values are calculated for both the

beneficial and nonbeneficiatiteria by using the equatighl3:

o o (41 B
sg) Vy+EEFRS{) VyEE

WhereU E @ndU E fre the weighted nominalized values for the beneficial anel non

beneficial criteriarespectively.

Step 5 Determination the relative significances of the alternatives,b® using the

equatiord.14:

(ES({B S{
s Lgpt

1ES4 ) ; @14

St efab cul ati on of tUhfeo-qluiaaltt emanatvievethy iuy
4. 15

Ui 415

Qi
= m@ prtmtb

WheQgx S the maxi mum rveall diteidweea r & ie g roif f iuctainlciet

alternative is determined by comparing the
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alternative. All the benefits of the degr e
range from 0% to 100 %.
4. HSPempRaAONKkAIntger nnat i ves
I n this step, the results of the COPRAS met hc
alternatives are ranked based on their quant:i
with the highest quantitt acthiovieceut i Il ity i s cons
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Chapter 5: Amprtieq@rtdtosnd oModel for Evaluat.
the Devel oped Decision Support Sy

5.1 I ntroduction

Chapter 4 outlines the dientae greadt esdt enposd edf fiomp
performance index (Pl) of subcontractors (SC)
the best SC. In this chapter, a hypothetical e
Firstly,adheS®I wiflolr e cal cul ated, determinin
above, or bel ow expectations wupon completing
Secondly, the DSS wil/l be applied teovisngl edcatt ac

from the GC's data repository

52Hy pot hetical exampl e
5. Askumpti on:

The general contractor (GC) X has managed man)
(P11, P2, and P3). GC X contracted three subcc
ti mbverk on projects P1, P2, and P3, respectiv
of &&cmvolved in these projects to analyze | es

within the organi zatXimemedAft@erdeadixdenowhihsh KIC
SC1, SC2, and SCB8 hsetsrhuotutl mivabkékoa wa hedechew projec

5.2 nput s

The data input into the model i's categorized
which is agreeandiptCme ISpcdbhdl 5Ccobhéeereted dbaei
execution stage, which pertains to the SC's w

52Applicethiiomt ®dr ated Model for(SExalScat)andofSC
Basedteps for calcul at irafge piegr4lrdJa raahatci el iiaradtei xo n(
resul t ss-AHP®fne MaQUltFi ghlrsecnows t he i nterfThee of
presented example as3albddanianbél2aedat a il |l ustrate
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Tabslle€Contractual

|| Evaluation Performance System | |

Project Name | | (L ot ]
| Location | |

| Subcontractor Name | |

Address | Reslt ||
P Box

Tel

Fax | | e

Figblt el nterface of performance

Data of Projects

Projects of GC (X)

ltems

Project-P1 Project-P2  Project-P3

Contract period- days

302 186 109

Contract Valuei C$

518,000.00 313017.00 27651100

Commencement date

202-03-20  202208-12 202210-18

Number of required technicians according to contract 2 4 1
Number of required professional certificate according t 1 1 1
contract
Number of specialized equipment according to contrac 1 2 1
Number of meetings that subcontractor should be atte 10 6 8
as contract
Number of documents as contract for closing project 12 6 5
Tabbl2e D@dlal dpbed ComptilhPet opacbbf
Sr.N | Data [ scypy [ sc2(P2) [ sC3(P3)
01 Time and Schedule
Revised ontract period (RC) days 302 186 109
Finished date 2023-02-19 202302-14 202302-02
Construction Time (CT) 336 186 107
02 Cost and Finance
Revised ontractvalue (RV) C$50582000 C$307,667.00 C$276,511.00
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Financial claims (FC)

0

C$7,32500

Frequency of subcontractor submissions
invoices to thesC X prior to the
contractual dates

1

Cost Saving (Tasks)

Cost (Taskol)

C$18,000.00

C$23,400.00

Modified cost (Tasi0l)

C$13,000.00

C$18050.00

Cost (Task2)

C$42,082.00

Modified cost (Task02)

C$34,902.00

Assessing the frequency of delayed
payments (workers and material suppliers
throughout the project.

1

03

Quality

Number of norconformance reports
(NCRs) regarding materials

Number of norconformance reports
(NCRs) related to work requiring rework.

