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Abstract

Resource-constrained project scheduling problem (RCPSP) is the arrangement of
project activities by shifting their start time within their own available float time or
splitting them. This attempt is to stabilize the level of resource demands and to avoid
over-allocating resources whereas conforming to the other existing scheduling
constraints, particularly precedence relationships of activities that are specified. The
arrangement is restrained to some extent and efficient resource utilized schedules may
not be obtained. This research initiates the new concept of RCPSP with relationship
options. Any activity can have one or more alternative types of relationships with the
other activity. The scheduling model was formulated with mathematical equations and
the prototype was created on spreadsheet software. This scheduling problem model
was solved using the Genetic Algorithm based optimization. The prototype was tested
with two cases, both small and large construction projects. The test results showed that
the new model could calculate and arrange project schedules correctly although
different types of relationships were applied to the schedule. Also, the model could
result optimal and efficient resource allocated schedules quickly and consistently,
especially better than the conventional model and the commercial scheduling software
by more than 50%. The resulting schedules had lower resource demand fluctuation and
lower maximum resource demand level. This new RCPSP with relationship options can
help planners arrange an efficient schedule. It not only provides the flexibility to level
resource demands but also determines a suitable type of relationships for project

activities.

Keywords: construction scheduling, planning, precedence relationships, resource

allocation, resource levelling.
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| % d’lj 4 1 a 12 [ [ o A Y o w
nsesRuuneaiiutosuazdsluthmines s dundn lnedasiastoulatednin
audug ielilaununuiiiuaisanaimsaniuianssuaiwedasins #9355 Auiuaia
Y9IRANTIUAP04LATINITTENTT “TBanenefianssuingn” (Critical Path Method: CPM) Yaya

d’lj v a 1 v o ‘:’f( ¥ 1 v a
LUBINUYBININTTUNDHINILYANIAUAYY Tann TAs9a319n1snsEaNeveenanssy (Work Breakdown

v 6 J a

Structure: WBS) 528211a19047aN 553 kazANUdIiuSTEninafianssuiey uazihdeyaiaiilinly

TumMIAmUINAINAITRIAINTIN FalAIIAIRI99AL
Earliest Start Time (ES) yiunafis Lansui5ianvananssutiy
Earliest Finish Time (EF) nunefia nanasaiiiiigauosianssuiu

Latest Start Time (LS) e LIansuftigavenanssuiiy

a

Latest Finish Time (LF) y19849 1aasantinnanvesnanssutiu

q



Free Float (FF) 11884 9298789 unaunnanssutuazyinlinanssudaly (successor)

Total Float (TF) #1859 9198180 Unaunnanssutuazyin bilasinIsant

= v o 6 1 [y 1 v

Aanssuneadinezdinuduiusseniniuey wazdniiauduiuswuadunguy lned

Y

1 [y & v

nguaunils AlAInssUAeRFuTuS T ukaziSosdafududnwusa  gn199sTend “a1em9
a 1 A 1 1 Al ly o 6w a v I ¥ a =] LY

Aanssu” (Path) vaugiluseninanguaunliduiusiu sslidnwauziluduaienefanssuivuiuiu
U wuudaeadaisavesasinsneadanilituazdesdarenisianssuetsiosnisasludiau
N13AIMUALESIAUVDINILATINIG Tagazl3unaeni1snanssutuln “arenisianssuings” (Critical
Path) uagfanssusenegluatemamaitusenit “Aanssudngn” (Critical Activities) Begjaniiiy
lassnsagdesiinnuauladufivveiuaieninanssuingansziinanssnunemMuuaEsaa U0 Im

1AS9NT

nsAIUINAIAIRIvBIRanssNazein sy ylainAanssulailufanssuings Tned

Aanssulandl TF wirduaudaeianssuinga aunsntdlunisAriuimawial dmsufanssund

AUFURUSFUUUUSIIUYIA (UNR) ¥303UWUU Finish-to-Start 5¥13149 Predecessors Uag

Successors Jnatl

ES; = Max(EF,); Vh qumaf (2.1)
EF; = ES; + D; qun3n (2.2)

LF; = Min(LS;); Vj A3 (2.3)
LS; = LF; — D; aumsi (2.4)

FF; = Min(ES;) — EF;; Vj &NN31 (2.5)

TF; = LS; — ES; SN0 (2.6)
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lne? i Aenanssulagfdl predecessors yavumdudnves h wawdl successors ianuadu

< .
\FAUD |
D; D S28LLIAURININTIH i

AIAIRNgBsRanTsulaazdieliansadnnsnatnueeslassnsneasela Inefivi

Tildszaziamaunveslasinis vanivuaiusuegediuazod1asingn waziuaiuasoeens

| & a

Fuared1niIngaveaazianssy MbiinluwdazAanssuazanusaniliunisardladnivinle

[
v Y1 a

U195 79N sUlAURITNUA L EUN a9

&

2.2 g‘dLLUUmmé’uﬁuﬁ‘szijﬁ%nﬁu

<

AMUFLTUSTENINAANTTY TaemluAanssuneasieinee ldauisafuaiiun1smsondasa

I§mudasy wituegiuanssudugiifanssuduludanuduiusie wiideswnaindodifa
(constraints) vasianssuedalsnatunisufoRudinudniusszninfionssulagaun sautsszau
rusndusenlsidu 2 szau (Hinze 2008) fig

1. Auduius s du (logically required relationships or mandatory relationships) Wu
mwduiussuilosnandedidanenisnmeanszuaunisneaing fviliursfanssudegn
sufumslumuddulaglianansandnuassld Wy Aanssuynmdn “Sududes” shdsufanssum
AOUN3IA wsaRanssunsneadslassadsdsun “duduses’vinouianssunisneadnelassasng
219819 (Project Management Institute 2012)

2. AuduRusivsisaun (preferred relationships or discretionary relationships) W
auduiudiBalouieiitnuagisumsiidunisionssusne wetieseusslevdlunsusms
Fansdusnaqldun fuanuvaendy dudsneden dudedyan fun1sty wazd wundnens
fregradu Aanssuanudeniely “Usisauild” srdeufanssuusuugauina uensiidesin
Aanssunouvdaduddududonnandesnsmyuisuldninensyaideaiu

Tunsausunudmsimualifinuduiusseninfanssudesfigawinfidniu 1esann
nsfiauduiusinfulvasiliifadediinlunisdnnisanauazlidangy wasivualiiiaiy
uanaafidaLusEninseuduiustaanssedy elhdoulvanuduiusivsmsouwamisogn
numuazUuLAlFuaamngan sglsinuagnuiuuudaeadgmnsnausuresuided
siusvierevinifidey lufieuannsalunisd uazaisznisiarsandadulavdenumudeuls

[V

ANUEUTUEIIMNDETULIWKLLEY (Hendrickson and Au 1989)

AudTussEninsfanssuduUseanlavatg suwuuAwial Ul
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1. Finish-to-Start (FS) feteulupnuduiusiidvualiianssundezaiunsaduduiunig
Ifisieiile predecessor(s) ianuniadaanysaiuds Sesnnuduiussuuuui@usuuuudniludisnld
Tumsriiausy warlulasin1siog19Ue9uITeR1e

2. Start-to-Start (5S) Aewdeulufitmualifanssunisazaunsasuduiunsidfnede
predecessor(s) MamumldBusdunsudn

3. Finish-to-Finish (FF) fetieulefitinualiianssundeavarnsadniuniswdnadalas
siauile predecessor(s) Havumldiasaauysaiuda

4. Start-to-Finish (SF) Aewdaulafitinualiianssunilsaraiuisaudasaldinede
predecessor(s) fravualdizudiiunisuda s‘i'iqmmé’uﬁuégﬂLLUUﬁLﬂummﬁuﬁuéﬁmwﬁﬂL?i&JM'ﬁ
TiflosanAnsssurfveanisadiulaeiiily

uenninnuduiussULuisuaisdanusafinisfoumienvonian (lead time) wie
nMINnRaaan (lag time) ladnae

Lead time Aon1siinuatinaatfidoumdensu 1iel#ianssy successor Afmunanis
fudunmsisiny fwgldrmfuavinaulunsuansssoznafidoumndont wu Fs-5 days “u18999
ﬁﬁ]ﬂi’imﬁlgﬂﬁ?ﬁ/iuﬂﬁﬁuﬁ’]ﬁ@uﬁﬁﬁ]ﬂﬁm predecessor ¥asuazianasaduna 5 Ju

Lag time Aon1sAImuagIafinundaiu tieidunisszasianssy successor 1
SsuansaLdunsiias dsagldardavuanidunisuansssevinanfinundsd Wy 5s-5 days
a3kl ﬁfuﬂiimﬁgﬂﬁmuﬂﬁﬁuﬁmé’mﬂﬁﬁﬁ]ﬂiiu predecessor vosiuldSuluudndunan 5
o)

U7 2.1 wansguuuumuduiusaneg Aduldildnaalidisiu sunuumnuduiuszning

Y Y

Aanssud1eatiiannsainalaenssiofuuanisisuvsola3auesnanssuAeg Nazdawanaluds

v 6

sgauaUAeINslininensluwsias i MIfiasamumulwuuanuduiusvsenisaiamaien

¥ '
s % = = 1 a

YasgukuuAMNFuTUS Azielin1sinanuaulasinisianuiavguiuisigiiiulenialle

' Y
csaal

WHUUNATNENAD T unuuuTiasslymlaedislsidnuidesunulduniadisuuusiasslgm

(% 6 al

N33R UlAg RN TaIRavesURUUANENTUSINAINTale (Chassiakos and Sakellaropoulos

2005)
% Finish-to-Finish (FF) Start-to-Start (SS)
FS —lead time % FS + lag time SS +lag time

JUN 2.1 UHUNINUITIITALEAIANNFUR LS TENINRINTIUFURUUANST

Finish-to-Start (FS)
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AUFNNUGIZTUINNAINTIURUURLAY (Special precedence relationships) lawA Start-to-
Start (SS) wag Finish-to-Finish (FF) Viuaﬂmﬁammwuaéwdw Finish-to-Start uanani

ANMUFUTUsSHUUALARslToaA uaTILiUTEDzIa e umaeN (lead time) waanuwad(lag time)

¥

anene Inelia1szeziiatdoutnastdusuluay hazAIsEeEaIn I unduLdus1uIuuIn

AMNFNRUSSERINNanTsULUURLAwadviuin iy constraints vesnuudranslam faunns

1%
v

73U (Chassiakos and Sakellaropoulos 2005)

Subject to:

FS: ST; —FT; >0 aumsii (2.7)
FS+L: ST; —FT; =L qaun3n (2.8)
FS-L: ST; — FT; > —L qNN37 (2.9)

SS: ST; —ST; > 0 &N (2.10)
SS+L: ST; —ST; =L qaunsn (2.11)

FF: FT;— FT; >0 quN31 (2.12)
FF+L: FT; —FT; 2 L qaunsn (2.13)

el ST = nasuvesiaNTIY

FT = L'Ja']Lﬁ%'ﬂ‘UENﬁﬁ]ﬂiill
a d‘ LA a = .
NAINTIUN [ AD predecessor VBININIIUN j

L = S28LIANYOUMADNNSDRIUTAY
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2.3 kUUI18093 lUvasUynIn15 1L UnRa5 19NN INeNTING

TunsnurunulasssteasauesiuaziBuduanmsiuanainmssiiuianssusieg
294lATINIAEALAISAN8NI9RINTININGH (CPM) Welilaimuansmanaivesianssue 6
A ES, EF, LS, LF, TF, uay FF lnevial, CPM Tauufgrudnfey °mu®1ﬁﬁaﬂsimmﬂl%’izasnm
(duration) Tunssifiunaduaiutueuainis (deterministic values) duidlosusdniufanssalag
warazliaygalinganalsduauniiudiada (non-preemptable duration) wazfiansaane

I a & =% & aay

a Y o o & L. ) Aaal
Rouluauauduiussenineianssy (activity dependency) Lunan@aududifiniuiian lne9is

o

CPM Idaziaeiloulafiddnyie Anudiaveminensvedlasinsidedldlunsiiduionssusngg

ﬁf\miimdaa%’wim6]ﬁ]zéfaqmﬂ%’m%’wmﬂia‘ﬁmuwﬁaﬁgﬂﬁmuwﬁuimsﬂizmm Tung
Afiunis Aanssuneadtlagetafiniuassnislansneinsrainnatsdseinn laun w39
\30edns Huiviau AUNU Rudn LazsITIsEEEa Temnis CPM llldRnsanidosiinves
U‘%mmﬁwmmﬁﬁagﬂﬂﬂsamaﬂ'aa%w Jaonrhliivuanatvesianssuiidiuialdainis cem
Dululdldlumsfofidesnnivimaminensliiismesaninudonisld 35 cPM Fudunns
Nuswelutudsduitdedinsysuuiimuanandnadmsmnitldfasandeulvanusitaves
N§neng (resources limitation)

o w

deldmamanandnanludesiuudifaimnuivlgdemsfinnsanidesitavessuy
n3nensfislegasedniivils doswnanmarudiavemingnamaiioadusmuarouiunai
Fululdvosumusnunoads ludhwaziiienu Constraints ssuuusassiym Optimization faiy
MINausuNuIsasagnaiafiuuuudaeatiamiiierinnis Optimization 19 msadanuudiass
damiuaznismdineuilinanzauiign (Optimization problems) ¥inlsldAneuiluunusiui
wanzandigaludusiisgidudmnendnusdlasenisieaine ldun nan funu uaznineins vise

1 1 o w

Junisimuawnunisldiagn dunu wasvsnensvedlasinig @egegsdrin) TiAnuszansam

u
aean (lunndnu vieursnudidesns)
fauAdefriuinduunnfiaimuinsnasutazauaunulassnisieaing sensld
mﬂﬁﬂmsa%wme‘imaaﬁzgmLLaxmimﬁmauﬁmmzauﬁqm wkilesainAruduoues
AsEUIUNIAEESS wazlieuluanzsuiusnniitinansenusotnendnvedasinig vilaanu
wenplunswauimadawmarisnsosiudusoly elildnadnsdunnunuroatieia qmﬁ'ﬁw
TAnnaUslevdiuiuanulasenisieasne suazihlugnisinuivesanainnssunisneasne @ Ex
AT mmmaﬂmavmmmaqmmwmlmﬂs’m'i'mLLakumu"L*ﬂuumu SNYUL LUUTNADY
Jyrnsnaunuuieadafifiansandeuluanusidaremsneinsliasinisenaionlaesiui

Resource-constrained project scheduling problem (RCPSP) RCPSP §atdudayvituuu NP-hard



14

optimization problem finifineuuardnnisenn (RCPSP “‘is one of the most intractable
problems in Operations Research” (Kolisch and Hartmann 2006)) Iﬂ&JLQWWBLﬁaﬁﬂJumlwmﬁaﬁ

JIUIUNINTTUUA

ninensvadlasInIsausauUiUssinveandu nsnensvyuiey (Renewable resources)
= o P Yo a a = 1 < ° Yo a a A v
ﬂ@VliWEJ']ﬂTV]LﬂJ@I%@WLUUﬂqiﬂQﬂiiﬂJWUQQULLa?Laﬁﬂ ﬁ']ll'ﬁﬂu']‘lﬂiﬂfﬂqLu‘l‘«!ﬂ'ﬁﬂﬂﬂiiﬂﬂumalﬂlﬂ
o 1 | = Iy} = = o ! d
AIDYNUTUY AUU LATLATDIINT BNUTELANAB W?WEJ’]ﬂthVﬂ;lUL’JEJu (Nonrenewable resources:

| £%
o =

NR) Aensnennsitldudimunly 1wy suuszanm uazyan Sanineinsvisansusziangnrinnualid
$1udrda Tnefininensmuisuaziinnudriaivugnalagdeniluldlicu RR, minens
Uszuandl k) wagndnenslinguidoussdoddnasailasinissudundaluiiu NR minens
UszLnndl k) (Zhang et al. 2006) Famnfinrsaudragnuinnisinnsminensmyuidsuagiiaa
gagnnannniminginslinyuieu esndesddsdaszdunsldnuningnsmpudeuiouiu o
na1eeqvedlasInseae niwensiinanddludam RCPSP Fadinnangdaminensuseinnmyuiey

fafinnudnealuvesym RCPSP ffsl snilpssnisnileiiusznoudeianssuiisos
Fufiuntsiuuianan N Aanssy lnsRanssudrdfidouluauduiusseniniueyg 2 Ussuan
vwdn fevils deulvanuduiusvesddulunisauiiunisieunds (Precedence constraints) AiTsAu
Waanssut | laqezdedisudndumsnewd “Aanssudounti” (predecessors) wanunvassiuls
fuflumsiaieaunds deulaUsvianiidesie Aanssumaniidaudosnisldninensaadluns
fuiuns Sauvioaun K Usaan Tneiindnennsmaniidsiwausasa fanssud j TaeiinuAeInis
Tim$mensussianil k S r, e afinaenszoznamssuiuianssy d Ju Tasiinsduiu
ﬁaaﬂﬁsumdwﬁt,ﬁul,wwiaLﬁaa%hjmmamqwﬁmaswdwﬂmaléf (non-preemptable duration)
ninensUssnnd k lngeedisiuiusifad R fvaznatlag Amisdwesfiddyveiuuuiiasy
Jaynalawn d, r, R QﬂﬂizmmﬁﬁﬁuﬂsﬁuiﬁﬂumLL‘U‘U non-negative and deterministic values

Trgusvasamiluves RCPSP Aon1symiandunsaiiufanssunvun lngaennsesiuouly welila

nanasadulasanis (makespan) ﬁﬁuﬁqm (Kolisch and Hartmann 2006)

agnslsfmusainmssifnanufiufiulssunnvetuudiassdnduuuu multimode iesain
RCPSP Tneviald azimusliusazianssuifiamssndunsidiiios 1 35wt (single execution
mode) lnedl d, uaz raua1su windanssulagaiuisadisnisandiunislanaieds (multiple
execution modes) ﬁ]zL%aﬂiﬁLﬁuLLUUﬁ’laaﬁﬁiyJﬂm Multimode resource-constrained project

scheduling problem (MRCPSP) ufiazgisanidunisvesudazianssulagazimualildszoziinaiuas

Srnundnensfisneti (Zhang et al. 2006)
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I a v A ado a | U ady ad = ° - &
wiazfanssuazAeuienIsadun1swiiudsladavids (m) Tudwumadeniiavan M ves
Aanssutiu leeRanssy j laqidendniunisisn m;asiisveziian d, wazdaudesnisianineins
d A < o 1 4 Y 1 a a < o 1
NUIEUN K UTUIY My, MekazaeenIstonsnenslinyguisun k i0uduiu n,, niie

a

Tnguszasanilurasuuudiasslynr MRCPSP azilun191n diunanvedds

o a

ALUUNIT (mode
combination) wazd1dunIsAniunIsveIianssuianue telvlaszuziiailasinisiiduian
(Minimization of project duration or makespan) lngidulumutaulvnnuirinvemsnens

o w o

Uszinulgmlunisiiansandsvlpunuanunudedidavemineinsiasinisniadym
RCPSP nautsoanlandu 2 Ussifiufe n1sdnassninensiifisiuiusiin (Resource allocation)
wazn15UsUsEAUaNnanisldnine1ns (Resource leveling) nsdnnisiulamivedninvemsngins
Tassmsianianeliilaldiununilassnsildazannsadnassldninensitldetoiiouas

a

WuUsEaNSAm (Ammar and Mohieldin 2002) ds51sazidenvesUssinutlyivisassnanliluide

v
1 v

gayMIU

Aa o o

2.3.1  NISANETITNSNYINSNUIUIUIING

o o aa o o w . I [ a A [y
NN5INATININYINTNAIIUIUINNG (Resource allocation) Wuwuudnasslgymnieinunig

' (% '
1 1 o o ) o ] =

dansiunsnenslasensusenna1eg idegog9a1uaudin lakn Lseu, 1sesdns, Nunieu

Y

1
v A

Hudu feussnmmudeunadlivyuiou wagazdosinassldliiiunin@niind (availability) e
wdnn1sfiin Anssuneadslaqdaiudesnisldninensussianenqlulsnadifvuaunndieiu
U Aanssuaesiansulaildvinensiierfunaziimua nardiiunsdouiuiu agvinlinasa
Fruauanudesnislinineinstuiutu Tnefl o vazamil wliansodnasminensveuiou
UsstnvmilslfiAuninduudifley wasnasinsurunnudosnsldminenshimuioudssinnmis

naaavilassnsnldaunsadnassiiiuniidiwiuniey (Hong Zhang, Tam, and Li 2006)

wmafivildlaefidessnuanuduiusseningionssy (dependence constraints) 13 fi
nsideudanssuniseenluifiedniumslurasnariibivi lfiAansudaaminensiuies lag
nenealviszezalassnsimuaiuiutiosiiaauions Famnefsesdeufnsuitlifinganen
uEdndeuRnssuiingalitesiian Aasuvesdamiadufmuafudiiunisvesianssusnegivi
Tnarmarwdesnslininenmaussnnliifulndfauayldsrozinalasanis (makespan) fidu
flgn FeorananleintgmnisdnasmineinsifiduudrfadidmnglunisiniFesdifuianseu
fngeTsngay ﬂzymﬁammm%’maeﬂumjm{]ﬁymﬂizmwmﬁmSmﬁﬂﬁu (Leu and Yang 1999)

(Kolisch and Hartmann 2006) a@unisinluussiuuitasstlymn Resource allocation el
Solution variables: ST, = 1381154 (start time) Y89NANTTUN

Objective functions:
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Minimize T = Max{EF; }; Vi &N (2.14)

Subject to:  X; 7Tk < RRy; Vt

ey Activity dependency

Tog@t T Aeszovnanaunveslasinis
t fofuiilaguadlasenis
TT i ADIUIUNTNENIUYUABUUTEAN K fiRanssy i Foenslaluiud t
RR;, fosruuninennsvuioudszian k fifle

d119U83 (Ellis and Kim 2005) latauednisnislunisuuuitasstymnisdnasimineins
peldndnni1sees future float INOIREIRUAILEIAYUDINANTTUFI NI LEITINTTTNTWINT AU

wagldimetia genetic algorithms TunismiAseuiilvissuziailasansauiian

2.3.2  msuiuaunaszaunsldnsnens

MsUSuaNnasEsunsldmineIns (Resource leveling) iunuudrassdamidiiusyasdly
mstmuaTusufiunisvesianssusag ivilinasiuanudesnisldvinensaneluudazmioe
nanlagdanuainanenaenszernalasnis molusseznaiveddasanisfidmun wardindos
SnwiAuduRusseningianssu (dependence constraints) fendnnisfiinfnssuneadidlag
AudeIn s snensUszianaegluiuaiidnuasandiaiuly Avnssuaesianssulafild
NINEINTLABITULAZLNNUALAIA TN ITOUUNY AV TN TINTILIUAINABINTTIENTNE NS
Hudiudu wuamamsmdneuivilddensideuimunusuiiiunisvesia nysuAneq vl e
mméfmm'ﬂ%’m%’wmﬂiLwiamJixmwﬁmﬁmﬁﬁqﬂ (Leu, Yang, and Huang 2000) ienasiuay
foanslinsnennsaneluwiagmizonanlagiinnuiuniu (fluctuation) tesuazidnlndanade ot

bimsnenslassnisidesdambifiuudesngandulule

SUANWAUEAIURUHIUYBITEAUAIIUABINITLENTNEINTDITUUIBNATUNANTENUAD
Usgansnmaesnisiininenns Wu 2 Sneaeie wuuiidufiveusuld (acceptable fluctuations)
warkuuniliifufidaanis (undesirable fluctuations) é’mam"lugﬂﬁ 2.2 gUdnwagnImsEAUAINY
Froamslininensiifienuasianefiduivosnsuarsensuliiu msanduzudnumensdmdey
(rectangular shape) M%B;JU‘VINQL%H (mountain or parabolic shape) ﬁzﬂﬁLﬁaﬂﬂﬂﬂgﬂwiﬂngﬁ

wwalduauaeanisiiansausmsinnsle Aeiiuduegeiaiosnnousulasanisauigan
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nanalasanisuarAsy anatedwraiiasauaulasinig Fuhliguimsanunsangegtauauiding