Number of norconformance reports
(NCRs) related to finished production

04

Resource Adequacy

Number of technicians and professional
certificates(Subcontractor)

Number of specialized equipment

Number of software issues

0

Total of days of delay in the delivery of
materialsi days

23

05

Occupational Health and Safety and Environmental Protection

Number of incidents of damaging utilities,
works or materials by subcontractor
workers during project

4

Number of fatal incidents by subcontractc
workers during project

Number of reportable safety violation and
injuries duringproject

Number of prosecutions made by Labor
Department or Union during project

Number of warnings issued IC (X)
regarding subcontractarclude the
following: Subcontractor kept a dirty
workplace on two occasions, improperly
stored hazardous materials once, and
disposed of construction waste in a mann
not compliant with waste management
regulations.

06

GC (X) - Satisfaction

113




Number of requests for information by

accor diheequ a ®ir efda b3d9%adnor maldi ,talsem h d wbh33a@amd

Fi gb2aenki gb3 e

Tabsil3e Cal cul ation of l ndi vi dual Ut il it
Tabsl3éd Cal cul ati on of Il ndi vi dual Ut i | it
Sr.N | Indices | Sub-indices SC1-(P1) SC2-(P2) SC3-(P3)

01 STC STC1 RC/CT =09 1.00 1.02

CFC1 0 2% 0
CFC2 2 1 2
02 | CFC CFC3 20.27 22.86 0
CFC4 1 1 0
QC1 6 2 0
03 QC QC2 2 3 3
QC3 3 1 2
04 RC RC1 085 0.93 0.9
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4 0 1
subcontractor
Official letters (sent and responded) from 27 13 7
subcontractor
gfcflual letters (sent and responded) from 30 19 10
Number of attendance meeting by

9 5 6
subcontractor
Number of submitting documents by 12 6 5
subcontractor for closing project
Number of changes required BC (X) 4 3 1
Number of accepted changes by

3 3 1
subcontractor
Number of incidents, complaints, or
conflicts with other subcontractors reporte 2 4 0
by GC (X) engineers

07 Leadership
g;l:g)boranve Leadershiffrom three of GC (6,6,9) (4,5.4) (4.57)
Dedication(from three of GC team) (3,5,4) (5,7,9) (6,6,8)
Effective leadershiffrom three of GC (9.8,9) (8.8.7) (4.6.7)
team)
Af ter collecting the required dat a, t he

i es

i es

cal

for

C



RC2 7.6 5.9 4.6
05 HSC HSC1 093 1.08 1.125
HSC2 5 3 0
SCC1 0.9%" 091 0.89
06| scc SCC2 75% 100% 100%
SCC3 2 4 0
LC1 7.3 4.3 5.8
07| Lc LC2 4.1 76 7
LC3 8.6 6.7 6.1
Tabsl 82 Detailed Cal cu-l(®tli)on of HSC1
Cal cul ation of H
HSC1 |[Val | Nor mal i Ref er
HS GL 4 0.85
HS GP 0 1.15 Tab39e
HS GB 3 0.85
HS Gu 3 0.85
HSC1 0.%9%

Tabsl 8Det ai | ed

CaCduf at(iP&E1lof

Tabsl 8Delt ai | ed

Cal cul ation of S
SCC1 |[Val | Nor mal i Refer
SCccu 1.0 1. 03
SCcge2 09 0.9 Tabdlle
SCEC3 1 1
SCC 1 0.%9%* T a b3l9e
CRQc dloa(t ASIYA o f

Calcul ation of R
RC1 Val | Nor mal i Ref er
RC-1 0. 3 0. 85 Tabdlle
RC1-2 0 0. 85
RC 1 0.8 5 Ta b39e
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Tabsl 8Det ai l ed Chaatoul-SEilldn of
Calculation of LC
Weight of Value Final Refer to . Refer
GC Team 9 LC Normalization
GC Team - Team| Value to
Project Manager 3 LC1 | (6,6,9) | 7.3*** 0.93
) Tabl Tab
Superintendent 6 LC3 | (9,8,9) 8.6 1.03
0,1.15 HSCZX2 Conversion Chart

= 12 y=-0.3x + 1.15

ISR o R2=1

11

= e

s | e

- 1T

QT e

1

<So9 |l T

g 0.9 | e 1 id0.85

o

Z 0.8

0.5 1
Calculated Index (CI)
HSC21-3 Conversion Chart

§ 1.2

< 0,1.15

S 11—

= 1,1.05 y=-0.1x + 1.15

S 1 — R2=1

e 2,0.95

S0

e Ty 3,0.85

o 0.8

= 0.5 1 25 3 35

5 2
Ca][culatied Index (ClI)
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HSC21-4 Conversion Chart

g L2 0,115
g — i,
e T O s 2,0.95
foor
£
S 07
0 0.5 1 calcUlatied Indéx (Cl) ~ 2° 3 35
Fi gh2 &ddormal i zafioSol PI) HSC1
TabSldeNor mal i zation of I ndividual Utilities
SC1-(P1) SC2-(P2) SC3-(P3)
Sub-Indices
Value | Normalization| Value | Normalization| Value | Normalization
STC1 0.90 0.90 1.00 1.00 1.02 1.02
CFC1 0 1.15 2% 0.85 0 1.15
CFC2 2 10 3 1 1.05 2 0.95
CFC3 20. 1. 15 | 22.86 1.15 0 0.85
CFC4 1 112 1 1.05 0 1.15
QC1 6 0 .59 2 1.05 0 1.15
QC2 2 1.90 3 1.05 3 1.05
QC3 3 0.29 1 1.05 2 1.02
RC1 0. 8 0.85 0.93 0.93 0.9 0.85
RC2 : 0.85 5.9 0.85 4.6 0.85
HSC1 0.9 101 1.08 1. 08 | 1.125 1. 13
HSC2 5 091 3 0.95 0 1.15
SCC1 0.9 0 .99 091 0.91 0.89 0.89
SCC2 7 % 097 100% 1.15 | 100% 1.15
SCC3 2 1.05 4 0.85 0 1.15
LC1 730 100 4.3 0.85 5.8 0. 85
LC2 4.1 085 76 0.95 7 0.85
LC3 8. 6 1.90 6.7 0. 88 6.1 0.85
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COMPARISON OF NORMALIZED VALUES

8
STCICFCICFC2CFC3CFC4QC1 QC2 QC3 RC1 RC2HSCIHSC2SCCISCCSCC3LCL LC2 LC3
——SC1-(P1)0.9 1.15 1.03 1.15 1.12 0.95 1.09 0.92 0.85 0.85 1.01 0.91 0.99 0.97 1.05 1 0.85 1.09
—8—SC2-(P2) 1 0.85 1.05 1.15 1.05 1.05 1.05 1.05 0.93 0.85 1.08 0.95 0.91 1.15 0.85 0.85 0.95 0.88
SC3-(P3)1.02 1.15 0.95 0.85 1.15 1.15 1.05 1.02 0.85 0.85 1.13 1.15 0.89 1.15 1.15 0.85 0.85 0.85

Fi gbx eComparison of Normalized Val u

Lasthg, performance i ndanxd (tPhle) fwinalTbawdidyahltcsul af

The performance | evel s Wabddoa cacdigoSvBiazidne ac c

55a nTda b5l6.e

Tabsls5e Cal cul ation of P for Each SC

Sup Weight Nosrﬁil(isit)ion Nc?r%il(iZt)ion NoSrS;I(i:Zion ¥ Ifl T

Indices (W) (N1) (N2) (No) WI N1 | WIN2 | WI N3
STC1 | 0. 1 0.90 1.00 1.02| 0.1, 0.1, 0.1
CFC1| 0.0 1.15 0.85 1.15[ 0.0 0.0/ 0.0
CFC2 | 0. O 1.0 3 1.05 0.95| 0.0 0.0/ 0.0
CFC3| 0. 0 1.15 1.15 0.85| 0.0 0.0/ 0.0
CFC4 | 0. O 112 1.05 1.15| 0.0, 0.0 0.0
QC1 | 0.1 0.59 1.05 1.15, 0.1 0.1 0.1
QC2 | 0.0 1.90 1.05 1.05| 0.0 0.0 0.0
QC3 [ 0. O 0.29 1.05 1.02, 0.0 0.0/ 0.0
RC1L | 0.0 0. 85 0.93 0.85| 0.0 0.0/ 0.0
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RC2 | 0.0 0. 85 0. 85 0.85] 0.0 0.0/ 0.0

HSC1| 0. 2 1.0 1 1.08 1.13( 0.2 0.2/ 0.2
HSC2| 0. 0 091 0.95 1.15] 0.0 0.0 0.0
SCC1| 0.0 0.99 0.91 0.89| 0.0 0.0 0.0
SCc2( 0.0 097 1.15 1.15] 0.0 0.0 0.0
SCC3| 0.0 1.05 0.85 1.15( 0.0 0.0/ 0.0
LC1 | 0.0 1.0 0 085 0.58 0.0 0.0 0.0
LC2 | 0.0 085 0.95 0.85| 0.0 0.0 0.0
LC3 | 0.0 1.90 0.88 0.58 0.0 0.0 0.0

Pl = kNW 099 1.0/ 1.0

Tabblee Categorization of Level of Each SC

SC1(P1) SC2-(P2) SC3-(P3)
= 099 1.02 1.07
Level of TqgHightTolerancel Medium Tolerance Medium Tolerance
Level of P¢g WithinTarget Within Target Exceeds Target

Based on th TradbS8et he peefer mance of SC3 in the
the target, while &€d S@Rttheedetr stTlpirojiexctc qrPr
comparison of normaliirdki®CfBsakcoesi ateassyvaut pa
SCisn mosli cédesmonstrating fewer i1issues with safe
ahead of schedul e.