Y

TAsenislagfienaunainlasenisneuniiuasneesiiauuesniiisaulasenis et lulilasinig

ol Fansedududnvaggunsmailidunsdesnis alinstusasguesseivanudeinisldvaisseu

Liudueu Fed1lidn9-van-919 ausunuulquigfssdesdanminduituiuidesnisgeaniie
v

wssunsould lnefosUanylininesuuneda (El-Rayes and Jun 2009) AilgUsiANuEUNILYD

sgRuANURBINIsIEMINensgniauslaetinITesnes iy

Uniform Resource utilization Mountain-shaped Resource utilization Undesirable Shape Resource utilization

Averge resouce utilization = 10 unit/day Averge resouce utilization = 10 unit/day Averge resouce utilization = 10 unit/day

20

15

10

123456789101112131415161718 1234567 89101112131415161718 1234567 89101112131415161718
Project time (days) Project time (days) Project time (days)

]
(Y Y LY v

JUT 2.2 dnualzAURUNILYRITEAUANNRBINIT NS N INTFUNT IR

=2

v A

sriinldusanuiuriuresnudainsiiminensusiazUszinn dldiuey 3 Anvagde N3
TnA1A113L T8 9LUL (Resource deviation index) (Chan et al. 1996) (Leu, Yang, and Huang 2000)
MIIAANULLUATDIAMURUNIY (Fluctuation moment) (Harris 1978); (Hegazy 1999) Lazn153ina

Aulafiused@ndnaw (El-Rayes and Jun 2009)

dunismluveswuudiasstlym Resource leveling MednwagnisidaaatiiioniAiaiy

a v d' AN &
Qesuutlosiign ddaseluil
Solution variables: ST, = 13815% (Start time) V0IRINTTUN

Objective function:

Minimize RDI = Y¥w, RD, annsfi (2.15)
RD =YI(|r, —R|) aunafi (2.16)
re= "1, ANM3T (2.17)

R=YT YMrde /T AN (2.18)
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Subject to: Max{EF;};Vi=T
Activity dependency

Tnoiilsk RDI = silAauideauusmveminensyausziay
Wi = mifmﬁfﬂdaﬂmmﬁwﬁ’maw%’wmmﬂizLﬂwﬁ k
K = S1unuUssamiavavemineIns

RD, = A1AUTg L uLYamsnensussLnni k

° o v v
Puninensinesnsialuiun t lag

ﬁ
firy
Il

= PIUIUNSNYINSNHBINSIIVININTTUN |

FNUIUNINTTUVIAUA

)
1l

t = Tuilaqveslasinis

R = 31ununsnensadgNfesnishumas u
T = 5288AMINUAVDILATINTT

JUN 2.3 uansiegansnunuiinisvesanudeinisidninensusziannilsluusiasiu ()

N Ao I

2990A59N15P9TANHUNIUlUAIN wedAede R WinnU 6.83

,\__12
T 10
§ R=6.83
Z 8 - T=12
"
E ————
z 6
s
&
4

FAIUWIBNTWEINT K
N

1 2 3 4 5 6 7 8 9 10 M 12

3282 lATINNT (34)

JUN 2.3 unugiurisuansauseanisidnineinslundas u
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aunsvaluveswuudnasslam Resource leveling msanwagnsldarnutiiioTnanlatuus
YDIANURUHIUTRETIER 1etdun1sian s luuAT0IRIURUNIUTITOURNY X WAZUNY y ATUARY
= ° v . . A ~ ° v &
Fawnu x Mvualvilduunu horizontal axis MkaAeTzEzIAT0IlATINT VaueunY y Mvualildy

WA vertical axis NLAAITIUIUNTNYINTLATINITNADINT LY el

Solution variables: ST, = L1a134 (start time) V¥9RAINTIUN 7

Objective functions:

Minimize YX (M + M,,;,) a1 (2.19)
M, =YT(r,)? A (2.20)
M, =3(r,-(t—d)) aumafi (2.21)

Subject to: Max{EF;};Vi =T
Activity dependency

Tneiili M= THIHUATOULALUEUN (LAY X WNUSZEZLIANLATINAG) VBIAINNAUNIY
YBIANUADINTITLINSNENTUTZANT Kk

My, = BILULATBULALAT (WNY y WNUTIUIUNTNEINTNABINSLY) vBemy
NUNIUYDIAIUABDINT NS NYINTUTLANT Kk

re = PUNSNeINTNFeInsialuTug t a9
d = JUBUANUABINTIINTNENTUTLLANTATI

T = S288aNMNAT8ILATING



20

»

o

% (r)

(¢,

k Naaansltluida

FAUINNTWEINT

o

1 2 3 4 5 6 7 8 9 10 11 12

3282alATINT ()

PN a v Y o ! Y] v a Y Y o
E‘UV] 2.4 LLNU@UNLWNLLﬂﬂQﬂ'J']ﬂJG]@Qﬂ'ﬁIGUVﬁWEJ']ﬂ{LULLG’]ﬁSQULLag'JuLillﬂ':l']ll@']a\‘iﬂ']{LGU‘V]ﬁWEJ']ﬂi (d)

JUT 2.4 uanansnurugiuvisvesnnudenisidninenslusaziu () lnedunuueu (x)
Wuaszeziiatvedlasans wazunuda (y) iWuaA1duiuaudeansiansnens wagsseziaiving

S & v a ¥ Y W
nunuALTuiuSuANNRINSIENSNens (d)

v
I

Tagauidemauved El-Rayes and Jun (2009) 1@%313111,1,% FInANSEAUALR awuasiﬂ’ulu

Y

wingay Wesnmdudsitaaaum1eTEnIesesunsiEiidued fusuns ssesunstaidud

Y

&

v

#94n15 (predetermined desirable shapes) @4l JUNTHEMEYYL UarFUNTINT AsuAROUNM

le3idlggunssamendundesniswintunasidululsaniagldgunsaidesnisifissnndednin

v
Sad v ! v

A9 IRHLTY UBNANTITTAAsEAuALnaTifiesfrenaldausu (penalize) JUNTIBUNVBITEAY

9 Y

nsltorafivszansnmdfld wanindsldlaueiBnisindmnuaunavessziunslimineinsuuy

a

i liignfniu predetermined desirable shapes tiigainuy weatuluinisangunsanlud

—2

UszAngnmlunsldnsnens (minimize undesirable resource fluctuations)ftinlainadulaidl
Uszdngnmvasszaunisldnineinsgniaueidu 2 Uszian Ao Release and Re-Hire (RRH) uay

Resource Idle Days (RID)

RRH ABAYUN b InNaITINAIUIUNSTNENNTNA09Ua08 11199 UTIAT1I U I9NAINUABDINT b
A1 WarABILNNAUNNLYENASIIUYINANUABINTIINAULANTULN MADATLELLIA1VDILASING

RRH = H — MRD = HR/, — MRD aumsi (2.22)

HR = [ry + X7 Y7 — repa| + 77 aunafi (2.23)
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MRD = max(ry, 1y, ..., T1)

TRe A H = Nasiu9uunsnennsusea1 I unedaanseiudu

ANN3T (2.24)

HR = NATIUANUNUNIUI Y IUUDIAUABINISIINTNEINS

MRD = d1uiuningnsusedniundeinisuiniign

re = PUIUNSNININNDINTUTEINTUN t

T = SzyslamNaYelAsInig

sutdndnldTuauluiusEAnS A nvassEiun1slansne1nsee RID Fadusvdileinnasiu

YDITNUIUNSNYINTNINNUD UL DINUNIINANUEURIUYDITEAUANUADINT b

RID = Y [r, — min(max(ry, 1, ..., 10), max(re, Tepq, -

Y

MEM LAY INAINATALIMANNER T WAL /199

¥ RRH=s — MRD = 6
6 6
s | 1 RID=8 s |
£ 5 Baggb
N, A
= 4 = 4
= = =
8 37 8 3-I'|—6
§ pl § A T=6
€ 1 5 A
I T T
1 2 3 4 5 8 1 4 5 B
Day Day
Legend: RRH = H-MRD = %x HR-MRD =6

T = total project duration HR = [r‘ +§ |,[ T
=1

+rr} =24
r, = resource demand on day (1)

MRD = Max(r, , ry, ..., 1) = 6

(A) New metrics measurement (B) Release and Re-Hire (RRH)

Calculation

'rT))]

Resource Utilization

== p W = M

ANN37 (2.25)

SUT| 2.5 wansag1ansiuanAdai RRH uay RID fauslng El-Rayes and Jun (2009)

e =5
=6 r-=4|r,=6 @ \r5=4
B *—B—P|T=5
& A 4
- il
T
1 2 3 4 5 6

A=Max(ry, rz, f3, g, rs) =rporrg=6

B = Maxirs, 1) = rs= 4
C =Min(A, B)—rs=2

(C) Resource |dle Days (RID)
Calculation

U7 2.5 degnamsAnaAdail RRH wag RID (EL-Rayes and Jun 2009)

auni1sialuvesiuudiansami Resource leveling sednwuznisldainsiiiainainiiu

liflusyansam 18ur RRH RID fauslne ELRayes and Jun (2009) figisil

Solution variables: ST,= 13834 (start time) UOIAANTTUN i

[
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Objective functions:
Minimize YX(w,RRH, + w,RID}) auM3ii (2.26)
Subject to: Max{EF;};Vi=T
Activity dependency
Tnefils RRH, = siilAn Release and Re-Hire sasinennsussianil k

RIDy = fiwflA1 Resource Idle Days 98snsnennsuszinni k

Wi A% W, = ANSNUNTNYeIRYH RRH, way RID, suaisu

wuuiaesiym RCPSP figniauslaeilulunside azdvualdnruduiussewinaianssu
WU Finish-to-Start (FS) Litesagnaifieasindy weilunafud nsnsmaulassnisenafinuald
muduiusTErIRInTImaIn e SedanalaenseieseznalATNTLALIERUNNTIRATS
nnensdeenvldunuuiiiuss s imanTunazaenndesfuannnsvinnuasendedu

nsfinsan RCPSP aelditeulunudiiusssinshanssuiidimuntuesiy enavililails
LA RUTATIgReE19TideInTT Lesnndmeuunuauiidululdasiunind outubuves
Aunssusnenglusseviainanvesnueurinty msadamadenvesaruduiussyninfionssy
Uy (whiisni) asnsodaelfunusuiiasduiaudavguiu Sameuiidululdinntu Safu
Tonmalunisldunuanuiiady suuuuauduiusszaiisianssudivarnvangldun n1sdudelad
AELWLS, Finish-to-Start, Start-to-Start, uag Finish-to-Finish #ldfuaglunisufifdu sauvs
dnuwarnsdoumdouvesaan (lead time) viiemsnumdaia (ag time) annsaunadiamnaden

Juulsimeureswuuitasstamla
= a v a
2.4 NE]‘IJI‘UWLﬂ‘lﬂﬂﬁﬂL’Jﬂ’]‘UE’l\‘iﬂQﬂiﬁJ

MnMIMUmMuLUUSIaesamnsnusuuneaite RCPSP duiifesidmdeduitlélunis
Fan15191a1 fearuduiusseninafianssu (activity relationships) waziiouludunatdenuide
ﬁmqﬁﬁwmquai’ﬁam{]mmmi’mL.Lmuqmﬁﬂ%aummﬁmmé’mﬁuéizmwﬁﬁmsimLﬁugmw‘uﬂﬂﬁ
ABWUU Finish-to-Start (FS) ilseuuuiiieaviiulasaziasnnumainuansvesdeouludunaives
Aunssuneadeiidululéimun TunsfiRnmununulasnistoaisinsmualdauduius

[

‘mmagﬂu‘uu UNﬁLﬁ@WEJ’]EJ"IﬂJLiIQ mﬁﬁ]ﬂiimd@ﬁ%ﬂlﬁgﬂﬁq dunsluluvruiunuiieanssezanues

'
o =

lasan1s saisueianssuidadideulafivewsiuandudidivuafususas uasanmuizay
wenwileannisgnivuaclgaNuduiusTEnIeAInTIIes Wouluduiaivenanssuse niily

fuaglun1snaunulazenis tawd auduiussenifanssusuu il euludunisnauny
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Aanssy wageuluntguenituian Fesnsadrslumalymnsnauuiianunsasiuortouluniu

nassgwantilaaseliunuuilalianuanaisdonndasiulasinsneasdlunisufun

$1AFuv84 Chassiakos and Sakellaropoulos (2005) Iflausuuusrassilymnisuanidoy
JENIIR UAUNU (Time-Cost Trade-off: TCT) ‘1’7@'@Lﬁuﬁmsmﬁqmwwmﬂ‘mmaﬁuaaﬁ"aulffuﬁmw
funawesfanssuneaine lngdmnunlddauvsdeulafaveanifuaunguio anudusius
szninafanssuwuuly (Generalized precedence relationships) Foulufunisaeunuianssy
(Activity planning constraints) wavdeulunieusndunan (External time constraints) uazléiasn

dunsitesiueteulaiawsunanvariin i luluuiiaesdyminisanaa

2.4.1 AMUFUNUSTLTNINNINTTURUUNQILY

AMUFUANUGTENI19AANTTUULUUN2LYU (Generalized precedence relationships) Lauwn

ANMUFUITUSJULUY Start-to-Start (SS) wag Finish-to-Finish (FF) (ldfiansanainuduiusslwuy

'
faa

Start-to-Finish (SF) ilesannilumnuduiusiiasssusfnazdululdlalunieujoR) Auenwidesin

v ¢

sULUUUNR Finish-to-Start (FS) wenanilanuduiusuuuuinluididdeammuasiuiusseziign

Y

1% a . a ) . a v v 1% = I3 o
Founaeu (lead time) wsen1unas (lag time) 8neae lnelvAsseziiardeumasudusiuiuay

% [ ! a a

LAZANTZUZLIANNIUNGS L‘fJ‘lJﬁ’]U’JUU’Jﬂ ﬂ’J"I‘J,J’sg{JlIWLlﬁi%M’J’Nﬂ’ﬂﬂiﬁJLL‘U‘U‘WLﬂULMEﬂI’]ﬁﬁ"MﬁWﬂL‘ﬁu

Hsidudodnin (constraints) vasuudaealyn Naun1saadl
Subject to:

FS: ST; — FT;, > 0 aumsii (2.27)

[ Bh) +—

JUN 2.6 AnudNRUSLUU FS Nifanssu C dufianssy predecessors A uag B

FS+L: ST, — FT), > L AuM57 (2.28)
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L Bh) +—

‘

JUN 2.7 Anuduiusuu FS Aifanssy C 11ian Lag time flufianssy predecessor A

FS-L: ST; — FT), > —L aum3ii (2.29)

JUN 2.8 Auduiusiuy FS Afanssy C kian Lead time ffuRanssu predecessor B

SS: ST, — ST, >0 aumsh (2.30)

JUN 2.9 Anuduiusuu SS Aifanssu C Jufianssy predecessors A uag B

SS+L: ST, — ST, > L qaun131 (2.31)

JUN 2.10 anudusiusuuu SS Ainanssy C 11a1 Lag time 7URANSsY predecessor B



25

FF- FT,— FT, >0 aumsii (2.32)

L Bh) T

C(0)

JUN 2.11 avudusiusuuy FF ffanssu C 8AuRanssy predecessors A wag B

FRL: FT,— FT, > L aumsfl (2.33)

Ai hi
L Bh) . T

L
<«—

JUN 2.12 anuduiusuuy FF Ainanssu C 41a1 Lag time fuRanssu predecessor B

Toeils ST; = na1Buvesianssy i lae
FT; = nanasaveaianssy i 19
Aanssufl h = A9ns5U predecessors Feuavesianssud i
L = SY88Ia1 0 UMADLVE DY HLLIATANANAT

aziuladnauni1sn 2.27-2.33 Wuaunrsiladuileddudesdnvesnuudiansnladaduln
[ [y} 'y} 4 1 a I~ Ql' ) ‘:f! LY Y] U 9] 6 Y] QQIJ
anwaizanuduiusseninefanssulapduluauiidivun Faaunissduanuduius sunuumlul

anansaldsuiulatiuaunisi 2.1-2.6 Fuanaeulvanuduiusuwuuunivie Finish-to-Start (FS)

2.4.2 [{auludIunIsINHUNANTSY

Woulud un19219ukuAanssy (Activity planning constraints) Laiua As Soon As Possible
(ASAP) uaz As Late As Possible (ALAP) Aanisivualifanssugnisudniiunisvselimasaduegi

Sanaadlulule (nelugasszeziaillan (Total float) MAanssutuiie) wavedrstnianiduly

9

[ o

1o FadnwauzReulumunisiaunufanssuiasianvaeianudanegulinmed Weemnlilafmun
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S8z TUTTANIZIa1299 Aatulauludiunisiunuianssudgniunasiaduaunisly

Handuinguazasdvaanuudnasy lanadl
Objective functions:

Mlnlmlze( ...... + wq ZiEASAP STl — Wy ZiEALAP FTl) ﬂNﬂ']i‘ﬁ (2.34)

Tngln ST, = LANSUVBININTTUN |

@ a d‘ .
FT: = LIaL@39UB9NANTIUN |

ASAP = W@nvainanssuiigninnunouly ASAP
< a d' [ a
ALAP = \invasianssufignimuaiiouly ALAP
Wy, w, = agsdminlgusuanudidyvesieulungull

msiundreseuluiunsauianssuliluiliituingUszasdmduiuu Minimization

Predadullananidinoumduliaudaulunuiidivue Wesanndoulawuyu ASAP Ag@aIn51

' '
aa A

HATINVBIAMIANTUVRIAINTTY (MHReulel)) deedgn TurusnRauluuuu ALAP agdaansli
HATINTDIAMIANTUVRININTTY (MTFoulll) undige Felundarunsoadismenisidiaioaune

“« ”» & {Q"j
Au” AUINIUU

2.43 Woulvaneuandiuian

Seulunisusnsdiuiia (External time constraints) bawA Start No Earlier Than (SNET),
Start No Later Than (SNLT), Finish No Earlier Than (FNET), Finish No Later Than (FNLT), Must

Start On (MSO), kag Must Finish On (MFO) #eanuwaziisulunisusnsiuiaimaiiazsining

24
‘:1 ° P o Aay o a uudeGU

AN2LRNIRAEAT Naninuateulvuinseuiussesiia vse Tunnaeendunis feluleau

Y

o v

mMeusniunadgninaiiaduaunisivimindu constraints veswuuiassdeym daunis

[

fatl
Subject to:

SNET+C, : ST; > C; aumsh (2.35)

MSO+C, : ST; = C; qan37 (2.36)
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SNLT+GC;: ST; < C; aun3i (2.37)

FNET+C, FT; > C; aun3ii (2.38)

MFO+C, : FT; = C; ANN37 (2.39)

FNLT+C, : FT; < C, ANN3T (2.40)
Tnefili ST = aBuvesRanssudl

FT, = 1A La3u0ananssun i

[y

Ad g A a P
G Junfduleulanigusnuesianssud i

nsdaunsiananemadlnunuiuunaestynnisnakuazgieinlmian1siiansun
feAuranateueaiaulafitAyA1ua1999RANTINARAS duazy W uuudiaestguninis

A v Y ) I3 a a X & vy & v A 1
MU laiauaennsosiuauluasanday sunshgliinuruannsadenidteulusiu

naenedvsuianssunidlagldednidaseauiidenns
2.5 3IN1IVIAINBUVBILUUIABI UM

wuusaeslyninisnunuiifansuianusifavesnineans (Resource-constrained
project scheduling problem: RCPSP) dafinunauniunludnesiu vinlianunsada RCPSP landu
ey Uy NP-hard problem (Leu and Yang 1999) snefivinduiigmiidedldanunensiuuas
nateg19uIntuNITAUINRIAIREU (NP 11910 Nondeterministic polynomial time) \lesannd
Frurudneuilidulule (feasible solution space) HenumdusuauLInINELTIAIa S3lun1ITY
Aneuved RCPSP fagnainuaieds (Feng et al. 2000) Fso1auvaiidu 4 nguwdnde Heuristic

methods, Mathematical methods, Simulations k&g Searching Algorithms

Heuristic methods 1Juw3gaaduitanunsaldlafudymanainvaiegluuumenisldngwse
TunounInsg Uiy rules of thumb lagldfiweawanisadneans 1 uisniseudie THaanldunly
MIymneuLaziuseansan uaniivedenlidsulseiuindmeunlaagidudnoui optimal way

AmeunlanTuegiulandlgmitueg (problem dependent)
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Mathematical methods 1Jun1sdngudgymiluaunismsrdinanansiionisuiaunisuag
RIAINBUN optimal A2y Linear programming, Non-linear programming, Integer programming

B a

waz Dynamic Programming @4 Mathematical methods 1JW3s7HUss@nsnanutymindauinly

Tngjann uadesldnuneignlunisAuImAInaULIN

Simulation Wu3gn1smiAmeuaien1sduaAInIs1dmesuneiaesLuus1asslan

q

1o o 1

o v a ° Ry aada < . L&
JEEIaT Y3RAUYUTBINANTIN A1meuUNlaa1nIsunlusuUseiuindu optimal uiduuszuiaum

o v a £ vy a'
ﬂ']@]'f]‘U‘VlllIaﬂ']ﬁLﬂ@IsUu‘l@Ill']ﬂ'Vl?jﬂ

Searching algorithms LHuisnsduidendneulaqandneuiiiululs (feasible solutions)

o dy a a a 1 o a 1 % LYY a ¥ o ¥
FNUULINTUNIRITUNUT UL BUIA I UTARNI U TngazTafuRAnIInIsA unIA1naulile