119



Assessement of Subcontractor Performance

Performance Index .(PI)

9

Level of Tolerance
Level of Performance Below Target

l Previous I

L

Fi gbdt e Assessment of SC1 Performance ( Me

5. A2 plication of the DeveltoopeSle |Deeccti stihoen BSeusptp oS
After six months, GC (X) needs to decide whic
Sshould be awarded the structural timber works
for awarding SC in project viEePa)t dreeastth &t ytelag s
in adadhrestructand andosiimeyci al |l i cense iamdt he s

mi ni mum number of .BEpegiisdloiwsed hequinpreernfaee of

presented example as%abdds the data illustrate
|I' New Project 'I]
| Project Name Commercial Building (P4) | Potential
- Subcontractors
| Location |Edmont0n | i ;

| Requirements for Project from Subcontractor |

Number of required technicians according to
contract

[ 3]

MNumber of required professional certificate
according to contract

=

MNumber of specialized equipment according -
to contract Main

[y

Figbhx el nterface of DSS
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Tabil7ddbat a ®eg&8€Cding Financi al Capacity and Exp
't em SC1 SC2 SC3 SC4
Bid offer 217, 2203, 2228, 111960 .8
Profitability (PI 4. 4% 4 % 2% 6 %
Growth (GI) 2.9% 2.3% 1.1% 3.2%
Activeness (Al) 1.0 % 0.9% 10 % 14%
/3lyear average anrn 346Q ( 218219 312, 3 0,86(
Credit rating sco 22 16 20 20
Experience of sim 11 9 6 4
Experi emroeasitm utch e 14 9 10 4
Application of DSS r eRiuga2edsi it qitel y,t eypssi g stchrd b
according to the conditions, it was determine
the shortlist of SCs includes SC1, SC2, and S
Secomclfye,r Teb39edtaot a col |l ecti on and determinat:.
acceplttedlrnati ves (SC1l, SC2, and SC3) are accon
repository westablished after t heb38es mp we t iad n
prefer ewiclels behadS&d
Tabol8e Preferences of SCs
Sr.N | Criteria | Sub-Criteria SC1 SC2 SC3
PEC1 217,296.00 203,200.00 228,100.00
1 PEC PEC2 69,214.42 42,567.01 62,404.01
PEC3 11 9 6
PEC4 14 9 10
2 STC STC1 0.9 1 1.02
CFC1 0 0.02 0
CFC2 2 1 2
3 | CFC CFC3 20.27 22.86 0
CFC4 1 1 0
QC1 6 2 0
4 QC QC2 2 3 3
QC3 3 1 2
RC1 0.17 0.67 0.17
> RC RC2 0.08 0.06 0.05
HSC1 2.5 0.75 1.25
6 HSC HSC2 5 3 0
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SCC1 0.97 0.83 0.84
7 SCC SCC2 75% 100% 100%
SCC3 2 4 0
LC1 7.3 4.3 5.8
8 LC LC2 4.1 7.6 7
LC3 8.6 6.7 6.1
TabSlodet ailed Calcul ation of PEC2 for SCI1
Cal cul ation of
Il tem Val u Refer
P 4. 4 Y
Gl 2. 99
Al 1.05 T a b39e
Sl 346, 0
Si2 22
PEC?2 69,214.42
NexMCDM ( COPRAS) is i mpl emealeSdekbrye autefdh bflzreonny
58A1 1 sCeprRABE coded in Python tAftaaurt oimmg et ttihn
number of alternatives, the number of criteri:
criterion, the final out puts include the quan
as sRhRowhGaemKi go7 e
Tabilld Sub teria and weights
Sub-Criteria SC1 SC2 SC3 Weights Influence
PEC1 217,296.00 203,200.00 228,100.00 0. 09 Co€riter
PEC2 69,214.42| 42,567.01| 62,404.01| 0. 06/ Benef i ci a
PEC3 11 9 6 0. 03 Beneficia
PEC4 14 9 10 0.02 Beneficia
STC1 0.9 1 1.02 0.10 Beneficia
CFC1 0 2% 0 0.03 Cost Cri
CFC2 2 1 2 0. 01 Cost Cri
CFC3 20.27 22.86 0 0.0l Beneficia
CFC4 1 1 0 0.00 Cost Cri
QC1 6 2 0 0. 09 Cost Cri

122



QC2 2 3 3 0. 03 Cost Crii

QC3 3 1 2 0. 06 Cost Cri

RC1 0.17 0.75 0.25 0. 03 BenefCirdites

RC2 0.08 0.06 0.05 0. 03 Cost Cr

HSC1 2.5 0.75 1.25 0.2048 Cost Criterion

HSC2 5 3 0 0.0512 Cost Criterion

SCC1 0.96 0.91 0.89 0.02Beneficia

SCC2 75% 100% 100% 0.0 Beneficia

SCC3 2 4 0 0.01 Co€riter

LC1 7.3 4.3 5.8 0.02Beneficia

LC2 4.1 7.6 7 0.0l Beneficia

LC3 8.6 6.7 6.1 0.00 Beneficia
In [ ]: | COPRAS Steps:

import numpy as np

from pymcdm.methods import copras

from pymcdm.helpers import rrankdata

import matplotlib.pyplot as plt

import pandas as pd

# Step 1: Input Inmitiolization

INMPUT num_criteria

INPUT criteria_labels FOR num_criteria

INPUT num_alternatives

INPUT alternative_labels FOR num_alternatives

INPUT welights AND types FOR num_criteria

INPUT decision matrix FOR num_alternatives AND num_criteria

# Print the Decision Motrix

COMVERT decisicn_matrix 7O DataFrame df_decision_matrix

PRINT df_decision_matrix

# Step 2: Method abject Creation

CREATE method AS new copras.COPRASE)

# Step 3: guantitative Utility ond Ranking Calculation

COMPUTE UL USING method(decision matrix, .‘J-=1gh1::-, types)

COMPUTE ranking UsInG rrankdatalui)

# Step 4: Sort Alternatives and Utilities

SORT Ui IN descending order TO GET scrted_indices

MAP sorted_indices TO sorted_alternatives AND sorted_utilities

# step 5: Plotting

CREATE bar chart OF sorted alternatives AND sorted utilities * 12@

LABEL plot AND axes

SHOW plot

# Step &: Cregte @ new ranking based on utility wvalues

COMPUTE wtility_ranking USING np. ar'gscrt{scrted | utilities)[::-1] + 1

# Step 7: Print Ranking based on wtility

CF‘.E.—.TE D\atEFFq'TIE df_results WITH sc'r"ted alternatives, utility ranking, AND sorted_utilities * 128

PRINT df_results

Fi gbhapseudocode for COPRAS steps
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Ranking Potential Subcontractors

| sc1 I
| sc2 | L2 | l
| sc3 | [ ]
sc1 scz sc3

Fi gbhZn e Rank Al ternatdi
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ChapéW¥errification and Validation

6. 1 I ntroducti on

This chapter explored t hwalmedahtoidnsg ucsaeldc ufloart ivoe
devel oping the performance evalwuation model |
out put wvalidation was conducted through exper"
calcul ati ons,atpiedrr omondherlc,e @&wvd | DSS was perfor me

62Sensitivity Anal ysi s

Sensitivity analysis is an invalwuable tool fo
making informed decisi.omBsy lsaysseade man i madeély ot
and analyzing the resulting changes in outopu
vali date model s, manage risks, ahdadl opRdIhBze pe
Sal teel lail .Res20a0r4c)her s used different t @aaldni que
Regressi dhe lAm@anh glsi,s 2003) .

6.2 .Nlor mal i zati éorSensail uiavi on Pl

The sensitivity of value normalization is ex
calcul ate the Performance -ledek (®1 rambeseéeHL
l evel toleranteveMLT), dabatlandy g BTiel. |l ustrate t
scenarios for <calculating the PI based on t he
mod el for threktepelj gSoctesnraswni tob O0Ol2o0w mpl ement s t
projects Wwiewvkel méoil emance, and Scenari o 03 i mrg

with-leveh tol erance.
TabelleCal cul ahcoonrdfnBlto Scenari os

Scenaris | SC | Project | Contract | Level of P Categorize level of performanc
ID Tolerance
Scenario| SC1 P1 P11 High 0.991 Within Target
01  [scz2| P2 P22 High 1.046 Within Target
SC3 P3 P33 High 1.097 Exceed Target
Scenario| SC1 P1 P11 Medium 0.935 Below Target
02 scz2| P2 P22 Medium | 1.006 Within Target
SC3 P3 P33 Medium 1.078 Exceed Target
Scenario| SC1 P1 P11 Low 0.908 Below Target
03 scz2| P2 P22 Low 0.981 Within Target
SC3 P3 P33 Low 1.074 Exceed Target
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—— High Telerance
Medium Tolerance
—— Low Telerance

Fi golr e Rade-MThéh &retnsThiModiel y f ofLeTV®ller ance

6. 2.11n.tler pr eSteantsii ®me svaifit tys :
1.Consistency Across Projects:

T P33 consistently perfdremelwel lal avaryess & ad |

"Exceed Target" category. This suggests

varying conditions.