' Y
aaa =

f-ﬁ'mawmwuﬁam '3§msmﬁmauiumjuﬁlé’m Simulated Annealing, Tabu Search, Genetic
Algorithms, Swarm Particle, tta¢ Neural Networks uaﬂmﬂf:é'fﬂwudﬁ'%mimﬁmamwu Searching
algorithms §aanunsaldlantuuuusiasstlymffinatedanuneg (Multi-objective function) (Feng
et al. 2000) Li8391n1HA 1MUY Non-dominated solutions (Leu and Yang 1999) wagAy
wuuaeslgniiifivunlnguasdudeu (Zhang et al. 2005) LLaz€J’QL’%‘8ﬂ3'§mimﬁmamz§uﬁdw
Metaheuristic methods n1s#amwesismamdmeulunduife srumersmanaarildiielild
Amauia LLamwﬂ%’uﬂgmmmwmaqﬁwmauﬁlﬁimmiwﬁﬂL?ﬁmﬂﬁamagjiu local optima (Elbeltagi
et al. 2005)

wnfinnsaunfidineudiléonantiisnismeameveanifuuuu exact solution methodsiu
approximate solution methods (Zhang et al. 2005) (Chassiakos and Sakellaropoulos 2005)
Basuidgmillimaeuwuy exact solution wiermeuTisuuseiuindu optimal solution Méun
7% linear wag non-linear programming, integer programming, LLag constraint programming du
33uuy approximate solution AgneneumAInuiimifinild Felulaguifiifiauialugeialed
fneudildle optimal solution 1awA 35 simulated annealing, tabu search, genetic algorithms,

swarm particle, ez neural networks

Tupduaiuwdn unusuveslassnisneadrwmils dndnnasslmduuuudrasstywind
unvguarinnududou dealunisidenldidnisniAmeunuu Searching algorithms gagilu
ax A o § v % ° Ao v v a Y} <, a a
FBasiuunzay vilianunsaaiiasuudaesdymindudeulndfesiuaninaiuduaianniian
Inglidedldauuigruiierilviitg (Simplification) nMsnumuisnismemeuseluidslafeniany

o

Wisdnsnmmnzdmiukuudasslymndudeounazdvualngy
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2.5.1 Genetic algorithms

Genetic algorithms Lﬂﬁ%‘ﬂﬁmﬁmauLLUUﬁﬁquijl’mIama (Stochastic search) i
nEnnsiugulduannIndsuLuURugNITILAZATEUILNTTI Taanns (Evolution) 1893 d3n
Buusn Amevilduldldvestigmirnundunisazgnimuadudielidiunures “Uszeins”
(Population) vas “IasTalen” (Chromosomes) Tngluusiaslasiulonagldununiaimauiidululs
Taslalomanioginudignazuiunisiiauininduusssinsly “gu” (Generations) &nly
TasTuleswesiugnlsanaaves “Uftinsduguaniudeudu” (Crossover operation) vaslaslales
Juveud uar “UfvAnianateus” (Mutation operation) wasBulaqlulasiulsugugniy
nsrvIuNITITRIINsHazgninuadiendnnisdadennesssugi@ (Natural selection) n3o

=

“Survival of the fittest” Aennsilaslalengusiowsla il “aaudsuse” (Fitness) snninAdend
Tomasnnnindiagliisniiniugn drevenlaslulsuiinlugiusioly Tuvailaslulsulaliudsusasing
flomaasmely nsfinnsananuuduswodeaslalelagluiidmlganmsimeeuifulasiulay
Huunueiasly Objective function wdaUdsufisunazUsziiiua1vas Objective function ild
anvnoazlduszanssugevheidungulasTulsuidudneuvesiym fuansuny optimal %3o
near-optimal solutions

' '
o v (% =1

UROUNAIAYUINDUNTIVDY GA Ain “N15L015%a” (Encoding) wadlasluley 1U9997n

2ee

<

Taslulanazdoaduiunuvesineuindululalagdunis dnvazasdasiulaulaeilvaglduans

WNUAIBENBYDIRIBNYS (String of characters) &g string Hazuanadsrmouululasunilsniens

a

JUT 2.13 aziuldinlulaslulawazUsznaulume Bu (Genes) sineq TnafiA1vaadu (Gene value)

wazsunusvesdu (Gene position) Wumsfiwesfiddny dlunuuiiass RCPSP Tudnwuzdgm
Resource leveling Hu Tagihluiimnaufifesn1sninsesuusAineu (solution variables) 1uuy
SUVRINANTTY (activities” start times) @unsavinsiisHaa v Tusuwailidua Suvesane

TasTalounile IneNANLNUIYDId UALAINNTO M WNUNLNEDIFINANTTUN | VOILATINTT WU ANLUUSEUY

'
P

7 1 WuarTusuY9nanssy A dundsdun 2 Wuariusuveadanssy B tusu saulaslulauiadl

DUIUTULYINAUTILIUNINTSUNINUAVDILATINT

legend:
Gene position
Gene
value

JUN 2.13 mevewdnusilduanwunilasluloy
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199970 GA TH35AUMAMBUNAMENITLASULUUNANNITVINITIIAUINIG AITiuauNRgIY

| X [

N GA fio laslulsunaudifgeuvinliminlaslulaugniinninvulsd davnn dulumuanufigiun

1%

srihbinmsanenealasiuleuseduluiuligyuaunldmnauiintuses) nszuaunsitauinis

vaslaslulanA1nouNasvuLad AnTuaInU Usn1s vas GA lussaulastuley 2 nszuiunishe

v
a a a v o

Crossover operation W8y Mutation operation N1TAURIAINOUAIY GA F99zHUTLANTAING Fatlu

Land1 Crossover operation Agfosviniialiladinounfavu UN 2.14 uansanvazn1sdue
wandsuguvedlastulousuneus (Parent chromosomes) gnilaiiialvilalastalausugn (Offspring
chromosomes) war§U#l 2.15 wansdnuaen1snatenusredlasiulousugn weliladgulninsie

AINYUVDINDLAL L

1 [ [ a o aa 1 o/ o 1% .
agalsfinulumnuduass Aneuiifegudienalaurinaiesie Crossover operation (Chan
et al. 1996) veasseavinliAnlastulensugniililurneundululd vieidu illeal schedules
Taflosannuiu TANaNSSUNTINY Y3asilinliaulumuAUEURUSTEMINININTTY NIDAIUIAN K58

[
1% o Y] o

MWUBIAAAIUNTNEINT FIUN151IT GA alElunsAIMEUTRILUUTIa09UYINITINUN LAY

e

duidnnisvsediuinsnsuiulgunledudmeundululilanerafeduldmai n1sidesdianis

jmd)}

YU illegal schedules MAnTuinalminatlunsAumAneutdusg1ewin

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

p101 | p102 | p103 | p104 | p105 | p106 | p107 | p108 | p109 | pi110 plil | p112 | p113 | p114 | p115 | Parent1

p201 | p202 | p203 | p204 | p205 | p206 | p207 | p208 | p209 | p210 \/\ p211 | p212 | p213 | p214 | p215 | Parent2

Crossover position

p101 | p102 | p103 | p104 | p105 | p106 | p107 | p108 | p109 | p110 | p211 | p212 | p213 | p214 | p215 Child 1

p201 | p202 | p203 | p204 | p205 | p206 | p207 | p208 | p209 | p210 | p111 | p112 | p113 | p114 | p115 child 2

JUN 2.14 YURmsduguanideuiuvedastulousuviowdivellaguan

Mutant gene
p101 | p102 | p103 | p104 | p105 | p106 :i:; p108 | p109 | p110 | p211 | p212 | p213 | p214 | p215 Mutant Child 1
p201 r:;:'z p203 | p204 | p205 | p206 | p207 | p208 | p209 | p210 | p111 | p112 | p113 | p114 | p115 | Mutant Child 2
Mutant gene

JUN 2.15 UjURnsnaneiuguedastulaugugn
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Foduisnsdnsialasiulouasiinaedsnnseussans nmesnsfusidneu esn
denalsiiiinloniansiin illegal schedules ldunnn3otios (Chan et al. 1996) ldTindusziiudingg
fsantunisinsvalastalanlivavanegauysensie N15MMUAAILUIAINEUVBIRUUIIABY
(Solution variables) NS SHAAIFILNUIUDIBU (Gene positions) LagNI5LUNsHAAUD8U (Gene
values) dmsuuvusiasatymnisieununy lashleuiiduassidnusuanaunudinoundd
Fululgvosununusindgrstadusedl n1sdnnisiu ilegal schedules fvannvaneda Saniledilauas
gniauelag (Bean 1994) aen15ld random number lunisidnsiarivesdu ualdnisiSeuiiey
ALY relative values wnunsldavasdutulnenss Seililaslulsuiugnillindsainufoans

nariugnssy Sipadumeuidulula

SnUszirunileandAuesisnsmAneauLuy GA Aani1s mapping a1suvesnanssuiduans
voalaslulay (Activity-to-gene mapping) tasannlaslulauiidnwugiduansvesidnysiuuansy
a aa . . A < acs a 1 o N o [ I
WAe2 138 (linear string of genes) luvuziinlisavesnanssunoainianwuzidulasiaiig
AuduTus 2 37 msdnsvaunuanudulasiulvadadunsuladmvililasadrweadaisamely
nsnsgviuuiiisendt Topological sorting Fenansavinlaviainuanaguuuy (Chan et al. 1996) 16
WAMIN1SLUSB UL UTENINGID topological sorting Lag linear sorting Tun19%n Activity-to-gene

mapping WUINNSIIE topological sorting Tinanainan Inganuisarumneulsog1asansinia

Frot19msidrsialaslulonvesmuisenicgivnaulefised chan et al (1996) a¥1s
wuud1a93Ugn1uU Resource-constrained project scheduling Taslda1sdiiunilavosdunny
Aanssudt i wagldrveduwnu Aauddy (priority) veensinassninens wazddldavesdu
WNUERAILTYEZIE DUV IS UYBINANTIUGIE $1UVeY Feng et al. (2000) a¥1auuusiasatlaym
WU Time Cost Trade-off Iesunisvasduwnuianssud i wagldrvesBuwn “nadeon” va
A15ALUAINTTL 919 (Leu and Yang 1999) wivuuusiastooniuaeuna eaoualden
funiivesdunnuianssud i tnedmawsniduuuusiaostymiuuu Time Cost Trade-off wae
Resource allocation ¥A1ves8udusseznainesianssunaslaiasaduuvudiasadymnuy
Resource leveling Mavesduduiusuvesianssud i nuinnsdrsialeastuleuveuwuusiaoses
(Leu and Yang 1999) vinliAn illegal schedules l9d1e dnwagnisuianuuirasslgymeonduaes

watinuladnasslusiuwes Chen and Weng (2009)

NIEUIUMTTIANINITveIUsEYInsiAslulaumnauazindunsasuLsn lugiudng lus e
muuafsnualiluamisdiinesves GA lnsnisdrummaeunsesibilauszeinsiaslulouidu

o Ao A @ ¥ = av < ° Ao
ARBUNATWTOEY UNTENITUAAIEIMEANITITauINT wazianwwall ulasluluunauniiign

loAuny nszurunsiiidnyasiuuing Ul Pseudocode Al
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Pseudocode d@115U GA (Elbeltagi et al. 2005)
Begin;
Generate random population of P solutions (chromosomes);
For each individual i€P: calculate fitness (i);
For i=1 to number of generations;
Randomly select an operation (crossover or mutation);
If crossover;
Select two parents at random i, and iy,

Generate on offspring i € crossover(i, and iy);
Else If mutation;

Select one chromosome i at random;

Generate an offspring i€ mutate (i);
End if;
Calculate the fitness of the offspring i

If i. is better than the worst chromosome then: replace the worst

chromosome by i
Next i;
Check if termination = true;

End;
2.6 YaNKISUTN5UIATINTSTNDESS

Tumsuimsnulasinisneaine Seuszneulumenisiavanlann M5I9uaLLaENTAIUAY

lasan1s wielilassnsussaidmneimluaiuniufie Awiienu Awal wasauaunL/M3nens

'
v a v v Y [

spafertosiudoyaiiuiuninvedasiniamie deludegduiige vwisdnsaguegdruruniled

[

Wawduierielun1susmsaulasinis Mdundeuldunsvanglaun Microsoft Project™ (Stover

a

2010) wag Primavera™ (Oracle 2009) lngganuasnguilaziimnuaiunsalagiluaaie g fusieiug

(%
! = ¥ =

sUnuuvesdIuRnsaiully (user interface) Insgonuasnguilavdesdlassasidunisdaiuuay

9
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AATIERdeyafi19 avaAvedlasanIg mﬁmLﬁuﬁagaﬁ:ﬁmmﬁ’mﬁuéiwdwﬂﬁ’mLazLﬂuswazL'Ssmﬁ
Wweaulesiu Tudnuaegiudeyaradlasanis ?humﬁlmwzﬁ%’auﬂaLﬂuﬁgmﬁﬂé’qﬁiﬂumsﬁwmmuaz
o o‘n" ¥ d" 1 U a 1 a d[ § a
uansnadnslainetislunisdadulanieglunisuiniseulasenis Gerenuasusnsaulasanis
noas19laenalUasiifandunislgUNBI8wmaan1SAANAN I UNISUS WIS IASINISTNIEDIT A 1579
Y9N3 ULIATINITUAZ F9N15ATUANNI TALTULATINTT wanandallgnAdannpedieasig
1 d' o & o U o ¥ 1 1 -d’l a
FULUUSRBuansuaansdmsunsinluldnudely nmsmumudelulazuansiuazidenves
ANuaNIsalunraefuresranwIsuSIsulasinsivani taglulaaniziaizaslui dqlasn

PNy

Quick Access Toolbar

Active tab of the ribbon Timeline Ribbon
ol 9y r7-~_1 Progecth » Mictosoft Project o @
ik Resource Project View Format =) 0 [
g = X caort - Eeeee & 1ok on Dk » D bupet - - e '—0-* :J- @I "N -
2 e R s , SRapstlng T 2l rrmmras | PRl b
r;‘.l‘l'l:l aste 7 B /I U a - A. Q@D (€ oo & 85 1 4ode .|‘\l bformation ':u“lli E'
View Cwboard Fomt . Svedude Tash Propete Editing
start [ | 5 == == M tinish
O [ [Tskriame o Duentian  seart olbe20 o 103110  INev?.°20 _ INovid 10 INovia
Mods YT el s [T WITTETS IS TMIT [WITTFS IS IMIT [WITTFIS TSN
Table area of the Gantt chart Chart area of the Gantt chart
%
&
»
o
e
i L v
ready | i@ A Hew Taiks < Manislly Schaduiled 1 |[EE s m = e
|- I—Status par Wiew shortcuts
Scheduling task mode indicator and Zoom slider

U7 2.16 nihniFusuveslusunsy Microsoft Project 2010 (Stover 2010)
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Use the toolbar to quickly access options that — Use the navigation bar to move -
pertain to the window displayed and to change between open windows, display and
the look of your layout. hide the directory, and open Help
quickly for a specific window.
Choose a ment — iz et View Project Enterprise Tools Admin [Help
io open a lst Activities T
of commands. 2 |(ep pE-r FELBRLE FOS YA LY RQK )~
M;ds < Loyl Cinssie TWHS Loyl 1 Fiter: A1 Activities 0
o Ativity Neme Planned | Remaining « ||| August 2004 2004 | Oclober 3004 [ x
o Duration| Ouratlon ] o1 [0 [15 [ 22 |29 Jos [12 [13 [ 26 Jo3 [10 [17 [ 24 |
e MS000 | Sukstantil Completion - A 0 | g3
gl = Building 1 245 0 | Ee)
Tracking = Structure & 0|
ST20 Bulding Pad Including L., el 0 I Building Pad Inchuding UG Utls
VES B157 Bulding 1 Structure Sum a7 i} B
. = ST First Floon Masorny Stiuct. .. g 0 B Fist Floor Masony Stuciuie @,f
Use rhe d”-ecrory to 1 ST20 Second Floor Slab & Colla... 10 0 I 5 cond Floos Slst & Collar Beam 7
switch your focus. = ST Second Floor Masonry Str.. 5 0 M 5econd Floor Magory Stu w
s ST Third Floor Slab & Collar B.. 10 0 I Thiid Flooe Slabl
"EI' Lot ST2( Third Floor Masong Struc. 5 0  ThidFlo |
W ST20 Fourth Floor Slab & Callar ... 10 0 — =
—~ ST21 Foutth Floor Masonty Siru,. 5 0 [N
i ST2( Roel Slab 10 0
Bepe;m ST20 Stair and Elevator Masorr... 2 0
w 5721 Rock Slab/Cellar Beam 5 0
Thresholds 2 Roof 5 0
il R201 Plece oo Trusses and 1n 0
(2 BT Buhting 1 Fodr Summay E Ll
R;ﬂ R207 Place Mechanical Equipm.. 10 0 k Y,
= R20% Bult-Up Asphal Roofing 15 i} = =
T - ﬂJﬂJ L|J
[Portfolio: all Projects | User: admin  Data Date: 25-Feb-05 |Access Mode: Shared  |Bassline: Customer Signed OFft

Click the buttons in the Command
bar to perform various functions
specific to the open window.

SU# 2.17 nthaisuduveslusunsy Primavera P6 (Oracle 2009)

2.6.1  A15NANITIUNULATINTG

Tuga9n151sukulasansiugenuisaziviifviedaiudeyavesiasenisilosfuig
Muwnladowindly uuseanlaidu 4 nguldun Jayariluvediasams degasuauianssy Jeya

AIUNTNEINT LA UayanIUNITUOUMINENY

o Y

foyaluvedasing azldiflefmuauuimislunisdamaanailiivianssuvedasnns
oA Uffiuvelassns funawhaunaziunamgaveddasing Sukulaseinis Wudu deyasu
nudsnssnduneandeniiiotestuilenuiidewhimunvesasinis Lﬂu%agaﬁauﬁwﬁ@ﬁiﬂu
nsdanisaanvelasenis Tdud menishanssunaznisuanguiulassaiaszdudu work
Breakdown Structure Avwduiusszvisiansaluguuuudingg wiewadoulafivasnianandug
szognavesiansy uazduyu Wudy eyaduninennsiduseasBeaninensiléngulssian
saeuiaiu ninensiunsiudunuiifimbensldidunanihau niwenseuianiviaenisld
Humhednuvaruamesianiug waenineinsdiuiuu honumunenskasUTnauvemingns
fiftogitanun SnaArldTeniodunurioniaeg uazujiunisieuvomineins doyadiunis

weunsngnulutoyaiinaninisienlesseningdifonssuuasninensndnass Iseazdendn
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Aanssunileqdesnislansneinsiatnsdruiuinla wielunsnauiuaglasieazidenimminens

nilaqgnueuvingliiuianssulatng degarunisuesuninenuildaduiinusinn “ieau” Mfiadu

' '
o v 4A o a o L !

\Hesnnsueumineay sadudeyadAyivinbiiiansAamunduyuiiinty

wanNMsUuinteyauad vanwisdlldarudieaunnaiianddyniina nteyatig
=1 o [ d' 1% C 1 LY wa 14 ! (J !

wiandl Msenaaziulusunssngeanuuuliwaziinduluognednluds laun nisAwiuaian
P19 VBN LAY MINAN AL FURUUAINENRUSA995EIN9RANTTU AMUARITINNAIYEIAINTTY
1A3IN13 N1TAUINSEEEIaLETIAUlATINT @eneRanssudngs seauANdenIsidniwens
1A539115 U3unad “Llaau” MAA1INN1SUaUNNIEIIU ATUINNANTENUIINAITUTULALNUIUTY
dnwauy Effort driven Sadnwaizduqla Aunuiinannstiningins n133nassmingins wazns
Uuaunaszaun1slimineg ns (Resource leveling) yaAdad miunisAuiaumnaiiigigdungainy
agmanbinugldaugenuns welildteyadniunisdnaulaldegrssindwazusuivaeuunuauld
Y 1 = ° = v Yo 1
waneseuliegazaIn agelsinunisawinmarliduluaunssnegosnwuugenwisiafimunld
Javililianunsausunsialansamuaudesnislalavnegne souneliaiunsaninuanssnznis

Awinwuulndmufideansle daduguasselunisidnuyenuasdnsagumvant

2.6.2  A13NANIAIVANLATING

dmiun1sfiansmiuaulasinis aintunenanilasinisiasudndunisivudiuag
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Constraints resources
- Activity dependency
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Resource-Constrained Project Scheduling Problem (RCPSP)
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Constraints - Activity dependency

Soft constraints: - Project time
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] 1

fign Faiaunsouuideuiansailadlfarieentdliifunisresnataniifanssutuiiog n1susy
L?ﬁlaunauémmﬁaﬂﬁmimqazdawasﬁaﬁamsuﬁa*giiﬂé’ﬁuﬁga predecessors Ay successors hag
ﬁaﬂiiuﬁuﬂiuaﬂswwaLﬁmﬁuﬁ?u wenanimsUSudeunansuvesfanssuddmansznulnensse
5EAUNNTIRETININEINTVRILATINTT Feaursaunldduduysmneudinsun1sdnLauIue

o v v [

Tassnsfiidesdadnundnens
Solution variables 1:  §; = szezidou (Shifting time) naNsUTeIRANTIUT
ST; =ES; +S; aumsi (3.1)
Tneils ST; = vani3u (Start time) V0IRINTITUT |
ES; = mm@ﬁﬁﬁaﬁqm (Earliest start time) vasianssuil i
S; = é’hLamﬁmmﬁmﬁmmdw‘%awhﬁ’u@usj

daudulsmneunguilaes dudenjuwuuauduiiug (Relationship options) tu 1un1s
AmualiunafanssuainisadniwdonvesunuuaudunusauNgIwk UL ay
Aaegaty AaNssu A way B nmualnrddidanjusuuanuduiusiluiuy Finish-to-Start n3e
Start-to-Start §9A2UdNNUSAA 1 L1ITaIN e ntuazdauTuaIuFuiuslusedunUsisaun
(preferred relationships) 111U @1uurenanssunfianuduiusluszaundndu (mandatory
. . ' = & o W Y o o A a 9 &
relationships) lianunsaiimaionvessuwuuanuduiusla suwuuanuduiusignidenuaisidy

Y

ANUAIBNITATUIUAIIAIANNT0ININTTUAB LY T99AINANTZNUADAINTINNINUATULNUIIU



aaq

LY 1 & [ YRK-Y) tdy Y % . = o Y
muUsngumaienguuuanuduiusilagldiluadiavgiuass (Binary) Famnualvisiuds
a1 - @ 1 A A S A ' Y a (- =2 A g !
fiAwiiu 1 Adedlemadentudaniuggniden wivindudsiiawiiu 0 ssmnefanadentuld
I a o 0% A d’l v o v A 1 1 = ! g.’/ b~}
gniden laeidiuusiudenilazdeslidnuuendeudenatgrdlaegraniaiidunie mutually

exclusive

Solution variables 2 Xjp, = fGONFURUUN M VoeFUBUUANNENTUSTENINSRAINTIUN

iwaz h lmefnanssy h Uu predecessors o4
I@Uﬁlﬁ Zm Xihm = 1; Vi

Mgy AvualrslluuANduiugseninaianssy A uag B i 2 maden (m=2)
Tng ddendt 1 vJu Finish-to-Start TngAdLUSAD X, g1 bae Aatdend 2 10U Start-to-Start lag

ANMILUIAD X 452 AIUU 32 1 Xapm = 1

3.22  Wanduinguszasd

[

fanduinguszasd fmualndunsuszdivauaunavesszaunsldnineinsve dasanis

q

Feluauddeneuuniinisldrduiisneg duraieda 1wy M,, M,, MRD, RDI, RRH, waz RID wfin13338