T P22 remains within the target range

slightly below target for Low tol
suggests potential areas for i mprovemen
T P11 struggles more with | ower tol
points to potential vulnerabilities

performance under stricter criteri

2.l mpact of Tolerance Levels:

eranc

erance

T As tolerance | evels decrease from High

PerformanceSQa nOkixs fiog a@aixpect ed, as

more weaknesses and reduce over al/l

1T The variance in performance indices

for P11, indicating it iIs more sensi

to P22 and P33.
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6.22Cr i tWeaiigaght age fSoernsDSS vity

The sensitivity of the criteria weights was ar

The first scenario involved testing the sensi
by Il ncreasing and decreasiamgl iatdg usal ng bhe a
proportionally to maintain a total weight sum
The second scenario foll owed a si mi |l &ari gahpepsrto a c
wei ght (STC) . The third scenari o encompassed
weights of the beneficial beitestawwhghesptop
wei ght sum equal to 1. The final scenari o inc
cost criteria and adjusting the beneficial we

to observe donmetire iWwlf lwelnces of the devel oped

alternatives.

6. 2.5ensiRewulttys:

6. 2. 2.1.1 Scenario 01

The sensitivity analysis for criterion HSC1
influence the r86IBICRg&ECAS ahbwog@eMéhieme s he wei g
for HSC1l decreases by 5% t o S5CB%,S€thesc ornadn k i anngd

SCLhird. Conversely, increasing the weSiCRht of
achieving the hi IC8at seankh SCilmhitdwaddbyhi s de
that criterion HSC1l has a critical i mpact on

SCand | ower wei3®a&ts tmad nttoap ni ng

6. 2.25cknazrio O

The sensitivity analysis for criterion STC r e\
Ul values 8C€1 aWhtielrenatth @ QAINICAE mas nd stialbll est r a;
Fi getiZReductions in STC weighStCllke &t wval aegr &doa
62. 49SC@&si tUW value consi SC@aithtyaiamiomgda 9He 6fle @
Conversely, increases in SSCAC WwWei glalt urrestilriom 6.
whiSG®2s Ul value sl i ght3 g8 onntcirneuaesse st o os c9o6r.e7 51, 0

variations, the overall ranking of alternatiyv
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6. 2.
The
t he
i nc
i n
fal
We i
t hi

6. 2.
The
ran
red
we i
al t
wh e
sec
pos

r el

30%

35ckna3rio O

sensitivibewyeéweailgghttiss cfroirt eerhieon reveal s t he
ranki ngSagé&fC2abicé@ds nahbwet2iFeor decreases and
reasesSGQ@Gconweisgentl y hol ds (tSIC&nt spcPp@di tainan
third. However, with hi §f8@8dvwewacght tS'CBEr e ast
|l s toS€eéemandnsandird. This suggests that i
ghts cr i $ @a3si opno sh etn BfGi3trsel (Afit @ vsei sttoent | 'y r e ma
rd position across all weight adjustments.

45cknadrio O

sensitivity analysis for the Cost Weights
ki ngs of StGhS*xQ, a |8BrChrsn aitli lvubsstgréa.twdheé ni n he wei gh
uced bySCB8®&nsosP6 WS G2 ercaonnkB8sC tLfainrdsdt., However,
ght decreases f8Cdher 1STBgDH &6 6mitogr StGikee dhi g
ernaSC&eopmwindg to sSeCchloenmdai mliancge ,i nantdni r d. Or
n the weight is increasedS@G8n26UrI®2 D é&oc e
on&Cllandhird. This anal §§68genarealoingt mait esa it
ition, a significant dewS€@8sesunpabs CbDst a

ative rankings.

Sensitivity Analysis for Criterion HSC1

Sensitivity Analysis for STC1 (Ul Values) _

N %
-10%, -30% o
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Radar Chart for Sensitivity Analysis of Beneficial Criteria
o

Radar Chart for Sensitivity Analysis of Cost Criteria — 5ot

—_— 502
K

Fi g6i2z e Radar Chairftfss cfeonsa rH oou r
6. 3 Experts Validation

During the meeting held with industry experts
performance and the decision support system

provided feedback and comment s.