Tedenldaduid M, (gaun1si 2.20) \WundndmsuilenduingUszasd Wesandiuinduadviin

9

=

SeuiteaIunsaageudwIunineInsideIn1sldgeaianvsendesdanililulasenistu dedna
lnunseiaduyuvadlasanis wardidanuduiusinenseiuaduil MRD way RDI uwilauaziden
- oA | A Ao W v oA o a = ) Y o a
wselininilesneglugudnimasans adutl M, asianidloszaunisldnineinsvedlasinisnsi
= 1 [y} 1 .:4' ¥ £% 1 1 v ::1' 5 @ 1 ) % d'
JSgUIMTUANRREYRIAURRINTIY dauA1avil M, (Raunisi 2.21) duiiud i ilaunuaui
front-loaded wSaffiAn19NlAANIsUNRAS1SUALTUN s S UL TUlULY Feenaluneldinuaf
wazlileasNouuseansninvasnishansneinsag1enamiiosadnans ansuaed RRH wag RID Uule
gaususzaunslininenslugunsisuiseursulunmssszdaad dadudsindivszansanduan
fanududeulunisAuin warenaminzauilainisiiansanaunaseaunislininenseeiiiesiu
7a181ATIN1519a5719 WiaUselovulun1sUSUISLeNd NS NeINTIENINLATING BIUSUAULALT4
Mevedlasinisneaiilag dmsunisidelagmuusveuivanisiarsantdaymlinlaseinisneaing
dl’ [ g.// v al [ d' c{' d' ) Ve I v a 1 I3 a )

ATIAzVillasIn1s Aelusvindnivungauigamiunledadudvil M, agrelsinuasiinisauim

| v oaa A A a 9
AR INR DU UTENOUNITRANTUINIY
anduingUszasd fuualiduiuy Single-objective laaunisadudlumudsauwnu x
M, = Y1(r,)? aumaf (3.2)

Tneiili My = TLUUATOULAULDU (LAY X WNUSZELLIaIlATINIG) UDIAITUNUNIU

YBIANUADINIT IINSNEINTIATINIG
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° o v v
re = IUNSNeInsRaasnsEluiun ¢ oo
T = 5398081MIMUATelATINTS

duArdviifindedugilifiansandsenouiuldun MRD (gaunsi 2.24), RRH (Qaunns
2.22), RID (Q@mm3ii 2.25)

Y o o

3.2.3  Wengudaanna

< 1

flandudednin \Wunquilsidunldnmuednuvasvodununuisousula unuwauiegnigle

9

o w

139a9AAA N UNINTUTDINNANANINTULYINUUA LU LR TN UTETY ULk UIUNllaenAaDs

9

(%
¥

) fw Y o w v ~ A @ & P v v I o a ' °
Fuilantutasnnave ladanilans evanunazidunnuauntglilonazlddiuifnasanse Tukuuinass

[ [

ARmuTudazdfsntudandananiduteulvszeziaivedasinis Selisuazdansail

Subject to: Weuluszuraivadasinig

Max(FT;) <T; Vi qan13h (3.3)

Tnen FT, - LALANATIVRINAINTIUN &
T = 291804 lASINISAANUATUNITINHLIUY

FINTUTBINAARYINANITIN U UVDILATINITA DI AU UNTSEoLIav99EASINT LAY
nirfinmuall T devilvinisusuideufanssusineguadlasinsgnitdnegnieldnseuniaiviled

ANUA

3.2.4  @UNTISATUIUAILIAIVRININTTY

msivualiuuudassimadenguuuuanuduiusseninsfanssy dawalvidosuiuaoy
FBasaasnaiulazAnaudiadvesionssy FlasunfudiAnaivesionssuaziuin
IngoeiBanemeings (CPM) ilemAawinavesianssy Ifun nanFued1aiadian (Earliest
start time: ES), nmué’ua%aaém%aﬁqﬂ (Earliest finish time: EF), nml,%'uashﬁwﬁqﬂ (Latest start
time: LS), nmLLé’aLa%aﬂwﬁﬁﬁqm (Latest finish time: LF), nalwansiaus (Total float: TF), uay
nalwandasy (Free float: FF) uAaasnemariiasdannisillflunsduanunndeiuluiueg
fugUnuvrasauduiudszanineiansay wiunaniaasdaunmaviowfulitutfugiuuures
Arwduiitus uenaninmstmualiimadenvesguuuumudiiudlusuuiiaes Seilifosii

wUsmaaannuInnluluannisae

miﬁmuﬁaﬂﬁuaqgﬂLmummﬁuﬁuﬁ‘%ﬁﬂﬁﬁﬂmaﬂswuﬁ’uaumiﬁwmmnmL'%JJ (Start

time: ST) vesAanTIuinly (succeeding activity) TusounsAruwiauly (Forward pass calculation)



a6

LLazaumiﬁwmmnmLLé’uLa%ﬁ]asjwi’hﬁqﬂ (Latest finish time: LF) ¥83fanssnountn (preceding
activity) Tuseun1sAIuIMYINGU (Backward pass calculation) uenNiedmaneaun 1IN
nalWlandase (Free float: FF) vasfanssuneuniindndie druaunmsiuiaainaidunsnaiuly
WasuuUas iwaazL%&JmaqammsﬁﬂmmmL'gmm'ws]ﬁ’jwmﬁ'LLﬁQLLamaaﬂLﬁuﬂiajmmﬁaﬂgﬂuw

[

AMNELITUGASY 19 4 nsdlaall

1. nsalldinadenuagldsunuuanudusius Finish-to-Start (Case of FS without option)

AnualildguLuuANENRUS Finish-to-Start WukuuunAnugiu dmsugianssulagnlifiduden

Y

v [

ANUEUTUS Feg1ainluraensdin 1 uanadaguununImaNuduRus U1
G

H —

L ]
K

SUN 3.1 nsdlAuduius Finish-to-Start dwsuananssuilidsngen

mﬂgﬂﬂluumumw Aangsu | DAuduwuswuy FS Aufanssy G, H, J, way K Inefianssy G,
< a < o 1 o [y} a
H Uy predecessors 984 | wag NaNSW J, K 1UUW successors U84 | #UN15ATUIUALIREINTUN T

(% v o‘t:’ll v 1
ANNENNUSUlAA

Forward pass: ST; = Max(FT¢, FTy) + S, A3 (3.4)
Backward pass: LF; = Min(LS;,LS)) a3 (3.5)
Float calculation: FF, = Min(ST}, ST, — FT; aunsfi (3.6)

2. nsimadongUluUAINENTUS Finish-to-Start Aulaifiaauduius (Case of FS and No

relationship options) Aag1an3luvensiin 2 LuaneisgulNunImANELTUSU19ENS

1
|
1

JUN 3.2 nsflAuduius Finish-to-Start fudadenlufinuduiug

nguluukunIn Aanssu | Inadenvesmuduiusiiuuy FS viielifinnuduiusiu H

saa 2

wanIAUENTUsNnILaenmIeIdugnATUSTLAE YT WanINTRANTIH H way | Sallanuduiius



ar

Unfiguiuu FS Aufanssudus Inefinanssy G wag H 1Uu Predecessors 989 | wag Aanssu | wae J

W successors U89 H aunsauianatdnsunsalanuduiusilann

Forward pass: ST; = Max(FTg FTy * x141) + S a3 (3.7)
Backward pass: LFy = Min(LS; + BN X, LS ) aaN13h (3.8)
Float calculation: FFy = Min(ST; + BN * x5, ST;) — FTy qaM1i (3.9)

Inel BN fioAslauuinga1nis (Meunuseesinaivedlasanis), Xgg bae xpp Wud
wUs9ile binary WNUNISIERNALARNFURUUANMUFURUST 1 Uag 2 MUE1FU TIINNILEBNVBY
sUnvuanuduiusiagnidenldduysiunudifeniuasiianinfu 1 diudiudsiviaeaszgn

o 1 Y & 1 v v s A PN A a1 [
Aruad gy 0 W mnFukuuANNENTUSAUGeNT 1 gniden xpyq 3ETAWNAY 1 Uae Xy,

'
= =

sefianlu 0 Fnedadenldauduiusuuu FS wilumeanduiumnguuuuanuduiusaudend

IS

2 gAiden xyyq LAY 0 LAY x5y, avdandu 1 Femnefadenlrliddanuduiussening

Y

NANT5U H Wag | J9aUN1SH 3.6 Wag 3.7 a8¥NISATUINANIANASEIAT X pq HaY Xpgp SIHIUNTT

|
=

AuniielildAaiigndssaanadesiususuualuduiusidenld wagdiudsununisiden

1Y

FLAON X gy BT Xpg, Hazdldnuwaly mutually exclusive

3. ASNIUGENFULUUAIUFNNUS Finish-to-Start iU Start-to-Start (Case of FS and SS

relationship options) fag1eiluraendlil 3 TandfaguununINANAIRLET19E1S

Ul 3.3 nsdlAnudusiug Finish-to-Start fU Start-to-Start

ngUluLmuAIn A9n553 | fn1adenvesndnuduiusguiuy FS w3 SS U H uang

(3 = =

ANUFNRUS NI wdenmeldugnasUsTLaznu uananlAanssy H uay | fellanuduiusund
JULUU FS AuAanssudug lnefifanssu G uay H 1w Predecessors 409 | wag fAanssu | uag J 1y

successors U84 H @un1sAIuIuAIIaNd1nsuUNslANUaUNUsT o
Forward pass: ST; = Max(FT¢, FTy * X141, STy * X1p2) + S dun131 (3.10)
Backward pass:  LFy = Min(LS, + Dy + BN * x;41,LS; + BN * x,HZ,LS]) dun19n (3.11)

Float calculation: FFy = Min(ST[,ST;) — FTy * x;y1 — STy * X1m2 qan13h (3.12)



a8

o a . a I & v & &
#av0in1311FuUsvla binary @Andu 0 ve 1) unldunuaniuznisidenmaienuuuy
v o & A v LY ! d' £4 v 5 & Y1 3 A o < A o
ANNENITLS WerduusguivAnIatdudtlanadnsilunisidriiaiiu (Heduualu 1) viedn
Avatiuis (Weosuwdsilu 0) waninARILYS binary Tgaegivu BN azidunisifiud1agiauin
(Hefuuadu 1) vislifiuaas (Weduusdu 0) wazdnldsiuiuileidu Min( selinadndidy

NS AT UNTDAIAAT U PRNLADINTS

4. nstinadenguiuuAUdUiuS Finish-to-Start U Finish-to-Finish (Case of FS and FF

relationship options) fegeilurensalil 4 uanifsguununInALFRLST19E1

G

H R U Sy ———

Ul 3.4 nsdlmnudusius Finish-to-Start /U Finish-to-Finish

ngUluLHUA N RanTTu | In1afenvesnuduiussuiuy FS 3e FF AU H uans
ANUFNTUS NI wdenmetduanATUsELAE MU WoNINTAINTITY H wag | fallanuduiusund
sUkUU FS Aufanssudug lnefifianssu G uay H 1Ju Predecessors w03 | uag Aanssy | wag J 1y

successors U84 H aun1sAIulIA1IadnsunsmaNuaunustlawn

Forward pass: ST; = Max(FT; FTy — D; = x12) + 8 aumsﬁ (3.13)

Backward pass: LFy = Min(LS, + BN * x;g2, LF; + BN * x,Hl,LS]) ANM37 (3.14)

Float calculation: FFy = Min(ST; + BN * x5, FT; + BN * x;41,ST;)  aun1sf (3.15)
— FTy

o w a . a1 I = v = =
navean sifuUselia binary @Andu 0 vse 1) uldunuaniuznisidenmadensviuy
v o & A Y YR A v v & & v & A = A W
Auduius Weafmulsguiuaaduaglinadnsilunisldaniaiu (dedudsdu 1) wiedn
Avaantuiie (Wesudsilu 0) wininAdauds binary dgaedivu BN astlunisifiudiegneunn
(Waswusidu 1) seluinanas (Hasuwdsidu 0) wazthunldsiuiuiteddu Min() agleradnsidu

A5 AIATUNEAAATUN LA AIUADINS

dmsuAandugldldsunansenuanmsiniadionvessukuuaNuduiusty lawn van
WanLasa (Finish time: FT), nia3uagnediiian (Latest start time: LS), vanlwansiu (Total float:

TF) Ingfiananmaidsnsldaunisiunauuuin dmsuianssu | Tagdused

Forward pass: FT,; = ST, + D, s (3.16)
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Backward pass: LS, = LF;, — D, s (3.17)

Float calculation: TF; = (LS, — ST)) or (LF; — FT)) anmah (3.18)

wnaunsAuAamsanildlasunansenuainnisimaienvesgunuuauduiug
W{9991n NsAuAaailulnetestuAanssu1LAedule kaNeITINULNEIALIANUDIS

Aanssudulevinty AnuduRussErnenanssuneuanlshionsadtmansenule
v o v
3.3 N196319LLUUAN09NY Spreadsheet

wuuaesdgmniauaulniilagnadudiielusunsy Microsoft Excel™ dululusunsy
d15agUUseLan Spreadsheet Mlduiuegnunsvians lnadiuvuitasstymazgniufindulng
=t s ¥ 1 ! I o v v = o ! 1
wilalnld MUsEnaumeuiuu (Sheet) uruReINlddautuiingnsvesaun1sAmuInAN avuAves
LuUIIRpIsIgandealuideniiuu wariiniseoniuudnisiunislayasgraluszidouiiio
AwagaIntunisteudayatndi (input) uazuanstoyanadns (output) idilaladie uHuAuIn

Ao v A @ v o & (% 1
‘1/116[1‘1/\1141/1L“U‘LW]'JLLU‘U’%]’]@EN‘VIQ‘V?&I@LLE"!@ﬂUEﬂﬂ’]Wi?N‘UN@’N

Section 1. Input Data Section 2. Solution Variables Section 3. ing C:
Predecessor(s) Xibm . o
Activity '(’:e':z::) R?::‘i'::f Option#1 Option#2 Option#1 Option#2 SchegER ™ Prolect time
1 2 3 1 2 3 1 2 3 1 2 3 | shift | ST FT Ls LF TF FF |1|2|3|4|5|6|7|8|9|10({11|12|13|14|15(16|17(18(19|20(21|22(23|24|25
A 6 8 0 [ 6 0 6 o 0 (8|8(8|8(8|8
B 9 0 o 8 1 1 0 (9]/9(9|9(9(9|9(9
C 12 5 A A 0 6 18 6 o 0 5(5(5|5|5|5|5|5|5|5|5]|5
D 6 7 B FF:B 1 0 0 - 14 12 18 4 4 7077|1777
E 5 10 B B 0 8 13 9 14 1 0 10|10|10|10|10
F 6 9 c c 0 18 | 24 19 | 25 1 1 9(919(9]|9]9
G 7 3 C D H [SS:C| D [no:H| 1 1 0 [ 0 x 25 18 25 0 0 3(3|3(|3|3|3]|3
H 4 7 E E 0 13 17 14 18 1 1 707(7|7
Section 4. Objective functions Network Diagram Project Finish| 25 | Resource utilization level
My 4,332 0.00 Total (17|17 |17 |17 17 |17 14 |14|22 (22|22 (22|22 (19|12 |12|12| 5 |12|12(12(12|12(12| 3
My 6237 | 100 nn sum(rt-rt+1)| 0| 0 |0 [ 0] o[3]o|8]ofolo]o]3][7]00o]7]7]0]0]0]0]0]9]3
MRD 22 0 \\\N 17|17 (17(17 (1717 (1717 |22|22|22|22|22|22|22|22|22|22|22|22|22|22|22|22|22
RRH 10 0 n -H 22(22(22(22(22(22(22(22(22(22|22(22|22|19|12|12|12|12|12|12|12|12|12|12| 3
RID 13 0 ,/ ojojofo|j0f0O|3(3/0fO0OOfO[OfO|O|O|O|7|0|0|0O|0|O|O0|O
Total | 6,237 [e[[n)

sUN 3.5 wuvdrasstlymnnamuntuuulusinsy Microsoft Excel

Y

druusenauveLuuIaeuy Excel wuseanidu 4 dumdnfe diuil 1 deyardn (Section
1. Input Data), d1uil 2 AanUsA1nau (Section 2. Solution Variables), @9u#l 3 N1FAMUIMILNUIIY
1A59n15 (Section 3. Scheduling Calculations), kagdiufl 4 n1sA1wIMAITHIATUTRgUEaIA

(Section 4. Objective Functions) @alsazaiulisiuazidannail

v o v

3.3.1  vayauY

Y

1 ¥ o

v & & Ao [y v o w v Y ¢
muﬁumﬂamL“UﬂﬁawumamiuﬁawumﬂamL%W’]ﬂl}ﬂ“d\‘ﬂu L‘Uum?lﬁ]mﬂ‘ﬂiy}%”lLLNU\TWUI@iQﬂ’]i
Aay

U

NOE31NNABINITIIAINOU LUUINA0IUQYRINITINUNUIIUNDATNNLTVOTIANAIUNTNEINTAY
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v
v = YV £ o

= v v s 2/ v & o [ v X ° LY
LQ@u‘lsUﬂ’J’]iJﬁﬂJWUﬁiﬂﬂiﬂ’s’ﬁ’N'ViaﬂLﬂ‘ULL‘UU@U’]’ﬁEN RCPSP muummaamimayjammeugmmmums

MR ulATINITUTZ AU RCPSP &adiadlaunainnisdawmsenvessingua vistuiseendy 3

%

nau laun naudeyatniiaufanssuneaine azngudeyadndinudnsinislanineinsvyuieu

£ o
a o o v a I a a

va3lA5anN15 uanIndifeiiveyaindrnnguiiiuduniilesainuuuitaeddusliivualviniuden

q

YasUluuANduTusTeninefanssuls Tufendudeyaidimunisiensluuuainuduius

[

swazdeateyandluudaznguiinadl

1. naudeyaindisuianssunease Ideyandesdndilawn s18¥eRanssd (Activity) uay

Y
[

J28919819839A3n35% (Duration) Teyawmarililudeyaiiugiulunisdniunuaulasinisneasng
Fuufanssuvesrazlassnsiuanaesiulududdmvussuinvesuuudiasstym winilsiuau
Aanssuunazyiliwuudnasstymdauialng Jesietefanssuarilauiainnisiisiengoiin
TAs9a319nIzI8UE (WBS) drusseziiatvesianssuiduaflaannsussunassezaildlu
[ a a & Y Y < [J v 1 I . = a Y
nsanfiufanssuduliuanasa duualviivielaglu periods Feszazaivesfanssuazuysiu

AU UVDINANTTU LALLUSHARUAUDRIINISIINSNEINTVDININTTULU

Section 1. Input Data

Predecessor(s)
Activity I():;::::) RTZ‘:‘?::)E Option#1l Optioni#2
1 2 3 1 2 3
A 6 8
B 8 9
(o 12 5 A A
D 6 7 B FF:B
E 5 10 B B
F 6 9 C C
G 7 3 C D H |SS:C{ D |no:H
H 4 7 E E

14 o ¥

JUN 3.6 naudeymiidisufanssuneasne

2. ngudeyaindusnsimslinsnensmuieuvedassns esanuuudiass RCPSP
Usuaugaszaunistdninens svdrilafanisdnassldninensussianmyuiowdundn Tunis
Nuurudidudesinnisudeyadninislinineins Resource) vesudazianssy duduarainns
UszanudiednvugUssinnesianssy Auimnaiienuuazsresinaivesianssy haiiield
ganndasiuliymasdasinstoadialaetlusimunldmhesasnisldidumielag (units)

& = o 1 [y v 1%
wagluusstnnidenuianunsasiuiulgaula
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3. ngudeyarddnumadenvesguiuuanuduiusseninafanssy  Wudeyatdingy

anvnefAnuAT UL A NBME SULUUTRIAMNANTUS TnsRanssulaginualrliamnuduiusny

Y

o

a d‘

Aanssuduglivansfanssy widvualiliifundt 3 Aanssy) deyaidrandusedefanssuneu
uii (Predecessors) Uosfansantug MetgUuuuAEARLSHugIUUNARDUUY Finish-to-Start (FS)
mnlildszyduduasmnefguuovi uasidosanuiseuduiusgnimuslfinaden fady
Yoyadagnuuseeniiu Option#1 uay Option#2 FavunefeAanssulaqazdniaudensuuuy
auduituslaliiiu 2 duden Tnsfindslugudenmantuimualifesdunuuund Fs dae win

Anuduiusladidmilouiuiiaesiudenssnunefieinanuduiusaiuliiniagden

3.3.2 AUsAInay

duiulsdneuteauusaesigninualiusznoudae 2 nquie nduiuusssesideu
(Shifting time) vasusiazAanssula Aanssepadul Shift Tugudieans fendusavsiunuiud
unnivizeindugud Feazdudneuiliuiuideuiiunaisuuesiansueiag (Activity’s
start time) 88NAINANIANTUBENNT AN (Earliest start time: ES) usidiosegnieluszozinanlvlan
Sasy (Free float) AiRanssutiuflogluvnriu lnsfinaduvesinssudedonduluaudeulvve

ANMUFUNUSTEUINNINTTUNANNAUAG ¢

ihm

Option#1l Option#2

1 2 3 1 2 3 | Shift

O |olo|o|o|o|o | o

JUN 3.7 dausuusAney

wagMuwUIAIMaUNAuNaedfe nguN1TiaeNMIAFaNFULUUTBIANFNT LS TN INAINTTY
(Relationship options) F9UAAIAIEADENUAT Xjpy WIUTIIUL FauUsAmeunquilazivualinduy
AILUY Binary Usznaudiu@ilaon Option#1 wag 2 lawninanluaeduil Option#1 Uvindvu 1

mnefaduden Option#1 lagnidenld uivnilAviiiu 0 agvungfsiniien Option 2 lngnidentd
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¥ = [

wazA1lumaduil Option#2 xAauiiniu 1 lneNyndeyaveaniuianJuluueIAuduRUsSIy

Y

v A

Usznaulumedidan 2 faen washkiasiidonazianuduiusls 3 Anudunus mudeiniai

Aanssulmazdianudunusialiiu 3 Anudunus)

3.3.3  MTATUIMUNLIIULATING

nsAnLNLaElasing wladudumsmuiuaieiineades 2 @ laun 1. dunis
ANTUIATIIATLRNUIIUYDININTTUBALAIULAAILNUIIY AT 2. AIUNITATUIUAITEAUNITINATS

NSNYINTIATING UT8ALLDUANIU

1. 4IUNIAUILAIA LK UINTBRIN TS LazA I LuAR ALY windudiunansaiaidi
aryuesnanssulag 6 A1laun Earliest start time (ES), Earliest finish time (EF), Latest start time
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Section 3. Scheduling Calculations
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4 | 4
0

- 14 12 18

8 13 9 14 1

10(10|10|10( 10

18 24 19 25 1 1 919(9(9]|9]9
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Section 4. Objective functions
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General Buntimel yiew| Macros|
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1 2 3 1 2 3
A 6 8
B 8 9
C 12 5 A
D 6 7 B FF:B
E 5 10 B
F 6 9 C
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) Predecessor(s)
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1] 2] 3] 1 2 3
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s 5 8 J | o
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4. Ysziun1sil3euiiisuszninanisusvaunassiunisldninensameuuudiassiiniaden

sUsuuaMuduiusAumelUsunsudniagy UssiiunismaaeuilasdunsusieUss@nsnmuas

1a o

auvszleivesuuuaadmifiiautudesadaay TasasFoudsufunadnsuaunuiildan
Tsunsudndagusmenislifleidudmiunsuivaunaiifiey uazazivunlilanddamausslusunsy
dusagulimadensuuuuanuduiusiusaudent 2 (ldlssuuuuund Finish-to-Start) Havinde
uazdsannsavenemsiisuiiisuszrineiuesvesuuudrassiddulisimadenldse (mavaaey

Useidud 3) WeliiiunadnsiuSeuiieuiuseninansuuudiassdymnis ek uwuuas AL uLUY

v

VISJVI’]ﬂLaE)ﬂﬂ’]’]iJﬁiJWUS’J’W ‘VI’]SL‘VILLNUQ’]UVII@W’NﬂU@EﬂQIﬁ wazidonoy ’]ﬂli‘VWl’ﬂ‘ViLLUU‘U’]aEN

ansaInIudensunuuanuduiusivunz anld Jawuidnvesnsidedilaunfgiuiinisi

s ¥

wuudnaeiniudenvesgukuuauduiusaeazyinlidyninisianuiiaiuganguuiniu
ansodaunuauifinsdnassminensifissavsamaunndaduldniuuuiady msmaseulsziiu

Qld ) a L7 a [ a dy
‘Ll*’\]\‘iLUUﬂ’]iWQﬁ]u‘Uaﬁﬂﬂﬁlﬂﬂu%aﬂﬂ@\‘m'ﬁ'} gU

2 & 1

5. UszLhunisilSeuiisuasuifledduingusvasanieg n1suseliuuse@nsainuesnns

9
[

Snassvinennslasamstaiinisadiasldanduidavarnvansan laun M,, MRD, RRH, Wag RID 39
TumsifeildiZenldmded M, WundndmsuduilsiduingUssasd @mfunmamaaeululssiu
A9 NDUNTIN) asmliﬁmmwé’%ﬁﬁmﬁﬁmmmaﬂaLLazﬁﬂﬁlﬁgﬂmwmms%’@asiw%’wmﬂi‘ﬁﬁLm'
uanensfueanluthe Ussiumsneaeuiuheduddugfand i vaasddiduiteiduingusvad
dmunsmmeuiiafignveanuuiiass iloiSouiiisunadnsunuaudle wenaniideinig
naaevlunsaldiledduinguszasduuunan (Multi-objective function) fenslinasiuvesen

Handuingusvasadasquangdininisaradimtnliue (weighted sum) Nsiinnsassdminagingg
U U a dl U U

Mvuardninimungaudmsuidazaviieusudadiuainaluamasiulinnaviiiaudfny

TnawPeenunanue

3.5.3  A5n15NAdaU

WueaaudmSulseiiudn 1ﬁfu‘lfi’fmiaaﬂdmmﬁaLLUﬁﬁmawmmwﬁmau A9 &
Lﬂis‘umsumaaWﬁLLN“LNﬂuwiﬂﬂuwlmmﬂiﬂmmmmLiﬁ]iﬂmmwumu laglun1sd %’aﬁtﬁaﬂisﬂ
Microsoft Project 3sAnadnsunuauiildnisazmiioufiuinsuantinaunsfuiuresumwuusians
a1unsabiafigndes nsvageudszinui 1 agldlanddgymaualvgvinduiliesainazaiunse

= = 3 & adou v v vy
Asoumquinsallanddymuunndnigdudeutosnile

ddd

dmiulssiiuneadeuil 2-5 Tudunsdunanannmsmeneuiiaiian (optimization) 91n

q

wuushaes Sunsumssidunvaaey Buanmsieudeyatinididulanddamaduusiudui

989LUsHkN5U Microsoft Excel ‘U%nmﬁuﬁmaﬁLﬁuﬁauﬁﬁayjaﬁﬂLﬁwamwﬁﬂaaa ANUUIIVINT
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Avuataualiduswlseineu Feaniazidusinauisusu (nitial solution) In8NISAUMIANNDUNR

[ %
v |

= o @ ° a v o = a A o i

MgnagyinisusulsanAmeusuiull Tuneusolufionsisenlusunsy Evolver Liternuanguisa
Ane M dudruUseneundnaeauuudians niounansivuaaIMNInesNaAYUes GA SN
Reulvnisugadumdneu Feldsunsuagldinatlunisfumaineunsiazass (runtime) wiuiiedls

[

wagiunisimualeulunisventl lnsagnisduganisaunidliedantusasaivoulun1sduga

2,

mruald naeanauannszuIuns JWsinsuazuansrfulsAmeunananntnainn1sAum wis

[%
v

= ° i | aa Y o o Ay v
WQWIﬂiLLﬂi@J Excel 22ATUIUANIANUDILLNUITU LLaSﬂWW%UWﬁ@ﬂﬂa@ﬂﬂUﬂqma‘Uﬂlﬂ

9¢13l3Anu N1sMIAIMaUNATIgR (Optimization) fe GA 1un1sAumIwuugdn Mnluls

q

= v

AnauNANgawuuUsER LAz llmleuiululiazass (runtime) Aslun1svaaeuwsiazyndewas
gANAFBULIMAILATY (runtime) Auiivangay Melinnsanandmeuiilaluudasasainnilowsy

wiannasaneuntiuntesifisdls weliiulaimeeunlmdumneuiifegainauslunnads

| ¢ A & oA oA
nsageuUTslaud 2 uaz 5 azldlanddymivuialugiiisavindudniguiuiiosninag
anusaaseupguisnsdlandJgmauiadnidudeutiooninls daunismageulszsiud 3 uas 4 9z
TlandVaymsansuuinndanseuly islifiuiwasnsvesiuuiiansienatuiuanuuzuazaun

vaslandame Lielinseupgunitivaslanddymilagnasldivuuuitasialy

Ay iaiagisziuiargn smageukuUIaewsiuneenwuuld lnedaisesuumny

nauUsEIIUNENTI 5 Usziiu

a [ o
A519% 3.1 USELRUNTNAADUKUTUINABY

quvlmaauﬁ 51881880 U
Runtime
Usziiuil 1 ANUYNABIYRIANNTANUIUVDIUUUTIADN N/A
1.1 YARARU 1 Aruduiusianuaituuuy Finish-to-Start N/A
1.2 YamAoUTl 2 Audiiussening A-D Tdadendi 2 N/A
1.3 garnoufl 3 Auduiussening 1N Tifudend 2 N/A
1.4 yamnouil 4 Anudiiussening sV 1dadendi 2 N/A
1.5 ﬁqmﬁmauﬁ 5 AuUTUSSEWINg A-D, I-N, way S-V [sdend 2 | N/A
1.6 ﬁqmﬁmauﬁ 6 AUEUTUSSEWINg A-D, 1N, way S-V 1ddend 2 | N/A
wiousatiszesidourea C, G, H, J M, N, Q, R uay T
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Usgiiudl 2 msdmuateulunsvgadumeiney 180
2.1 U trials = 25,000 30
2.2 (W39 4.2) | 992U trials = 50,000 30
23 97U trials = 100,000 30
2.4 auAthuesfneudum 0.1% anely 10,000 trials 30
25 AuAIMTheIFAaUTUs 0.1% melyu 30,000 trials 30
2.6 anuAthuesineudum 0.1% aneglu 50,000 trials 30

Uszihiuil 3 nmawlSeuiieuseninuuuiaesildiniadonsuuuumnuduiusiv | 60

Wsunsudndagy

3.1 Tangtymauadniwuuirasdhifiadonsuuuumnuduiué | 30
32 Tandgymunalvgiinuuiraedhiimadensuuvuauduiug | 30
Usziiudl 4 msiFeuliisussninauuudiaesiifimadenguiuunnudiiudiu | 60
Wsunsudndagy

4.1 Tandgymumnadniiuuuitassiiniadengunuuanudusiug 30
4.2 Tandgyvmunalngifinuuitassiimadengunuuanudusius 30
Usgiiuil 5 mawSsuitsuaduiilsiduingUszeasdnngg 150
5.1 (138 4.2) | Single-objective function = M, 30
5.2 Single-objective function = MRD 30
53 Single-objective function = RRH 30
54 Single-objective function = RID 30
55 Multi-objective function = (0.005Mx + 2MRD + 2RRH + 1RID) | 30

3.6 NANISNATDULAZAITILATIZH

Youanan1snaaaund 5 Ussifunanisiesaziduaneniilulsaziidagosd19and haguis

Y

Uszinudaraanennanisvageueenluvedanddymilunisnegeuiifiey 2 landfs auininuas
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Wlaladredeedunenansinsiziiudes

3.6.1

Uszihui 1 m’mgnﬁawaaaumiﬁﬂmm%aaLL‘U‘U{haaa

HANITATUINAIIAIVOILNUIIUTDILAandvuInTng)

[ [ a

AUYAAINBDUN

3

1 FINRUA LA

AMNAURUSITULUU Finish-to-Start y19vua taedkUsandond 1 dandu 1 wazsuls

fadend 2 Fandu 0 dlaSeuiisuaaannldainuuudiassuazlusunsudnsogy

wuhwmilauiuynusznis wanslugudians

Xi

Project date

ety | oo ooy [ __Option1 Option#2 Option#1_|_Optioniz sehedule time > [ & [ 68 [ w0 w1182 [ 2] 2 [2]s]3]n]%]ss

" 1] 23] 1 [ 23 |21]2]3[2]2]3shift [es]st |F [ s ] ] TF] f [1]2]3]4a]5]6]7]8]9 10][21]12]13]14]15][16]17[18]19]20[21]22]23]24]25]26]27]28]29]30]31]32]33]34]35]36
A 7 3 0o [o|o|7|o@m|o|o]Eaaa333
) 2 4 o [ofjof2]2|4a]|2|o0]|4a
c 3 6 A o |7[7]w0|w0[13]3]0
D 6 5 A NO:A 1 ) o |77 |13] 8 |1@]1]o0
3 3 2 Al B o [7]|7|0]|7|0]|0]fo0 222
F 6 0 |8 o |22 |8|alw0|2]|2 10 10 10 10 10 10
G 4 6 c 0o || ||| 3]o0
H 5 4 D 0 (1313 |18 |14 29| 1| 0
| 7 7 E|F 0 [10]10 17|10 [37] 0|0 77177777
3 5 1 |G 0 [14| 14 |19| 19 |24 |5 | 2
K 7 3 |6 0 [14|14 21|17 |24 |3 |2
L 6 2 |6 0 14|14 |2 |17 |23|3 |0
[ 5 0 | H o (1818|2319 [2a] 1|0
N 6 6 | ssi 1 0 o 17|47 |23|17|23]| 0 |0 666666
o 1 12 | L 0 [20[20 |21]|23|2a]|3 |0
3 3 8 K| M| N 0 2323 |26 |24 |27 | 1| 0
Q 4 5 N 0 23|23 |27 |23 |27]| 0|0 5555
R 7 5 H 0 [18|18 |25 |20 |27 ]| 2| 2 5555555
s 5 8 3o 0 |21] 21| 26| 2« [N 3| 2
T 2 3 |o|rP 0 [26|2 [28 |27 [20]| 2| 0
u 3 3 |ol|r 0 |or|27]30 |27]|30 | 0] 0 333
v 7 6 s|T FF:S 1 ) 0 |28 35 |29 |36 | 1| 1 T 6666666 |
w 6 5 Plu 0 [30[30|36|30|3]o0]fo0 5555 5 5

' ' |
JUN 3.11 wruunlaanwuuinaesivnamneui 1
U ' 3
D [Taspuration |PredecessoStart Finish Late Start |Late Finish Total  Free |57 530 '58 1230 '58 1930, '58 261, '58 20m.'58

[Nar plack  Slack ww‘ﬂ‘ﬁ‘a a‘a‘w‘w‘ﬁ‘a‘a v‘a‘w‘w‘ﬁ‘a‘a a‘a‘w‘w‘ﬂ‘ﬂ‘a a‘a‘w‘w‘n‘a‘a ﬂ‘ﬂ‘w‘wﬁ
1 A 7days W1/1/58  WT7/1/58 W1/1/58 W7/1/58 O0days 0 days
2 B 2days W1/1/58 @ 2/1/58 @ 3/1/58 ©84/1/58 2days 0 days|
3 C 3days 1 W8/1/58 @ 10/1/58 ©11/1/58 ©13/1/58 3days 0 days
4 D 6days 1 W8/1/58 ©13/1/58 @ 9/1/58 W 14/1/58 1day 0 days|
5 E 3days 1,2 W8/1/58 @ 10/1/58 W 8/1/58 @ 10/1/58 0 days 0 days|
6 F 6days 2 63/1/58 W8/1/58 05/1/58 #10/1/58 2days 2 days
7 G 4days 3 ®11/1/58 W 14/1/58 W 14/1/58 @ 17/1/58 3 days 0 days
8 H 5days 4 W14/1/58 ©18/1/58 W 15/1/58 219/1/58 1day O days
9 | 7days 56 ®11/1/58 @ 17/1/58 ©11/1/58 @ 17/1/58 0 days 0 days| 1
10 J 5days 7 W15/1/58 219/1/58 ©20/1/58 ¢ 24/1/58 5 days 2 days —
11 K 7days 7 W 15/1/58 W 21/1/58 ©18/1/58 @ 24/1/58 3 days 2 days —
12 L 6days 7 W15/1/58 ©20/1/58 ©18/1/58 # 23/1/58 3 days O days H

¥
13 M 5days 8 919/1/58 @ 23/1/58 ©20/1/58 @ 24/1/58 1day O days|
14 N 6days 9 818/1/58 #23/1/58 ©18/1/58 ¢ 23/1/58 O0days 0 days
15 |0 1day 12 W21/1/58 W21/1/58 @ 24/1/58 @ 24/1/58 3 days O days
16 P 3days 11,13,14 & 24/1/58 26/1/58 ©25/1/58 ©27/1/58 1day O days &
17 Q ddays 14 424/1/58 @ 27/1/58 @ 24/1/58 ©27/1/58 O days O days
R
18 R 7days 8 919/1/58 ©25/1/58 W21/1/58 ©27/1/58 2days 2 days —
~
19 S 5days 10,15 W22/1/58 2 26/1/58 ®©25/1/58 W 29/1/58 3 days 2 days
~

20 T 2days 1516 ®27/1/58 W 28/1/58 W28/1/58 W 29/1/58 1day 0 days
21 U 3days 17,18 W28/1/58 f 30/1/58 W 28/1/58 # 30/1/58 0 days O days
22 Tdays 19,20 W29/1/58 W 4/2/58 @30/1/58 wW5/2/58 1day 1day
23 6days 16,21 #31/1/58  W5/2/58 #31/1/58 W5/2/58 O0days 0 days

® NANITATUIAAILIAIVDILN U LD ANV lrg U

AMNAURUSIIULUU Finish-to-Start Manus entiuAnuEwy

JUT 3.12 wiuauildannlusunsudnsaguivgadnauil 1

° -

YAATRNBUN

9

2 FIN1NUA LA

v s 1 a

WUTIEMINININTTU A ae D
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AuUALALER AN 2 AsluiiAnuduiusiu wWawSsuifieuainainlaainwuuiiasd

waglusunsudnsagunuinndoudunnusenis wandlugudnans

Predecessor(s) X shedutet Project date
Activity| (D::t;::) RTS'::": Option#L Optioni2 Option# | _Option#2 chedule fime 2 [ 4 [ 6 [ 8 [ 10] 12 14 16 18 2] 22 2a 26 28 30 [ 32 3] 36
SN > 15 [l 23w oo [ s vl [wlalz3]e s el ol ]l ] ] a0 el Rl b mmlE s
A 7 3 0 [o|o|7]|o@lo]o)ssaa55 s
B 2 4 o o o 2 2 4 2 o 4 4
c 3 6 | A o 7|7 w0]|w|1s|s]o
D 6 5 | A NO:A 0 1 o |70 6|8 @8]0
E 3 2 | als o |7|7|w0|7]0|0]o0 222
F 6 0 |8 o |2|2|8|afw|l2a]2 10 10 10 10 10 10
G 7 6 | c 0 |00 ||| |3]o0
H 5 4 D o 13 6 11 14 19 8 o
I 7 7 E | F 0 [10|10 |17 (10|17 | 0 | O 77717171717
3 5 1 |6 0 |14 14|19 19|24 5| 2
K 7 3 G [ 14 | 14 21 17 24 3 2
L 6 2 | 0 |1|1af2|17]2a|s]o0
M 5 10 H [ 18 | 11 16 19 24 8 7
N 6 6 1 ssi 1 0 o |w|a|2s|17|23|o0]o0 666666
o 1 12 L 0 20 | 20 21 23 24 3 o
P 3 8 | K| M| N 0 |23[23 |26 |24 |27 | 1] 0
Q 4 5 N 0 23| 23 27 23 27 0 o 555 5
R 7 5 | H o 18|11 |18|2 27| 0|0 5555555
s 5 8 J o 0 |21] 21|26 | 2« [N 3 | 2
T 2 3 o P 0 26 | 26 28 27 29 1 0
u 3 3 |olR o |27|27]30|27]30 |00 333
v 7 6 s|T FF:S 1 ) 0 |28 35 |29 |36 | 1| L 6666666 |
w 6 5 P u o 30| 30 36 30 36 o o 5 5 5 5 5 5
. i \
UM 3.13 unwaunlaaniuudnassiuynaneun 2
U : 3
D [Taspuration [PredecesscStart Finish Late Start |Late Finish Total ~ Free |57 530 '58 120, '58 1930 58 26 3.0, '58 20m.'58
Nar Slack  Slack ww‘ﬁ‘a‘a n‘a‘w‘w‘ﬂ‘ﬁ‘u n‘a‘w‘w‘ﬁ‘ﬂ‘n a‘a‘w‘w‘ﬁ‘ﬂ‘ﬂ a‘a‘w‘w‘ﬂ‘ﬁ‘a v‘a‘w‘wﬁ
1 A 7days W1/1/58 wW7/1/58 W 1/1/58 W 7/1/58 0 days 0 days
2 B 2days W1/1/58 @ 2/1/58 @3/1/58 ©4/1/58 2days 0 days|
3 C 3days 1 W8/1/58 & 10/1/58 ©11/1/58 @ 13/1/58 3 days 0 days
4 D 6days W1/1/58 ®@6/1/58 #9/1/58 W 14/1/58 8 days 0 days H
5 E 3days 1,2 W8/1/58 & 10/1/58 W 8/1/58 @ 10/1/58 0 days 0 days
6 F 6days 2 @3/1/58 W8/1/58 25/1/58 @ 10/1/58 2days 2 days| . ——
7 G 4days 3 @ 11/1/58 W 14/1/58 W 14/1/58 & 17/1/58 3 days O days|
8 H 5days 4 W7/1/58 ©11/1/58 W 15/1/58 1 19/1/58 8 days 0 days| H
9 | T7days 56 ®911/1/58 @ 17/1/58 ©11/1/58 & 17/1/58 0 days O days| I
10 5days 7 W15/1/58 219/1/58 ©20/1/58 @ 24/1/58 5days 2 days ——
11 K 7days 7 W15/1/58 W 21/1/58 ©18/1/58 @ 24/1/58 3 days 2 days| —
12 L 6days 7 W 15/1/58 ©20/1/58 @ 18/1/58 @ 23/1/58 3 days O days "
-
13 M 5days 8 912/1/58 ¢ 16/1/58 ©20/1/58 ¢ 24/1/58 8 days 7 days| ‘
14 N 6days 9 9 18/1/58  23/1/58 @ 18/1/58 # 23/1/58 0 days 0 days| l
15 |0 1day 12 W21/1/58 W21/1/58 @ 24/1/58 @ 24/1/58 3 days 0 days
—
16 P 3days 11,13,14 & 24/1/58 226/1/58 ©25/1/58 ©217/1/58 1day 0 days|
v
17 |Q 4days 14 #24/1/58 ©27/1/58 @ 24/1/58 @ 27/1/58 0 days O days|
v
18 R 7days 8 212/1/58 @ 18/1/58 W 21/1/58 8 27/1/58 9 days 9 days|
-
19 s 5days 10,15 W22/1/58 2 26/1/58 ©25/1/58 W 29/1/58 3 days 2 days| o
-
20 T 2days 1516 9 27/1/58 W 28/1/58 W 28/1/58 W 29/1/58 1 day 0 days|
21 U 3days 17,18 W28/1/58 @ 30/1/58 W 28/1/58 1 30/1/58 0 days 0 days
22 7days 19,20 W29/1/58 W 4/2/58 ¢ 30/1/58 w5/2/58 1day 1 day,
23 6 days 16,21 31/1/58 W5/2/58 @ 31/1/58 W 5/2/58 0 days O days|

JUT 3.14 unuruildanlusunsudnsaguivynneud 2

® HANITANUIUANIANVBILHUIIUVDILINIVUIA NG TUYAAINBUN 2 Baf1nuali

AuFUNLSIJuULUU Finish-to-Start Mianua sniuaAuFuRUSTEnI19AanTsY | Lag N

Avualildaidenyl 2 Ao ULV Startto-Start LialUTeulisuALIaINlaAvIn

wuuasarlusunsudnsagunuinndoudunnusznis wandugudnsans
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Xi

Project date

sctity | poreton oy, |__Optiont1 Option#2 Option#1_|_Option#2 schedule time > [ & [ 6 8 [0 [ 1182022 2] s]3]n]%]ss
" 1] 23] 1 [ 23 |21]2]3[2]2]3shft |[es]st e [ts] ] 1F] f [1]2]3]4a]5]6]7]8]9] 10][21]12]13]14]25][16]17[18]19]20]21]22]23]24]25]26]27]28]29]30]31]32]33]34]35]36
A 7 3 o [ofo[7 o @ o083 aEE s
) 2 4 o [of|o|2|8|10]|8|o0]|4a
c 3 6 A o |7[7]w0|oef12|2]0
D 6 5 A NO:A 1 ) o |7 @ |18] 7 |18|]o0]o0
3 3 2 Al B o [7]|7|0|1B 1|60 222
F 6 0 |8 o |22 |8lw0|w|8]|2 10 10 10 10 10 10
G 4 6 c 0o [w|w|w|[zw]|2]o0
H 5 4 D 0 (13|13 |18|13 18] 0 |0
| 7 7 E|F 0 [10]10 |17 |16 [28] 6 |0 77771777
3 5 1 |G 0 [14| 14 |19|18 | 23| 4| 2
K 7 3 |6 0 14|14 21|16 |23| 2|2
L 6 2 |6 0 14|14 |2 |16 |22]|2 |0
[ 5 0 | H o (1818|2318 [23] 0|0
N 6 6 | ssi 0 1 o (17|10 |16 |16 |22]|6 |0 666666
o 1 12 | L 0 [20|20 |21]|22|23]|2 |0
3 3 8 K| M| N 0 2323 |26 | 23|26 | 0 | 0
Q 4 5 N 0 23|16 |20]22|2 |6 |5 5555
R 7 5 H 0 18|18 |25]19 |26 ] 1|0 5555555
s 5 8 7o 0 |21| 21|26 |23 2| 2
T 2 3 |o|rP 0 [26| 2 (28|26 [28]| 0|0
u 3 3 |o|r 0 |or|25]28 26 [20]| 10 333
v 7 6 s|T FFS 1 ) 0 |28 3|28 3| 0|0 76666666 |
w 6 5 Plu 0 [30[28|3a]2 3] 1|1 555555
U 3.15 ununuildanuuudiassiuyadineud 3
] ' 3
D [Taspuration |Predecesscstart Finish Late Start |Late Finish Total  Free |57 530 '58 120, '58 1930 58 26 3.0, '58 20m.'58
[Nar| Stack  slack Ww‘ﬁ‘ﬂ‘ﬂ n‘a‘w‘w‘ﬁ‘ﬂ‘a ’o‘a‘w‘w‘ﬁ‘ﬂ‘n a‘a‘w‘w‘ﬁ‘ﬂ‘ﬂ n‘a‘w‘w‘ﬂ‘ﬂ‘a v‘a‘w w‘ﬁ
1 A 7days W1/1/58 W7/1/58 W 1/1/58 W 7/1/58 0 days 0 days|
2 B 2days W1/1/58 @ 2/1/58 #9/1/58 @ 10/1/58 8 days O days|
3 C 3days 1 W8/1/58 @ 10/1/58 & 10/1/58 1 12/1/58 2 days 0 days|
4 D 6days 1 W8/1/58 ®©13/1/58 W8/1/58 ©13/1/58 O0days 0 days|
5 E 3days 1,2 W8/1/58 @ 10/1/58 W 14/1/58 ¢ 16/1/58 6 days 0 days|
6 [F 6days 2 #3/1/58 W8/1/58 ©11/1/58 i 16/1/58 8days 2 days| —
7 G 4days 3 911/1/58 W 14/1/58 @ 13/1/58 # 16/1/58 2 days 0 days
8 H 5days 4 W14/1/58 @ 18/1/58 W 14/1/58 8 18/1/58 0 days O days|
9 | T7days 56 911/1/58 @ 17/1/58 @ 17/1/58  23/1/58 6 days O days 1
10 5days 7 W15/1/58 219/1/58 219/1/58 # 23/1/58 4 days 2 days| —
11 K 7days 7 W15/1/58 W 21/1/58 @ 17/1/58 i 23/1/58 2 days 2 days —
12 L 6days 7 W15/1/58 ®20/1/58 @ 17/1/58 W 22/1/58 2 days 0 days| H
X