6. 3EMal uati on System
The expert referreéed trthbiusdeplematuio@an odbysetcam v e

except | eadershipandadatraelyeaopuwi weod kt d e@aannduct
available through the documents of project or
departments or daily and. weekly reports from

The expergd hadaigbobnghdering the number of sof
resource adequacy i s unnecessary, as subcontr
software, or they are already familiar with t

The experts emphasized that the contract val
determined accurately, as the contract value

represent the true volume ofhewosdckap eF oirn cilnusd easr
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supply and installation of medical é4gU% ponfe nt
the contract val ue. Therefore, considering t

accur ate assessment of subcontractor perfor ma

The experts noted that the application provid
them within certain ranges based on the | eve
approach, another remarkedct handetaltd cswine ofCH :
specific circumstances and conditions. Theref
contractordés management to determine the norn

and organizatiioonwal amlby efcan vaisst ipmctt project c

6. 3Deci si on Support System

The developed decision support system was i mpl
project. The expmprnrehamgsievval omi tdrei a used for

utilizing qualitative inputs rather tha-n qgquan
maki ng

One &expert emphasi zed that t hedoersi treati opr o veil
comprehensive assessment of a Subcontractor'
financi al capacity alone might be insufficier
financi al health aedpetabsluiggegstEdern eafcore@or ah

indicators or metrics to create a more holi st

The experts questioned whether some data migh
collected from historical records (where the
contractor), by directly agkamagt héeire gameroalt r ac
experience with the subcontractor (in cases Vv

current gener al contractor). They inquired ab

The application addresses missing data by uti
higher values (if the criterion relates to c
comparison process who havrealprocon toruasdtyo rwo rvkheidl
al | criteria and their weights. Some experts

whil e others suggest excluding the weight 0
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proportionally adjusting the weights of the r

to 1, with the goal -noafk iancgh ipervoicnegs saa f ai rer dec

6. 3.3 Steps Taken to Address Experts’ Feedback
I n the devel opment and refinement of both the

i ncorporating expert feedback is crucial for
This section detail s t heckacandoncso ninaeknetns tpor ocavdide
throughout the evaluation process. By systema
i mprove the systemdés methodol ogy, accuracy, a

system morehcuseerl mnewds and expectations thr

recommendati ons. This process involves assess
necessary adjustments, and documenting the mo
T Regarding the number of software issues, I

measuring resource adequacy in the evaluat
T A note has bereudhs eard diendt etrof atchee of t he applica

not accurately reflect the true volume of
by 10% or more compared to the contract v
i ntenderde tao neonrseu accur ate performance eval U

T I'n response to comments regarding the crit

was held with experts. 't was determined
potenti al subcontractors is conduemnedalby
contractorés organization. This assessment

criterion more thoroughly.

T Regarding the approach to address missing |

mai ntains all criteria and their respect.i
subcontractors involved in the comptalrd son
gener al contractor. This approach is desic

known performance histories.
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Chapt.@oncl vasnidemcoo mmendati ons

7.1 Study Overview

The development of a performance assessment model for subcontractors upon the completion of
projects and decision support system telect the best subcontractor for new proje a
significant advancement for the construction industry. Traditional subcontractor evaluation
methods often focus narrowly on the bidding process or the execution phase, with insufficient
emphasis on comprehensive performance assessments at projectioamiphes narrow focus

can result in incomplete evaluations and hinder accurate subcontractor selection for future projects.
By creating a detailed performance assessment model based on specific indstas;toan firms

can systematically evaluate subcontractors across a range of critical criteria, including time, cost,

guality, safetyandleadership

This mode$ provide a structured approach to quantifying subcontractor performance through
objective metrics, which enhances decisioaking accuracy and reduces the risk of bias inherent

in subjective evaluations. Implementing quantitative scales and objectivereraasts ensures a
higher degree of transparency and consistency in the evaluation process. Additionally,
incorporating practicegegarding in waste management and cleaning workpiate the
performance assessment framework aligns with the growing empbasisnvironmental

responsibility in construction projects.