13 M 5days 8 919/1/58 @ 23/1/58 19/1/58  23/1/58 0 days O days
14 N 6days 9SS 911/1/58 @ 16/1/58 @ 17/1/58 W 22/1/58 6 days O days| » ¢ ‘
15 |0 1day 12 W21/1/58 W21/1/58 @ 23/1/58 @ 23/1/58 2 days O days| 4

~
16 P 3days 11,13,14 @ 24/1/58 226/1/58 @ 24/1/58 226/1/58 0 days 0 days|
17 Q 4days 14 @ 17/1/58 ©20/1/58 @ 23/1/58 2 26/1/58 6 days 5 days

-
18 R 7days 8 919/1/58 @ 25/1/58 ©20/1/58 %26/1/58 1day 0 days
w

19 S 5days 10,15 W22/1/58 2 26/1/58 & 24/1/58 W 28/1/58 2 days 2 days|
20 T 2days 1516 ®27/1/58 W28/1/58 ©27/1/58 W 28/1/58 0 days O days|
21 U 3days 17,18 926/1/58 W 28/1/58 ©27/1/58 W29/1/58 1day 0 days
22 7days 19,20 W29/1/58 W 4/2/58 W29/1/58 W 4/2/58 0 days 0 days|
23 6days 16,21 W29/1/58 ©3/2/58 #30/1/58 W4/2/58 1day 1 day|
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Xim sehedule t Project date
sctity | poreton oy, |__Optiont1 Option#2 Option#1_|_Option#2 chedule ime > [ & [ 6 8 [0 [ 1182022 2] s]3]n]%]ss

" 1] 23] 1 [ 23 |21]2]3[2]2]3shft |[es]st e [ts] ] 1F] f [1]2]3]4a]5]6]7]8]9] 10][21]12]13]14]25][16]17[18]19]20]21]22]23]24]25]26]27]28]29]30]31]32]33]34]35]36
A 7 3 0o [o|o|7|o@m|o|o]Eaaa333
) 2 4 o [ofjof2]2|4a]|2|o0]|4a
c 3 6 A o |7[7]w0|w0[13]3]0
D 6 5 A NO:A 1 ) o |77 |13]8|1@]|1]o0
3 3 2 Al B o |77 ]|w0|7]10]|0]o0 222
F 6 0 |8 o |22 |8lafwo|2]|2 10 10 10 10 10 10
G 4 6 c 0o [w|w|w|[B|17]3]o0
H 5 4 D 0 (1313 |18 |14 19| 1 |0
| 7 7 E|F 0 [10]10 17|10 [37] 0|0 77771777
3 5 1 |G 0 [14|14 |19 26 |31 |12 2
K 7 3 |6 0 [14|14 21|17 |2a| 3|2
L 6 2 |6 0 [14]14 |2 |20 |2 |60
[ 5 0 | H o (1818|2319 |2a]| 1|0
N 6 6 | ssi 1 0 o 17|47 | 23|17 |23]| 0 |0 666666
o 1 12 | L 0 20|20 21|26 |27]|6 |0
3 3 8 K| M| N 0 2323 |26 |24 |27 | 1| 0
Q 4 5 N 0 23|23 |27 |23 |27]| 0|0 5555
R 7 5 H 0 |18|18 |25 20 |27] 2] 2 5555555
s 5 8 7o 0 |21| 21 |26 |31 0| 9
T 2 3 |o|rP 0 [26]2 [28 |27 [20]| 1|0
u 3 3 |o|r 0 |or|27 )30 |27]30 | 0] 0 333
v 7 6 s|T FF:S 0 1 0 |28 35 |29 |36 | 1| 1 T 6666666 |
w 6 5 Plu 0 [30[30|36]3|3]o0]o0 5555 5 5

U 3.17 ununuildanuuuiiassiugadmeud 4
] ' 3
D [Taspuration |Predecesscstart Finish Late Start |Late Finish Total  Free |57 530 '58 120, '58 1930 58 26 3.0, '58 20m.'58

[Nar| Stack  slack Ww‘ﬁ‘ﬂ‘ﬂ n‘a‘w‘w‘ﬁ‘ﬂ‘a ’o‘a‘w‘w‘ﬁ‘ﬂ‘n a‘a‘w‘w‘ﬁ‘ﬂ‘ﬂ n‘a‘w‘w‘ﬂ‘ﬂ‘a v‘a‘w‘wﬁ
1 A 7days W1/1/58 W7/1/58 W 1/1/58 W 7/1/58 0 days 0 days|
2 B 2days W1/1/58 @ 2/1/58 @3/1/58 ©4/1/58 2 days O days|
3 C 3days 1 W8/1/58 @ 10/1/58 ©11/1/58 ®13/1/58 3 days 0 days|
4 D 6days 1 W8/1/58 ®©13/1/58 #9/1/58 W 14/1/58 1day 0 days
5 E 3days 1,2 W8/1/58 @ 10/1/58 W 8/1/58 @ 10/1/58 0 days 0 days|
6 F 6days 2 #3/1/58 W8/1/58 25/1/58 & 10/1/58 2 days 2 days| —
7 G 4days 3 911/1/58 W 14/1/58 W 14/1/58 & 17/1/58 3 days 0 days
8 H 5days 4 W14/1/58 @ 18/1/58 W 15/1/58 219/1/58 1day 0 days|
9 | T7days 56 9 11/1/58 @ 17/1/58 ®©11/1/58 & 17/1/58 0 days 0 days M
10 5days 7 W15/1/58 219/1/58 @ 27/1/58 @ 31/1/58 12 days 2 days| —
11 K 7days 7 W15/1/58 W 21/1/58 ®18/1/58 @ 24/1/58 3 days 2 days —
12 L 6days 7 W15/1/58 ®©20/1/58 W 21/1/58 % 26/1/58 6 days 0 days H

X
13 M 5days 8 919/1/58 @ 23/1/58 ©20/1/58 & 24/1/58 1day O days
14 N 6days 9 ®18/1/58 @ 23/1/58 ©18/1/58 ¢ 23/1/58 0 days O days|
15 |0 1day 12 W21/1/58 W21/1/58 ©27/1/58 827/1/58 6 days O days|
16 P 3days 11,13,14 @ 24/1/58 226/1/58 ©25/1/58 ©27/1/58 1day 0 days| &
17 Q 4days 14 € 24/1/58 ©27/1/58 @ 24/1/58 ©27/1/58 O0days O days o
-
18 R 7days 8 919/1/58 @ 25/1/58 W21/1/58 ©27/1/58 2 days 2 days 777,‘ ‘
~
19 S 5days 10,15 W22/1/58 226/1/58 ©1/2/58 W 5/2/58 10 days 9 days|
-
20 T 2days 1516 ®27/1/58 W 28/1/58 W 28/1/58 W 29/1/58 1day O days| ﬂ 1
21 U 3days 17,18 W28/1/58 # 30/1/58 W 28/1/58 ¢ 30/1/58 O days O days| l
22 V 7days 19FF20 W29/1/58 Wd4/2/58 #30/1/58 W5/2/58 1day 1 day| l "
-

23 6days 16,21 #31/1/58  W5/2/58 @ 31/1/58 W5/2/58 0days 0 days

JUT 3.18 unusuildanlusunsudisaguivynemneud 4
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Xim sehedule t Project date
sctity | poreton oy, |__Optiont1 Option#2 Option#1_|_Option#2 chedule ime > [ & [ 6 8 [0 [ 1182022 2] s]3]n]%]ss
" 1] 23] 1 [ 23 |21]2]3[2]2]3shft |[es]st e [ts] ] 1F] f [1]2]3]4a]5]6]7]8]9] 10][21]12]13]14]25][16]17[18]19]20]21]22]23]24]25]26]27]28]29]30]31]32]33]34]35]36
A 7 3 o [ofo[7 o @ o083 aEE s
) 2 4 o [ojo|2]s6|8]|6|o0]|4a
c 3 6 A o |7[7]w0|7[10][o0]o0
D 6 5 A NO:A 0 1 o [7]06 |5 |1]5]o0
3 3 2 Al B o |77 |w0|1n|w|a]o 222
F 6 0 |8 o |22 |8|8|wu|6]|2 10 10 10 10 10 10
G 4 6 c 0 [w0]w0|1]w0[1a]o]o
H 5 4 D 0o (13| 6 11|11 |16]5 |0
| 7 7 E|F 0 [10]10 |17 |14 [20] a0 77771777
3 5 1 |G 0 14|14 |19|23|28]| 0|2
K 7 3 |6 0 14|14 21|14 |21]| 0 |0
L 6 2 |6 0 14|14 |2 |17 |23]|3 |0
[ 5 0 | H o (18111616215 |5
N 6 6 | ssi 0 1 0 (17|20 |16 |14 20| 4|0 666666
o 1 12 | L 0 [20[20 |21]|23|2a]| 3|0
3 3 8 K| M| N 0 [23[21 |24 |21 |2sa]| 0| 0
Q 4 5 N 0 23|16 20|20 |2a]|a |0 5555
R 7 5 H 0 |11 |18|17|2a]6]|2 5555555
s 5 8 7o 0 |21| 21|26 |28 7|7
T 2 3 |o|rP 0 (26|24 |26|2¢[26]| 0|0
u 3 3 |o|r 0 |27 20 |23 |2 |27 | 4|1 333
v 7 6 s|T FFS 0 1 0 |28 33|26 33| 0|0 66666656 |
w 6 5 Plu 0 [30[2a|30]27|33]| 3|3 555555
U7 3.19 usunuildanuuudiassiuyadineud 5
] ' 3
D [Taspuration |Predecesscstart Finish Late Start |Late Finish Total  Free |57 530 '58 120, '58 1930 58 26300, '58 20m.'58
[Nar| Stack  slack ww‘ﬁ‘a‘a n‘a‘w‘w‘ﬁ‘ﬂ‘a ’o‘a‘w‘w‘ﬁ‘ﬂ‘n a‘a‘w‘w‘ﬁ‘ﬂ‘ﬂ n‘a‘w‘w‘ﬂ‘ﬂ‘ava‘w‘w‘ﬁ
1 A 7days W1/1/58 W7/1/58 W 1/1/58 W 7/1/58 0 days 0 days|
2 B 2days W1/1/58 A 2/1/58 W7/1/58 W8/1/58 6 days O days
3 C 3days 1 W8/1/58 @ 10/1/58 W 8/1/58 @ 10/1/58 0 days 0 days|
4 D 6days W1/1/58 96/1/58 ©6/1/58 ©11/1/58 5days 0 days|
5 E 3days 1,2 W8/1/58 @ 10/1/58 1 12/1/58 W 14/1/58 4 days 0 days|
6 [F 6days 2 #3/1/58 W8/1/58 @ 9/1/58 W 14/1/58 6 days 2 days| —
7 G 4days 3 911/1/58 W 14/1/58 @ 11/1/58 W 14/1/58 0 days 0 days
8 H 5days 4 W7/1/58 ®©11/1/58 212/1/58 @ 16/1/58 5days 0 days| H
9 | T7days 56 911/1/58 @ 17/1/58 W 15/1/58 W 21/1/58 4 days 0 days 1
10 5days 7 W15/1/58 2 19/1/58 & 24/1/58 W 28/1/58 9 days 2 days| —
11 K 7days 7 W15/1/58 W 21/1/58 W 15/1/58 W 21/1/58 0 days 0 days
12 L 6days 7 W15/1/58 ©20/1/58 ®18/1/58 # 23/1/58 3 days 0 days H
-
13 M 5days 8 912/1/58 @ 16/1/58 @ 17/1/58 W 21/1/58 5 days 5 days
14 N 6days 9SS 911/1/58 @ 16/1/58 W 15/1/58 8 20/1/58 4 days O days| M
R
15 |0 1day 12 W21/1/58 W21/1/58 & 24/1/58 & 24/1/58 3 days O days|
w
16 P 3days 11,13,14 W22/1/58 @ 24/1/58 W22/1/58 @ 24/1/58 0 days 0 days|
17 Q 4days 14 @17/1/58 ©20/1/58 W21/1/58 @ 24/1/58 4 days O days H
-
18 R 7days 8 912/1/58 ©18/1/58 ®18/1/58 @ 24/1/58 6 days 2 days —
-
19 S 5days 10,15 W22/1/58 2 26/1/58 W29/1/58 2/2/58 7 days 7 days| —
20 T 2days 1516 ®25/1/58 226/1/58 ©25/1/58 1 26/1/58 0 days O days| 1
v
21 U 3days 17,18 W21/1/58 # 23/1/58 ©25/1/58 ©27/1/58 4days 1 day| — l
22 7days 19FF,20 ®927/1/58 2/2/58 ©27/1/58 2/2/58 0 days O days| -
23 6days 16,21 825/1/58 € 30/1/58 W28/1/58 22/2/58 3days 3 days

JUT 3.20 uwusuiildanlusunsudisaguivyamneun 5

® HANITAIUIUAIIANVDILANUINIUYDILANTVYUIA TN AUYARINDUN 2 TIN1AUALA

v 9

v 6

ArEuA UL Finish-to-Start faviua snifuarudiiudsewinaianssu A-D, 1N,
uay SV sanugauduiusihuunlildsnuiond 2 Aolufanuduiusiy, suiuy
Start-to-Start, WaggULUY Finish-to-Finish nad1dy uenanidsimusliurshonssud
svozideuvesnansu liud Aanssu C, G, H, J, M, N, Q R, uay T fiszazidoumiiiu 1,
1,1,10,5,1,6,7, uaz 1 mudidu ieiIoudisuaniariildainuuudiassuas

TUsunsudnsasunuiwmdisuiunnusenis wandusudieans
Y 9 Y



72

X,
- Schedule time
ration |Resource | ooy option#2 | ption#1_|_optionz |

1 [ 23| 1] 2[3[af2[3[1]2]3

Project date
T 5@ [ 36 [ 18 [ 20 [ 22 [ 24 [ 26 [ 28 [ 30 [ 3 |

Activity| [0 [ 3 [ 3
8 | 9 [10[11]12]13]14]15]16[17]18]19] 20| 21[22[ 2324 25] 26| 27] 28] 29[ 30| 31 32] 33] 34 [ 35 36

ce
(periods) | (Units)

ES
£

s [ e
7 | 3 [0
2|9 |11
11 | 10| 13
6| 8 |14
10| 14 | 17
2 8 | 11|17
10]12]|16]13]17
13| 7 |12|14 19

B

~ ~f~o o
v ~le|wo o

2
10 10 10 10 10 10

10|10 |17 | 17 | 24
14|26 31| 26 | 31
14|16 | 23 | 17 | 24
14|16 | 22 | 20 | 26
1817 [ 22| 19 [ 24
17 |11 | 17 | 17 | 23
20| 22 | 23| 26 | 27
23[23 |26 | 24 | 27
23| 23 | 27 | 23 | 27
18|19 | 26 | 20 | 27
21 ] 31|36 | 31
26| 27 | 20 | 27 | 29

777717717

66666 6

333
5555 5 5

Z0m "58

I|0 0 omoolw > »|>

o
@2
o
=

555 5
5556556

27| 27 | 30 | 27 | 30

28 36 | 20 | 36
303036 |30] 36

JUN 3.21 unusunliannuuuiaesiuyadneui 6

errmwrm Tm rnm r‘nmg‘“ F: n[|a]s s s |u|n[u]a|s]s|s]n]n|x]a|s]s]o|n]n|x|a|e

A Tdays WIA/EB W/ 8415 6101/ 3 days Odays
WA/ A2/A/58 6 1W5E 811158 9 days Odays

C 3cays 1 A9/ @ 1/1/58 BiNA/5E B IWL5E 2days 1day

D Gcays WA/ a6//58 N9//5E WINLSE Bdays 1day

E 3days W3/ 4 10/1/58 WINI/R 6 17%1/58 7 days Odays
3/1/58 WB/1/68 1F/F8 6 171/68 9 days 2days
B13//68 A 16/1/58 W141/68 617/1/58 1day Odays

S<lcHwnovlozZrxc|l-T0nmolo® >
o ~lwnalvs vk o alowalve slowo|en
s olewolnn oo Bre s olEnolos e
color ol~oolor alooBlor koo ok oolf
coloocolror|ronsrolvaro~olvow
colocoolkor|sorlococolkanolwor|koo

vwloocu|rz =|r
c-lm oo

FF:S 0 1

25 MR "58
I‘B|h|h‘l‘l|l

,ﬁ

-

]

w
[]

-

L]

§

-
[]
-

12

F 2

G Adays 3 :
8 @ U bdays 4 WBA/BB % 12/1/58 WIN1/B8 w19/1/58 T days 5days "
° | Tdays 56  s1A/M ®17//58 81158 & 200/58 Tdays 1y
0 2 ) Bdays 7 B2TA/R & 3/1/58 8ZUL/FE & SVU/EE 0 days Ocays "
m K Tdys 7 SITA/B A BB 81158 G24USE 1 day Gcays i
|2 | L bdys 7 S 1TA/F WZ//58 W2VL/5E 9 2641/58 4 days Ocays
B ® Mbdys 8 S18A/58 w22/1/58 820158 & 24150 2days 1day :‘»
% ¥ N Gdays 955 w12/ @ 17/A/58 8181/58 m 250 6 days 6clays I
5 | O idy 12 n2BA/B nBASE BB BIWLEE A days Acays i
% | P 3duys ILI314 4240/5 w50 a2V 8IS lday 1day ) —
|2 B o adys 1M 4240/ /58 w2YI/58 8IS Odays Ocys h
| # 2 R 7dys = B20/1/58 2 26/1/58 W2/1/B8 82158 lday 1day h* —
| ® | 5 Bdays 1015 812/ w5258 81250 W25 0days Ocys g
@ B T 2days 1516 WIBA/RB WAA/58 WIBAMEE WIHLEE 0 days Ockays 1
2 | U Bdys 1718 WIBA/R N EVA/SE WIBASE A0S 0 days Ocays k l
|2 | ¥ Tdays 1920 N30/ W52/58 nAVLSE WE/5E 0 days Ocays
3

W 6days 1621 d31A/88 w5258 43Y/1/58 wW5/2/58 0Odays Ocays

‘Uﬁ 3.22 LmewuwiﬂmﬂIUiLmsumLifﬂsﬂﬂwﬂmma‘um 6

PINNInegeuLUTEuLisUEBanIsAInANaNnsveaLuUTIaesiulsunsudniagy
MEYAAINDUAINNY 6 YN 1sAIAAUFURUIUANUAURUSKUUANY Wasnisilssesidou il

winlgdnaun1sAIwRunudmsukuudtaeminadenve sgUiuuauduiusanansalinadng

wnuugndesegvaltanelunnnsdl Aaiegvesianssu lawa ES, ST, EF, FT, LS, LF, TF,
uag FF fiAignassnssiuiane Nelinsleudtszesiaou (shifting time) vasiansuvesnanssuadly

Wsunsudndagusearilaenisimuadesiindiuian (time constraint) vefanssuduiuy Start-
No-Earlier-Than fUuTu#191989991d9nAR 09 Uz ZLAD UL AIUULUUINAINNAIUNTUIZ NI OU

dwsumathluneaeuluuseiaudngly
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3.6.2 Usziuil 2 msivuaaulunisugaduniAney

nsneaeululsziaun 2 1unisSeuiisunarnauiliaininuatouluvesnismgn
AumIR1e iU Tnsuvadu 2 SnwagAonuufiiruaniediuiu trials wagiivuamlY
Anummtneludu trials Fslunsiazdnwazainaiasiyaneaeusgiag 3 4a

158997031 trials daglumiunn

wasuaﬂmsmaawq@ﬁ 2.1 Lﬁaﬁmumﬁ‘auimqumﬁumﬁmauﬁ’wai’wmu trials =
25,000 Fsdteineniian Jamslimmeufiugningn 2 gadall insmdmeudidiuy
30 runtime TuA13199zuaAIANBIFILUSAMABUTIMARIT ruUTLAR1n runtime W
avass Usznousieszezdeuvasionssusie (S) LarNITiaeNJURUUAINFNTUS
Fudendt 1 () ﬂmﬂy’ﬂmﬁ’%ﬁé’m%’umsﬂimﬁmmumumq6] uaﬂmﬂﬁiuﬂaé’uﬂqﬂﬁw

v ! = 0 v oA A L
EJ\TLLﬂGNﬂ’]LQ@‘U%@QW?LLU%L@%@%U@Ne]“l/lLﬂEJ']“UEN

meaaumeTauyAald Intel CORE i5 2.5 GHz. svegaldlunismiAmnauusag

runtime Useuned 5 U

WHUUNANgAARAMaUT 10 1 My = 11248

!
= I v

NaAIRaUNLALAT My 1nde = 11389 dasuds S wanananuld Taeq S, dnagdiaiunn
waz Sp NilAMINTa9aun du S dandu 0 vnass wenandadinds X, tnewade

Y = Y v | = = o = v o w &
wiriu 0 vi3e TndlAes 0 wazdaunidn 0.5 Baunegduindnisidenldguuuuanuduiug

ANADNT 2 N9EIUAIYST

A1EUUT Xy TANTU 0 NNATY Xpuy HOUNNATY UAZ Xy, UOEASI wanednguwuy
AMuFuRUsHLaeny 2 MU No-relationship, Finish-to-Finish Way Start-to-Start

ANUANNU VIR ALNUIIUNANN

o ° =
199N 3.2 NAATRBUYBININATRUYAY 2.1
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Test no. Solution of Runtime no. Aver
2.1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age