Furthermore, linking the performance assessments of subcontractors upon completed projects with
the selection process for new projects offers a comprehensive framework for subcontractor
selection. This integration ensures that past performance is sys@ipationsidered when
choosing subcontractors for future projects, leading to more informed and effective decision
making. The use of a muitiriteria decisiormaking (MCDM) method within this framework
allows for the balancing of various evaluation crageproviding a holistic view of subcontractor
capabilities and performance. Ultimately, this approach improves project outcomes by optimizing
subcontractor selection, enhancing resource allocation, and increasing client satisfaction, thereby
addressing asting gaps in subcontractor evaluation practices and contributing to overall project

Success.
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72Concl usi ons

To determine the research objectives, a literature review of relgvaies and journal papers

was conducted, and meetings were held with experts from the Canadian construction industry.
Subsequently, the research gaps were identified, and the objectives were established.
Additionally, the review included an examinationneéthods and tools used by researchers in
multi-criteria decisiormaking (MCDM) to select the best subcontractors and methods for

weighing criteria.

One of the critical challenges is identifying the indices used to assess the performance of
subcontractors, the criteria used in decision support systems, and the relationships between indices
and criteria. To address this challenge, thaity studies (thiteen focusing on performance
evaluation and twentthree on the selection process) were analyzed. Two methods were employed

to analyze and identify the most important criteria mentioned in these studies.

Firstly, the Relative Usage Index (RUI) method calculates the frequency of eactitsribn by
summing the values in each row of a matrix. These frequency values are then used to compute the
RUI values via a specified equation, which helps in identifytlmg most and least frequently
mentioned criteria. Secondly, social network analysis (SNA) treats each criterion as a node within
a network. Relationships (edges) between nodes are inferred if the criterienagatamned within

the same source.

The analysis reveals that the indices include time, cost and finance, quality, resource adequacy,
occupational health and safety, general contractor satisfaction, and leadership. The criteria
encompass these indices along with the additional factorsoorigpand experience. Additionally,

the analysis identifies which criteria are beneficial (positive) and which arestatgtd (negative)

Anot her objective is to weigh the identified |
this, a hybrid approach combining Monte Carl o
provides statistical si gguatfe cjaundcgeme not tunec e retsauil

begins with preparing a pairwise comparison n
Next, three probability distribution function

each deterbmie.i sPaicr wiaga amatri ces are then Cr €
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simulations), followed by a consistency ratio
and criterion are determined.

The results indicate that thelsawedy bygriti enei @
while the remaining criteria are closely alig
To achieve the objective of making the perfo
accurate and transparent, it iIs essential to
Therefore, the identified csristteurdiiae saroer feoxrpneurl!?
Al | criteria are measured using quantitative
The formulas for these measurements have beel
i ndustry experts.

After identifying and weighing the i mportant
i ntegrated mo d e | for Ssubcontractor assessmer
assessment, i ssues related to scalefanea, uvali
normali zation approach is i mplemented, with t
of tolerance. The final step involves calcul at
utility Model (LAUM) a nlde veed tse gionti@ i agt Pptea i dir
exceeding target, within target, below target
Finally, a decision support system (DSS) is de
a new project. The process begins with conduc
eligible subcontractors, habol sbwetddbpet hel evbh
transparent . To achieve this, data i s retri
perf ormance assessments conducted upon the co
gener al contractact drGC() S@)n.d Adidbictoinanal | vy, dat
qgualifications, communicating with reference
information regarding the <criteria. To compl
determi mptdemgnti ng the Complex Proportional A
a melriier i-maldiecrg s( M@GDM) technique used to eva
on multiple criteria, considering.whether eac
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73LIi mi tati ons

This research employs a hybrid method combini

indices and criteria. This approach requires
di stributions. Accurately eaesmgdisgnamgt henev dlyypme
avail abl e. I n this study, opinions from thre
di stributions (normal, triangular, and | ognor:

comprehensive basitsyperofdediestmi nlb mgi o .

Addi tional | yi,nduhset rnyu mebxepre rotfs who participated
' i mited and primarily from general contractor ¢

experts from different perspecti ves swonutlad ibvee

panel

Furthermore, the Linear Additive Utility Model
|l evel s of nor mali zation (1 ow, medi um, and hi
normali zation | evels and appl i eldevaeclcsorfdarngdryy

scenar i o -croedg inigr esew ef or mul as based on the up:q

' imitation of the application

74Recommendati ons for Future Work

This research focuses on the assessment of S
researchers can focus on the objective asses
projectds pr odirhees sa.p pAd ciattiioomalilsy consi depded a
t hird ClreveSruiba | @amedli mme as)ur elmaenmdesfe@are ,her s -can ex
industry applications by investigating the ap
at hil edvdaler e subcontractor assessment and selec
and gas, or I T servicedustoyi deneifyspandnt na
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