Sa o o o o o o0 o o o o o o o o o o o o0 O o0 1 2 1 0 0O 0O 0 O 0O 0 NA
Ss 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sc i 0 1 0 0O 2 0 1 1 0 O 0 0 1 10 0 1 0 0O O O O O 1 0 0 1 0 0 NA
So 4 0 0 O O O O o0 o o o o o o O o O O O O O O O O O O 0O O O 0 NA
Se 0 0 0 0 0 2 0 1 1 0 0 0 0 1 0 0 0 0 7 1 0 0 4 0 1 0 0 1 0 0 N/A
Sk o o o0 o o0 1 0 O O O O O O O O o o o0 o o O 1 0 O O O O O O 0 NA
Se o 3 0 2 3 i 0 0 2 o0 3 o0 O 1 0 3 0 2 o0 O 0O 1 0 3 1 0 0 0 1 2 NA
Su 4 2 0 1 0 O O O O 2 o0 2 o0 0 2 12 o0 o0 1 0 O O 3 0 0 2 0 0 1 NA
M 0 0 0 0 0 0 0 5 5 0 0 0 0 5 0 0 0 1 0 0 6 5 0 0 5 0 0 1 0 0 N/A
S, 10 9 1 9 0 9 2 10 9 12 9 12 12 10 11 9 12 9 12 11 10 9 10 8 10 11 12 11 11 10 N/A
Sk 2 0 1 i 0 o0 2 o0 o0 1 0 2 2 0 1 0 2 o0 2 0 1 0 1 0 0 0 2 o0 1 1 N/A
S, 1 2 1 0 0 0 3 3 0 2 0 4 4 3 3 0 4 1 2 0 3 2 1 1 3 0 4 2 4 0 N/A
Sm o 6 0 7 0 O O o0 o0 1 8 0 2 o0 0 7 0 0 0 6 1 10 2 0 O 0 O 7 0 NA
Sn o o o o o0 4 7 0 0O O O O O 1 0 O O 5 0 1 0 0 O O 1 5 0 4 5 0 NA
So 2 0 1 2 0 O O 0 o0 0 2 1 1 0 1 i1 1 2 3 0 0 1 0 O 1 1 2 0 2 N/A
Sp 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 N/A
Sa o o o o o0 o0 o0 1 0 O 1 0 O O O o o O o 3 0 0O 0 4 0 1 0 1 0 0 NA
Sr 1 4 9 4 9 8 9 0 O 6 1 5 7 0 5 5 5 7 0 6 0 0 9 3 0 6 5 8 0 1 NA
Ss 1 0 3 1 3 0 3 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 N/A
St o o o0 o o o o 2 o0 1 o0 1 1 1 $F 0 1 0 1 o0 1 0 O O 1 1 1 1 0 0 NA
Su o o o o o0 1 o0 O O O 1 0 O O O 1 0 1 0 2 0 0 O 3 0 1 0 0 1 0 NA
Sy o o o o0 o o0 O o o o o o o o o0 o o o o0 o o0 o o o0 0 1 0 0 0 0 NA
Sw 0 3 0 3 0 0 0 0 1 0 3 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 1 0 N/A
Xpaz o o o o o o0 o0 o0 o o o o o o o o o o o o o o o o o o o o o0 1003
Xniz o 0 1 o0 1 0 O O 0 1 o0 1 i 0 1 0 1 0 O O O O o o0 O O0o 1 0 0 0 027
Xysq 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M, 11542 11354 11616 11344 11750 11396 11576 11322 11342“ 11292 11306 11312 113A6- 11350 11416- 11430 11486 11498 11382 11306 114A6- 11296 11268 11654-
My 12353 12114 11377 11923 11495 12265 11347 11948 12088 12143 11877 12139 12099 12132 12181 12067 12139 12127 12103 12059 12109 12426 12216 12012 12132 11609 12139 12087 12013 12504 12041
MRD 25 25 27 25 27 25 27 25 24 23 24 25 25 25 25 25 25 25 25 22 25 25 24 25 25 28 25 23 22 25 249
RRH 28 35 26 37 36 25 28 27 23 27 40 29 33 26 24 44 29 21 36 28 20 20 38 40 26 28 29 21 31 42 299
RID 73 76 54 102 79 92 70 70 85 76 115 100 124 79 100 112 100 100 105 62 61 63 79 74 79 80 100 92 109 110 87.4

® HaveINITNIAADUYATl 2.2 e nualeulunisnenfuniAIneuAe I trials =
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WHUUNRTgRARAmaUN 23 T My = 11208

a

NAAIMBUNLANAT My 1ade = 11368 lA1awds S wansnanuld Taedl S, fnazdianuin
Az Sp ANANINTOIAINT dU S war Sy Tanlu 0 MnATY uananiladuys X, lny
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® AU X5 TANTU 0 NNATT Xpy LABUNNATI UaT Xy, UBBATY WAAIIIFULUY

ANFURUSFAenT 2 My No-relationship, Finish-to-Finish e Start-to-Start

ANUEIAU VI AR ANLNUIUARNN

v I o d' Lo va 9 A A a 0o
L4 LLu’JIuwuaﬂmmmausumsqwﬂaa‘mn 2.2 UIﬂﬁ Lﬂﬁl\‘iﬂ‘U“{!ﬂV] 2.1 470 agdAIRAYFHINAUY
= [ 24
LNENLANUBY
= =
$131N 3.3 LLﬂﬂ\iNﬁﬂ’]iV]ﬂﬁ@‘Uﬁﬂ‘V] 2.2
Test no. Solution of Runtime no. Aver
2.2 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age

Sa 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
Ss 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sc 0 1 0 1 1 0 0 0 0 1 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 N/A
Sp 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
Se 0 0 0 1 1 0 0 0 7 0 0 0 1 0 0 1 0 0 0 0 0 1 1 0 0 0 0 1 0 0 N/A
S¢ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2 N/A
S 0 0 0 1 1 2 0 2 0 0 1 1 0 2 0 0 0 0 1 0 3 0 0 3 0 1 1 0 0 1 N/A
Su 2 2 1 0 0 1 2 1 0 0 0 0 0 1 0 0 2 7 1 0 2 0 0 1 0 7 6 0 1 7 N/A
S 0 0 0 5 5 0 0 0 0 0 5 0 5 0 0 6 0 0 0 0 0 6 3 0 0 0 0 3 0 0 N/A
S, 12 11 11 10 10 10 12 10 12 1 10 10 12 10 11 12 12 12 11 11 8 12 12 9 0 11 11 12 12 11 N/A
Sk 1 0 1 1 0 1 1 1 2 1 0 0 1 0 1 2 1 1 2 1 0 2 2 0 3 2 1 1 2 2 N/A
SL 0 1 4 0 3 1 2 0 5 2 3 1 5 0 1 0 2 3 4 3 1 5 0 0 2 0 2 2 4 0 N/A
Sm 0 1 0 0 0 4 1 0 1 0 0 0 0 7 0 1 1 0 7 2 3 1 0 0 8 1 0 0 1 0 N/A
Sn 0 0 6 0 1 0 0 0 0 0 0 6 0 0 7 0 0 0 0 7 0 0 2 0 0 0 0 2 0 0 N/A
So 5 0 0 1 0 2 0 2 0 0 0 2 0 2 0 4 0 0 0 1 0 0 2 1 4 4 0 3 1 2 N/A
Sp 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 N/A
Sa 6 0 0 0 0 5 0 0 0 0 0 0 1 0 0 0 0 0 0 0 4 0 1 0 6 0 6 0 0 0 N/A
Sk 1 6 6 0 0 6 6 1 0 9 0 6 1 5 4 0 6 2 3 7 4 0 9 1 8 0 2 9 6 2 N/A
Ss 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
St 1 1 1 0 1 0 1 0 1 0 0 1 1 0 1 1 1 0 0 1 0 1 1 0 0 0 0 1 1 0 N/A
Su 0 0 0 1 0 2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 3 0 0 0 1 1 1 0 0 0 N/A
Sv 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sw 1 0 0 0 0 0 0 0 0 0 1 1 0 2 0 0 0 0 3 0 0 0 0 0 0 1 0 0 0 0 N/A
Xpaz 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0.07
Xniz 0 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 017
Xysq 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M, 11442 11308 11400 11306 11305- 11654 11404 11588 11346 1134' 11328 11346 113;- 11422 11350 11304 11294 11331- 11638 11514 11466 11442- 11292 11464 11368

My 12165 12185 12199 12061 12132 12058 12143 12504 12201 11389 12082 11953 12020 12010 11876 12093 12143 12194 11958 12141 11952 12165 12151 12540 11375 12171 12194 12146 12119 12296 12087
MRD 23 23 25 23 25 22 23 25 25 27 25 25 22 25 23 25 23 24 25 25 25 25 22 25 24 25 23 23 25 24 241
RRH 26 25 28 23 26 29 27 42 33 23 22 27 22 43 20 30 27 43 40 28 24 34 23 37 29 38 34 23 37 37 300
RID 96 90 102 85 79 109 76 110 91 54 76 105 81 112 97 104 76 97 120 100 54 91 73 98 75 96 93 84 124 90 913
® HAYBININAADUYAT 2.3 1B 1MUANaulUN1TVYARUNIAINBUAILTIUIY trials =
2 & o =i =i & = v o Ao o
100,000 @aduiuIunuNNgavesanageunaay 3smisiidnaunaninaasynisn vil
NMIMARBUEIIIUIU 30 runtime
e furauiumatdIuyAAaiIlY Intel CORE i5 2.5 GHz. szgiialdlunmsmineuwsdas
runtime Usganay 20 U1
® ununuNANanfeAnaunl 8 lviAl My = 11188
® amnauNladial My Lade = 11364 da1aaunus S wanananuld Taedl S, dnazdiaiunn

a1

waz Sp AllAINTesan du S, waz S, dandu 0 nnAss usnanladuls Xy, 1oy
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N o a Y v ! = = o a = v
bRAAYLNINU O ‘Vﬁ@lﬂalﬂﬁﬂ 0 haguUagynidn 0.5 ll']ﬂ"?]\‘i‘ﬁlﬂEJﬂ\TllﬂllﬂqﬁLa@ﬂi‘;UEULLUU

v o su A A & o
AMUAUNUSAURDNN 2 VINEUAILUT

ARILUT Xys; TANTU 0 NNATI Xpay LHOUNNATY WAY Xy, UBEATI WAAIIIFULULY
AMUdNRUSALdenT 2 MUu No-relationship, Finish-to-Finish Lay Start-to-Start

ANUATU AL ALNUIIUNRNN

WAL AnaUTRIYANAaaUN 2.3 dlnalAssiugedl 2.1 wag 2.2 10 wazliAwade
Asfuiisadntos

M3 3.4 UAPINANTNAGOUYAN 2.3

Test no. Solution of Runtime no. Aver
2.3 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age
Sa 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 N/A
Ss 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
Sc 0 1 1 0 1 0 0 1 0 1 0 0 1 1 0 1 0 0 1 1 0 2 2 0 0 0 0 1 1 0 N/A
Sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Se 0 1 7 0 0 1 0 0 6 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 1 0 1 1 1 N/A
S¢ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 N/A
S 3 1 0 0 2 0 2 1 2 2 1 3 0 0 1 2 0 0 2 2 2 0 1 2 0 0 0 0 0 0 N/A
SH 0 0 0 6 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 2 0 0 0 N/A
S 0 5 0 0 0 5 0 0 0 0 0 0 5 3 0 0 5 5 0 0 0 0 0 0 0 5 0 4 2 6 N/A
S, 9 9 11 12 9 12 9 10 9 0 11 9 11 11 10 9 12 11 9 9 8 0 8 9 11 12 12 11 11 12 N/A
Sk 0 0 1 2 0 0 1 0 0 0 2 0 0 0 1 0 0 1 0 0 0 1 0 1 0 0 1 1 1 2 N/A
SL 0 0 1 0 0 5 1 0 2 0 0 0 1 1 0 0 5 0 0 0 1 0 1 2 0 5 2 1 5 0 N/A
Swm 0 0 0 0 0 0 7 5 0 0 5 0 0 0 8 0 0 0 0 5 8 0 8 6 7 0 1 0 0 1 N/A
Sn 0 1 0 0 0 0 0 1 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 3 0 N/A
So 0 1 3 2 0 0 0 0 0 0 0 0 i 3 3 0 0 5 0 2 0 1 0 0 2 0 0 0 0 4 N/A
Sp 0 1 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 N/A
Sa 0 0 0 7 0 0 0 6 0 0 6 0 0 0 0 0 1 0 0 5 0 0 1 0 4 1 0 2 0 0 N/A
Sr 1 0 0 2 5 0 0 7 0 9 8 2 8 9 6 5 0 8 5 7 5 9 1 3 8 0 6 9 8 0 N/A
Ss 0 1 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 N/A
St 0 0 1 1 0 1 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 1 1 0 1 N/A
Su 1 0 0 0 0 0 2 0 0 0 1 0 1 0 3 0 0 1 0 1 4 0 6 4 0 0 0 0 1 0 N/A
Sy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sw 0 0 0 0 0 1 3 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 N/A
Xpa1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.07
Xz oo 0 0 1 0 0 0 0 1 0 0O 0 O O 1 0 0o 1 0 0 1 0 0 0 0 1 0 0 0 02
Xysi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M, 11640 11374 11452 11356 11312 11262 11424- 11492 11690- 11630 11302 11258 11266 11311- 11418 11312 11304 11342 11720 11430 11314 11275_ 11302 11348 11364
My 12423 12041 12157 12186 12028 11935 11629 12144 12307 11513 11997 12458 12275 12188 11877 12028 11964 12377 12028 12071 11783 11500 11923 12003 12236 11964 12143 12230 12209 12093 12057
MRD 25 24 25 23 24 22 24 22 25 27 22 24 23 23 25 24 22 23 24 23 25 27 24 25 22 22 23 23 23 25 2338
RRH 30 32 39 28 25 30 32 17 31 30 28 31 20 23 25 25 23 29 25 35 24 29 30 37 21 23 27 22 24 30 275
RID 89 87 104 83 100 90 68 46 97 55 109 95 64 83 81 100 82 104 100 104 75 57 61 76 57 82 76 83 99 104 839
‘:1' A o 44' v ° v v v
®  LAUBINIIN G’Iﬂ@‘U“q@I‘Vl 2.4 1N UA LQEJ‘IJVLGUﬂ'ﬁVT‘EJIG’IQUM’]ﬂ’W]@U MNIYAITUATTIVUIVBDY

AmauTUA1 0.1% ety 10,000 trials Fududruiuntesiignuesgavadouiaay 39
AITIAmaUNLENINBNaRIYAialy ¥I1N151IAIRBULITIUIY 30 runtime Tun1s193e
LAAIAIUBIRILUTAINDUTUAR DN UITUALIAIN runtime usazA3s Usenaumiyssey
4 a ' 44 v U fu A = S 1 o oa
HBUYBINANTIUAY (S) uavnsidenguLuuaNNaTUSAuGDNTA 1 (X;,,) SIuveAail
dmsumsussiiuiaunuineg uenanndlureduianvnedandafsvesiinlsiay
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meaaumesduyanaild Intel CORE i5 2.5 GHz. sveghamldlunimiAmnauusag

runtime Uszanal 10 W1¥ wafimnusUsEulIn UeassiuInuIeasaites
UWHUUNATRReAmaUT 15 i1 M, = 11188
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WU 0 v3ebndkAes 0 uaztaendn 0.5 Funedsindnisidenldsuuuauduiug

o A A & o
AADNN 2 NIAUAILUST

ARILUT Xys; TANTU 0 NNATI Xpay LHOUNNATY WAT Xy, UBEATY WANIIIFULUY
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Test no. Solution of Runtime no. Aver
2.4 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age
Sa o o o o o o0 o0 O o o o o 1 0 O 1 0 0O O O O O O O O O O 0 0 0 NA
Ss 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
Sc i1 o0 1 o0 0 o0 1 1 0 1 1 0 o0 1 0 1 0 1 o0 O O 1 1 0 1 o0 o0 1 1 N/A
So o o o 6 0 O O O O O O O o o O o o o o 1 0 0O O O O O 0O O 0 0 NA
Se 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 1 0 0 0 0 N/A
Sk o o o0 o 1 0 O O O O 0O O o o o0 o o o O o O O O O O O 0O O 0 0 NA
Se o 0 1 1 13 0 0 0 0 1 1 1 2 i1 0 0 0 O 3 0 O 0 2 0O 0 O O 1 0 NA
Su o o 3 o0 7 o0 2 2 1 2 0 O O O O 0O O O O o 1 2 0 0 0 0O 8 2 0 0 NA
M 0 7 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 4 0 0 0 6 N/A
S, 1 10 3 9 10 9 12 10 11 12 10 0 9 10 10 11 1 9 10 9 0 12 6 9 12 11 2 12 9 11 N/A
Sk o o 2 o0 2 o0 1 1 0 2 o0 O0 1 0 o0 1 1 1 0 0 3 2 i 0 2 1 3 2 1 0 N/A
S, 4 3 2 1 0 0 2 2 4 5 2 2 2 3 0 4 1 0 0 1 2 4 3 0 5 1 0 5 1 3 N/A
Sm 6 1 1 1 i 7 1 o 6 0 6 O 8 0O 6 1 0 6 2 0 7 0 0 8 1 0 0 0 1 0 NA
Sn $* 0 2 0 o0 0O o0 o0 o0 o0 1 o0 3 0 1 0 O 1 0 O O 7 0 O O 1 0 O 0 0 NA
So o o o0 1 3 o0 o0 o0 o0 O 1 2 o0 O O O 1 2 1 0 2 i 2 2 0 0 1 0 1 1 N/A
Sp 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 N/A
Saq 4 0 5 0 0 O O O O O 4 0 O O 6 O 0 2 O O O 0O 0 0 O 1 7 0 0 0 NA
Sr 6 0 6 0 0 O 6 5 o0 5 7 9 o0 5 8 o0 9 1 7 1 0 5 4 7 0 9 1 5 0 0 NA
Ss 0 0 3 0 0 0 0 1 0 0 0 0 1 0 0 0 3 3 0 0 2 0 0 0 0 0 5 0 1 0 N/A
St i 0o o0 o0 o0 o 1 o0 1 1 1 0 0 1 F 1 o0 1 0 O O 1 O O 1 1 0 1 0 0 NA
Su o o o 2 2 o0 o0 0O o0 0O 1 0 3 0 0 O O 1 0 O O o o 2 o0 O 0 0 1 1 N/A
Sy o 1 0 1 0 0 O O O O o o o0 o o0 o o o 1 0O 0 o0 O O O O O 0 0 0 NA
Sw 2 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 N/A
Xpaz o o o o o o0 o0 O o0 o o o o o o o o o o 1 0 O O o o o o0 o0 1 o0 007
Xniz o 0 o0 o0 o0 1 iF+ 11 1 0 1 0 1 O O 1 O 1 0 1 O 1 0 O O O 1 0 0 o04
Xysq 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M, - 11428 11772 11696 11508 11391- 11384 11314 11268 11270 11580 11428 11A10- 11374 11616 11544 11400 11672 11750- 11696 11362 11404- 11876 11268 11722 11320 11454
My 11999 12055 11650 12154 12133 12185 12143 12114 12192 12151 12100 11437 12106 11989 12124 12228 11377 11436 11947 12582 11398 12139 11537 12130 12201 12266 11616 12151 12380 11983 11997
MRD 25 25 26 25 25 24 23 24 25 25 25 27 24 25 22 25 27 24 24 25 27 25 27 25 25 23 30 25 25 22 250
RRH 20 23 27 31 38 27 27 32 28 29 31 22 30 28 18 31 26 30 30 33 28 29 27 37 33 14 29 29 38 29 285
RID 68 64 52 53 84 111 76 92 82 100 68 58 55 125 46 78 54 91 80 79 92 100 79 109 91 59 53 100 83 82 78.8
A A o = v o v v v
®  NAUBINITY ATBUYAY 2.5 1 1N11Un Naulsuqumﬂummmau AIYAITUNTINUIVD

Amautus 0.1% nelu 30,000 trials Fadudnunuiiegnsanaisvesyanagouivay 39
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Test no. Solution of Runtime no. Aver
2.5 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age
Sa 0 0 0 0 0 0 1 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 N/A
Ss 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
Sc 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 0 2 0 0 1 1 0 0 1 0 1 0 1 N/A
Sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Se 6 0 0 7 0 0 0 0 0 0 0 0 0 1 0] 0 1 1 1 0 0 0 0 0 0 1 0 0 0 2 N/A
Sk 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 N/A
S 0 0 2 0 0 2 0 0 0 0 0 0 0 0 2 0 0 0 0 2 0 0 0 1 0 0 3 1 0 1 N/A
Sk 0 1 6 0 0 0 0 8 0 0 0 2 7 0 0 0 0 0 0 1 0 1 1 0 0 0 1 0 0 0 N/A
M 0 0 0 0 0 0 4 0 4 0 0 0 0 6 1 0 5 6 5 0 0 0 0 0 0 5 0 0 5 4 N/A
S, 12 0 9 12 11 2 11 12 11 2 11 9 12 12 9 9 12 12 10 10 11 11 11 10 9 11 8 0 11 10 N/A
Sk 2 0 1 2 1 0 1 3 0 2 0 2 0 2 0 1 1 2 0 0 3 0 1 2 2 0 0 1 0 0 N/A
S, 5 3 0 5 4 1 0 0 0 3 3 2 4 5 0] 2 5 5 0 0 3 1 3 3 2 4 0 1 4 4 N/A
Sm 0 6 2 1 7 4 0 0 0 0 0 5 1 1 0] 7 0 1 0 5 8 2 1 8 7 0 7 0 0 0 N/A
Sn 1 0 0 0 5 0 1 0 1 0 6 0 0 0 4 2 0 0 0 0 4 0 0 0 0 0 0 0 0 0 N/A
So 0 0 2 0 0 0 1 4 1 0 1 0 1 0 0 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 N/A
Sp 0 1 0 0 0 1 0 0 1 1 0 0 0 0 0] 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 N/A
Sa 0 0 0 0 0 7 1 0 1 0 0 2 0 0 0 1 1 0 0 7 0 0 0 0 3 1 0 0 1 0 N/A
Sk 0 8 0 0 0 9 9 1 9 9 6 0 0 0 8 0 0 0 8 7 1 7 6 4 2 0 5 9 0 0 N/A
Ss 0 3 0 0 0 3 0 0 0 3 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 3 0 0 N/A
St 1 0 0 1 1 0 1 0 1 0 1 0 0 1 0 0 1 1 0 1 0 1 1 0 0 1 0 0 1 0 N/A
Su 0 0 3 0 1 0 0 0 0 0 0 3 2 0 1 4 0 0 1 0 2 0 0 5 3 0 3 0 0 1 N/A
Sy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
Sw 0 0 0 0 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0] 0 0 0 0 0 0 0 N/A
Xpa1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Xniz 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0.17
Xysq 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MX 11378 11790 11532 11404- 11670 11262 11420 11274 11576 11308 11554 11436 11332 11410 11382- 11332 11352- 11300 11304 11286 11378- 11304 11612 11280 11312 11379
M y 12096 11565 12114 12201 12037 11453 12275 12222 12254 11347 11896 11846 12197 12165 12202 11654 11985 12165 12398 12090 11978 12165 12161 11864 11835 12027 11990 11434 12048 12106 11992
MRD 25 32 25 25 22 29 23 25 23 27 23 25 25 25 25 24 22 25 23 22 22 23 25 25 24 22 25 27 22 23 244
RRH 33 29 32 33 25 32 15 38 19 28 24 25 38 34 22 22 24 34 20 26 29 28 31 25 11 18 28 25 18 21 26.2
RID 114 76 62 91 59 79 60 67 75 70 97 79 87 91 95 42 82 91 58 109 97 90 100 81 33 74 81 58 71 76 782
® LAYRINIINAFBUYAN 2.6 LilaA1MuUARUlINITNYAAUMIAINDUAIEAIINAINLIVD
o :’/ ° ! = [~ o d i ng
ARaUTUAT 0.1% A1gly 50,000 trials FLTUTIUIUNNINNFAVDIYANAFBUTINAY F9
AITIIAMEUNANIBNARIYATINILLN YIIN1SIAIRBULEITIUIN 30 runtime
') a & 1 Ao v g ~ ° '
® sunauiuneidIuyAAATILY Intel CORE i5 2.5 GHz. szaznaildlunismAnauusias
. ~ ™ ) o & Y & v
runtime Usganad 60 U LAUAMULUSHUNIN UNATINNINUINATINUBY
® LnununRnanfemneul 5 WAl M, = 11220
® aAmnaUNlANAT M, 1dy = 11338 dA1euwds S uananeiuly a9 S, dnazdaiunn
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Test no. Solution of Runtime no. Aver
2.6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age

Sa o o o o o o0 o0 o o o o o o o o o o o o o o o o o o o o0 o o0 O 0
Ss 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sc o 1 o0 1 0 o0 1 1 o0 O O 1 o0 O O O 1 0 1 1 i 0o 1 1 1 1 0 0 1 1 N/A
So o o o o o0 O O O O o O O 4 0 O O O O O O O O O O O O 0O O 0 4 NA
Se 0 0 0 1 0 0 0 0 0 0 7 0 0 0 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 N/A
Sr o o o o 2 o0 O o0 O 0O o0 o0 o o o0 1 0 O O O O O O O O O O O 0 0 NA
Se o o o o o 3 1 0 2 3 0 2 1 i 0 3 1 0 O O O 2 0 O O 0o 0 o0 2 1 N/A
Su o o 2 o0 7 2 o0 O O O O 0O 3 o0 0 7 0 O O O O O O 1 0 O 8 1 0 1 NA
M 0 0 0 5 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 6 0 0 5 0 0 0 0 N/A
S, 12 11 12 11 12 9 10 11 9 9 12 9 11 10 12 9 0O 10 11 11 11 10 11 11 11 11 12 12 8 9 N/A
Sk i$1 2 2 o0 o0 O o0 o0 1 0 2 O 2 2 2 0 0 3 0 1 2 0 0 0O 0 2 3 0 0 0 NA
S, 2 2 4 4 1 2 3 0 1 2 2 0 0 2 5 2 1 3 4 3 0 3 4 1 0 0 0 5 1 1 N/A
Sm 3 7 o o0 0O 6 O 7 8 5 0 0 o0 8 i1 o0 7 7 2 8 5 0 2 7 0 0 6 8 0 NA
Sn o 5 o o0 2 o0 O O O O 0O O O O O o O 4 0 O 5 0 0 0 0O O O O O 0 NA
So o o 1 o0 4 0 O 2 1 0 3 0 2 i 0 0 O O O 1 4 0 O O 4 2 4 0 0 1 NA
Sp 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
Sa o 1 o0 1 3 0 O O O 5 0 0 o0 o o0 o o 0 o o0 0 5 1 0 0 O O 0 1 4 N/A
Sr 8 0 5 0 O 4 5 0 5 6 0 5 i1 4 0 0 9 o0 o0 7 1 6 1 7 0 0 1 o0 1 1 N/A
Ss 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 3 2 0 0 0 0 0 0 0 0 0 0 1 1 N/A
St 1 0 1 1 $ 0 1 0 0 O 1 0 O O 1 0 O O 1 1 o0 O 1 1 1 0 0 1 0 1 NA
Su o 1 o0 o0 1 o0 o0 O 4 2 0 O0 1 0 o0 1 0 2 o0 0 1 1 0 0 O 1 0 0 0 2 NA
Sy o o o o o o0 o0 o o o o o o o o o o o o o o o o o o o o0 o o0 O 0
Sw 0 0 0 0 1 3 0 0 0 0 0 0 0 3 0 1 0 0 0 0 1 1 0 0 0 0 0 0 3 1 N/A
Xpaz o o o o o o0 o o o o o o o o o o o o o o o o o o o o o0 o o0 o 0
Xniz i 0 1 0 o0 o0 1 1 0 O O 1 0 O O 0 1 o0 1 i 0 0 0O 1 1 0 0 1 0 0 037
Xysq 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M, 11288 11252] 11426 11354 11350- 11306 11260 11416 11312 11544 11304 11336 11586 11588 11282 11254 mnn- 11266 11300 11262 11302 11420 11326 11386 11550 11338
My 12103 12063 12139 12027 12302 12114 12007 12089 11951 12051 12115 12028 12261 11847 12171 12327 11413 11796 12137 12141 12119 11967 12056 12165 12089 12025 12222 12129 11831 12100 12060
MRD 23 22 25 22 23 25 25 24 25 23 25 24 25 25 25 25 27 22 25 25 22 22 22 23 25 23 25 25 24 25 240
RRH 27 23 29 18 31 35 22 22 37 27 40 25 32 33 35 42 19 23 22 28 27 33 18 28 22 26 38 34 36 26 286
RID 110 53 100 74 75 76 105 59 89 110 106 100 104 99 91 88 49 92 59 100 62 109 71 90 61 88 67 126 70 56 84.6

® aNSUSEUWIEUANLRAEYDINANITNAADUY 6 YALUAITITIE1INUIN T WU LTuT
v 2 U oA v A - v v o sw A =i A @
Aareadaiu Aedinideniagldguiuuanuduiusaiifens 2 Aeuuuidu No-

relationship, Start-to-Start, wa g Finish-to-Finish 914 6 quﬁml,a‘ﬁlwaﬂ ﬁﬁ'l%’

v

g
Usziliusnsiudnies lagldenanaalainyanismageulalinarnauiifnutnnii

YD

M13199 3.8 UaARINSWIHUWIEUALRALVBIHANISNAZBUNS 6 YA (Y991 2.1 - 2.6)
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Average Results of Test no.
21 22 23 24 25 26

Sa N/A N/A N/A N/A N/A 0
Ss 0 0 N/AN/ANA 0
Se N/A N/A N/A N/A N/A N/A
So N/A N/A 0 N/A 0 N/A
Sk N/A N/A N/A N/A N/A N/A
Sk N/A N/A N/A N/A N/A N/A
Se N/A N/A N/A N/A N/A N/A
Sy N/A N/A N/A N/A N/A N/A
s, N/A N/A N/A N/A N/A N/A
S, N/A N/A N/A N/A N/A N/A
Sk N/A N/A N/A N/A N/A N/A
S, N/A N/A N/A N/A N/A N/A
Swm N/A N/A N/A N/A N/A N/A
Sy N/A N/A N/A N/A N/A N/A
So N/A N/A N/A N/A N/A N/A
Sp N/A N/A N/A N/A N/A N/A
Sq N/A N/A N/A N/A N/A N/A
Sk N/A N/A N/A N/A N/A N/A
S N/A N/A N/A N/A N/A N/A
S; N/A N/A N/A N/A N/A N/A
Sy N/A N/A N/A N/A N/A N/A
Sy N/A 0 0 N/ANA 0
Sw N/A N/A N/A N/A N/A N/A
Xpaz 0 01 01 01 O O
Xniz 03 02 02 04 02 04
Xysi O 0 0O 0 0 O
Mx 11389 11368 11364 11454 11379 11338
My 12041 12087 12057 11997 11992 12060

MRD 24.9 24.1 23.8 25.0 24.4 24.0
RRH 29.9 30.0 27.5 28.5 26.2 28.6
RID 87.4 91.3 83.9 78.8 78.2 84.6

o 1 U = o dl v 1 o = 1 v v
® nARYL My 203A1MaUNlAAINYANAdR LA RS BeA1a TR lULIN WAY
1413119195 N azlé’é’qgﬂﬂiwwsﬁﬁqdw WUIWAAINBUINNYANAADUN 2.4 TAr1Awe

| ! A PN Y1 v ados i « & v
a9 (ue) NI1YABUY wazyANAdoUN 2.6 awldAdriine (@) ndnyndus Wntdes



Mx 11900

11800

11700

11600

—4=—Testno. 2.1

—i—Testno. 2.2
11500

—&—Testno. 2.3

11400 =—=—Testno. 2.4

—#—Testno. 2.5

11300 —&-—Testno. 2.6

11200 G

11100 | m— T T T T | m— T T T L — T T T L — T T T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Mx of solution no. (sorted from smallest to largest)

JUN 3.23 kAR M, YBIANNBUALARINNTNARB U 6 %A

® nan1sMAdau ANOVA Single Factor AUAIATH M, %aaﬁmauﬁlﬁmﬂﬂmmmaau
favan anansnasuldinanadevesdinouiilddanuunndafuedeiitossddnyi
5eiU 01=0.05 Failefiansanainnsmaziiuinnavesyamaasud 2.4 finaunnsing
Mnnguegaiulidn Juinnisdanavesyanaaaud 2.4 sanannguudaionis

AATIEN ANOVA UDINATDIYANARBUTLIRDIY 6 YABNATY

SUMMARY All 6 Test sets
Test no. Count Sum Average  Variance

2.1 30 341670  11389.0 17198.0

2.2 30 341032  11367.7  13876.9

2.3 30 340924 11364.1  20168.0

24 30 343634  11454.5 36892.3

2.5 30 341358  11378.6  20299.4

2.6 30 340134  11337.8 11576.4
ANOVA Anova: Single Factor

Source of Variation SS df MS F P-value F crit

Between Groups 233650.8 5 46730.17 2.336296 0.043955 2.266062
Within Groups 3480317 174 20001.82
Total 3713968 179

Interpreting ANOVA Test Result: Reject Null Hypothesis because P-value < 0.05 (Means are different)

JUN 3.24 nansaaaunlg ANOVA Single Factor fUHATDIYANARBUIY 6 YA

® nan1IVA@BU ANOVA Single Factor fiumdietl M, 204AmoUlaanyanaaauns 5
dl 1 dl Y U dl o dl 1 1 U ] al
Yalisugedl 2.4 ansaagulainAnadevesineuiilalidiauuwansieiuegied
WoggdAgNiseau 0=0.05 Astun1sMmuateulunIsngarunIAInauIInIsyinli

Towarmaumwmilounuludouluny 5 wuu
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SUMMARY *Excluding Test no. 2.4
Test no. Count Sum Average  Variance

2.1 30 341670 11389 17198

2.2 30 341032 11367.73 13876.89

2.3 30 340924 11364.13 20167.98

2.5 30 341358 11378.6 20299.35

2.6 30 340134 11337.8 11576.37
ANOVA Anova: Single Factor

Source of Variation SS df MS F P-value F crit

Between Groups 44367.84 4 1109196 0.667237 0.615734 2.434065
Within Groups 2410439 145 16623.72
Total 2454807 149

Interpreting ANOVA Test Result: Accept Null Hypothesis because P-value > 0.05 (Means are the same)

U7 3.25 nanMAaausE ANOVA Single Factor Wilofinyaviaaeud 2.4

= v ° A Yo o 2 A 1Y =
e Seoulvnisngadumdinauilidenlddmiunisneasvludszinuduqdaly I
Avualiduluusnuau trials = 50,000 InaasukaIn akamisumnfuLUUdY (A
Lilddeulvvasganageuil 2.4) wilidennldsseznanduiieaUszuna 10 Ui way

| v 9 ° a a & M v v o A | a v
219na13ba3nsAumAInauNuIu i uluA bl lagrelrla A neunAlueg el
dAy
° av v al Y ° . K 0 ) ¢

L] mmauwimmmqaﬂsﬂmiwqmmammu trials = 50,000 Jawnunzaudmsulang

Ygymvunalng Munagiiesnenyilinis optimization 1An convergence 16 Lazdy

Asniisanedmsulanglamauadnsie

3.6.3 Uszui 3 nsSeuWigusEndtauuuInaasilidiintaudfenguuuuanuduiusiu

Tsunsudniagy

e nanisvadeuyadl 3.1 \unarmevlunsdivaslandYgymvuimbniidinuals

(% L4

wuudnaedliiinisdenguuuuaiuduius (ld5Uuuuaiuduius Finish-to-Start
Viavun) insmAneudisiua 30 runtime dawanslunisadrsaraduaivest

WUSAIPDUTILAAIDILNUIIUTLARN runtime kRazATI USENaumIgSLeLlanuYad

A ) a1

a ] = R Y] =
NANTIUA9Y (S) WazN1TLaDNFULUUANNANNUSANADNN 1 (X)) UAT = 1 AN
naon INeARBHamMTUNSUTEE UL wenanillupedulnauanyedy
LARIALRREURIRILUTIAZATLAN TIAEI TR drunDaUEnTNaLaRIAIAINaUNLA

nlUsunsudnsazu MS Project FalvirmAnauafiAneuiiey
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® LnunusNAUnauNIsUSUaNnasEAUNITlENINeInITUN1STARNUIIULUY As-
Soon-As-Possible #MUAIINFNNUSUNR Finish-to-Start Nauum LA My = 6237,
MRD = 22, RRH = 10, uaz RID = 13 (pglandvunmanilluannzanuafnszaunis
Tinsnensaunasusguwiiuanaie 15.0 units aiAn My = 5625, MRD = 15,
RRH = 0, wag RID = 0)
® nadImeaUIINLULTIRRLUTaUANrATeAse dA1naulivainvaty Iaglanienn
AR UIRAIRYIE My 111U = 5971 WagARYd MRD WNAY = 22 A9UULNUIUNR
VanABAINBUNLIAT My = 5971 U30anAINWHUUSNAY 1-[(5971-5625)/(6237-
5625)] = 43.5%
® namnaUNlatiA My 1ede = 5971 da1duds S udazfgnaunasmseiounn
ASald Tnedl S, dnaziiatunn d@udnuanedlonn Sy, Ss S, Se, wag Se dadu 0
NNAT Audwneiaiununusuauliianudangulunisusvauna
o o < a o a Y1 v oA A
e uad1mauINlUsLATUANTIFURAmaULALIlVAFYI My = 6057 Y30aRR9RIN
WHUUSUAY 1-[(6057-5625)/(6237-5625)] = 29.4%
o Apauildarnuuudiaetlinadifinitdaeuiilanniusunsudusagy laelvidneui
= ‘:1' a i
fszezidouvesiangsu D 11NN
= o [y [ [ v 6 3 & dad a
® H91U152AUNTTINATINTNEINTVOIUKUITUNAANTUDILANIVUIAENNRNG ATIAN
LuuSaetazaslusunINd 593U MS Project 1nuanisiswaunnisUseuiieu
fuaglpnegunsnenans
1319 3.9 WARINANINAFBUYAT 3.1
Test no. Solution of Runtime no. Avera s project
3.1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 ge Solution
Sa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Sc 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sp 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 N/A 3
Se 0 0 0o 0 0 0 © 0 0 © 0O 0 © 0o 0 © 0 0 © 0O 0 © 0O 0 © 0O 0 © 0 0 0 0
Sr 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A 0
Se 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sy 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 0 0 1 1 0 1 0 0 N/A 0
Xps1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Xoe1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
XoH1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
MX 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 5971 6057
My 4500 4500 4582 4500 4500 4500 4500 4500 4500 4500 4500 4528 4500 4500 4500 4500 4500 4500 4528 4500 4528 4500 4500 4500 4528 4528 4500 4528 4500 4500 45083 4650
MRD 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
RRH 3 3 19 3 3 3 3 3 3 3 3 10 3 3 3 3 3 3 10 3 10 3 3 3 10 10 3 10 3 3 4.93 3
RID 14 14 30 14 14 14 14 14 14 14 14 21 14 14 14 14 14 14 21 14 21 14 14 14 21 21 14 21 14 14 159 15
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Resource Utilization of Best Solution (no.1)

R, (unit)

1 2 3 4 5 6 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25
Project Time (period)

Resource Utilization of MS Project Solution

R, (unit)

1 2 3 4 5 6 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25
Project Time (period)

JUT 3.26 nsTeuilsunrugiuiavesseaunisidnineinsvedandauininainnsuuaunasme

° PYEEPN = °o &
LL‘UUQ']@@\TV&NNV]'NLa@ﬂLLa%IUiLLﬂslla']Lsﬁ]EU

o uanisvaaouyndl 3.2 1unadnevlunsdlvesland Ygymvuralug Aidamuals
wuudnaedhifinafenguuvuainuduius (95Uuuunnuduius Finish-to-Start
Hanum) ¥1nsmIFneUEIsIuIN 30 runtime dunandlunsedaradurvesd
wlsFmouduansdaunueuiiléan runtime udazads Usznoudeszezideuves
AANTINA9Y (S) LLazmiLﬁaﬂ'gﬂqummé’uﬁuﬁ‘éfu%aﬂﬁ 1(Xy,) 50 = 1 padi
paon TuTAFliniunsUssduununuineg uenaniluseduiiouaared
wansrnadBYeuUsIaEfysneiieades druneduigaineuansrdnouilld

nlUsunsudnsagy MS Project #slvirAmauninsiiAneulies

o ununuiENAuAuNIUTUALRaszAUAslinTnensdunsdaumunuLUY As
Soon-As-Possible MUANNFURUSUAR Finish-to-Start Wavun Sen My = 13642,
MRD = 37, RRH = 27, uaz RID = 64 (nelandvunalnajiluaniizgaunffisziunis
1%'w§wmﬂiau@aswﬁsmwhﬁ’uﬁ'na?ia 17.4 units ag3A1 My = 10955, MRD = 17.4,

RRH = 0, uag RID = 0)
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naFmeunkuUSaeiiewdnluuieads uavdulnaglndifosiuinn ununuin
ﬁqmﬁaﬁmauﬁ 515/ My = 12520 #30ana991NBHUIIULSUAY 1-[(12520-
10955)/(13642-10955)] = 41.8%

warmoulléfien My 10de = 12508 Teduds S wiasiaiisufumnasavdofounn
adslu §1 s wanedddiandu 0 Vlﬂﬂ%’jﬂ WU S,, Sa, Se, S, way S ot S, sTnazilan
110 WA S, SAnannsesasn diudmnefviusunuiudulidanudaveguluns

HIGHER

nar1nauIIntusunsudnsagulidneuieliadud My = 12964 w3eanasain
LHUUSLAY 1-[(12964-10955)/(13642-10955)] = 25.2%

° Ay v ° v A 1 o Ay v o & v oo a
mnguilaanuuuiaediinaninidneuilaanlusunsudusagy Inelvdneun

152821 80UVRINAINTINAI) LANAIAY

d‘ -] Y % U LY [ 4 ld'dd' d‘
HaUN5EAUNTITINATINTNYINTVRIANUUHATNTVD AN VWA LN NATNIFATNAN
LuuSaetazaslusknIud1593U MS Project 1uanifiswaL i USeuiey

fuaglanagunavidneang

AN5199 3.10 LLammamimaaumﬁ 3.2
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Test Solution of Runtime no. Aver s project
no.32 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age Solution
Sa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sc 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sp 0 0 0 0 0 1 0 0 0 1 1 0 1 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 N/A 0
Se 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sk 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 N/A 0
S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
S, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3
Sk 0 1 0 0 3 1 0 0 3 1 0 0 0 0 2 0 0 3 0 0 3 0 3 1 0 2 2 3 0 0 N/A 0
S, 3 0 3 3 0 0 3 3 0 0 3 3 3 2 0 3 3 0 3 2 0 3 2 1 3 0 0 1 3 3 N/A 0
Sm 1 1 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 1 0 0 0 1 0 0 1 0 0 1 N/A 1
Sn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
So 0 2 0 0 3 2 0 0 3 3 0 0 0 1 3 0 0 0 0 0 3 0 1 1 0 3 3 2 0 0 N/A 3
Sp 0 0 0 1 0 0 1 1 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 N/A 0
Sa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sk 1 1 1 2 1 1 2 2 2 0 0 1 0 1 2 0 0 1 2 1 1 1 2 1 0 0 1 1 1 1 N/A 2
Ss 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 3 0 1 0 0 0 1 0 0 0 0 0 0 N/A 0
St 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Su 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sw 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Xpa1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 il 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Xnin 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Xys1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
M, 12574] 12596 12572 12554- 12554 12543- 12554 12554 12604 12572 12536 12582 12604 12554 12548 12964
M y 11790 11763 11790 11775 11767 11848 11775 11775 11802 11825 11840 11790 11840 11778 11781 11840 11840 11781 11775 11766 11767 11740 11826 11775 11810 11846 11796 11779 11740 11790 11794 11954
MRD 32 33 32 32 32 33 32 32 32 32 32 32 32 32 32 32 32 36 32 33 32 32 32 33 32 32 32 32 32 32 323 35
RRH 20 26 20 22 15 19 22 22 18 13 10 20 10 23 21 10 10 20 22 27 15 17 20 26 20 10 20 15 17 20 183 29
RID 53 62 53 58 50 32 58 58 55 27 18 53 18 61 59 18 18 54 58 61 50 53 53 61 53 24 59 49 53 53 477 79

0 [Taspuration [Predecesstart Finish Late Start  Late Finish Total  Free |57 .- 1230 58 1930 '58 26 10, '58 20w '8
Nar P“k Stack ww‘ﬁ‘ﬁ‘avw‘w‘ﬁ‘a‘n a‘a w‘w‘ﬁ‘ﬂ‘n n‘a‘w‘w‘ﬂ‘ﬁ‘a v‘a‘w‘w‘ﬁ‘ﬂ‘a n‘a‘w‘wﬁ
1 A 7days W1/1/58 WT/1/58 W1/1/58 W7/1/58 0 days O days Generaliorer[300%]
2 B 2days W1/1/58  A2/1/58 @3/1/58 ©4/1/58 2days 0days - Generatifaborer4pa%]
3 C 3days 1 W8/1/58 @10/1/58 W8/1/58 @ 10/1/58 0 days O days OS2t Laborer(600%]
4 D 6days 1 W8/1/58 ©13/1/58 W8/1/58 ©13/1/58 0 days 0 days + General Laborer[500%]
5 [ 3days 12 W8/1/58 @10/1/58 W8/1/58 @10/1/58 O days 0 days h jGeneral Laborer(200%]
6 F 6days 2 @3/1/58 W8/1/58 5/1/58 @10/1/58 2 days 2 days General Laborer(1,000%]
7 G 4days 3 911/1/58 W14/1/58 ©11/1/58 W14/1/58 0 days O days General Laborer(600%]
8 H 5days 4 W14/1/58 ©18/1/58 w14/1/58 ©18/1/58 O days 0 days General Laborer[400%]
9 | 7days 56  811/1/58 A17/1/58 811/1/58 @ 17/1/58 0days 0 days Genernl Lpborer[700%]
10 ) 5days 7 918/1/58 W22/1/58 ©20/1/58 24/1/58 2 days 2 days| 7 - General Laborer(1,100%]
11 K 7days 7 W15/1/58 W21/1/58 ©18/1/58 24/1/58 3 days 3 days | General Laborer(300%]
12 L 6days 7 W15/1/58 ©820/1/58 W15/1/58 ©20/1/58 0 days 0 days General Laborer(200%]
13 M 5days 8 820/1/58 @ 24/1/58 ©20/1/58 & 24/1/58 0 days 0 days General Laborer(1,000%]
14 N 6days 9 918/1/58 23/1/58 ©18/1/58 f23/1/58 O days O days Gereral Laborer{600%]
150 1day 12 724/1/58 @24/1/58 @ 24/1/58 @24/1/58 0 days O days T General Loborer(1,200%]
16 P 3days 11,13,14 925/1/58 @ 27/1/58 ©25/1/58 ©27/1/58 O days 0 days| 3 General 1800%]
17 Q ddays 14 @24/1/58 ©27/1/58 @ 24/1/58 ©27/1/58 0 days 0 days| General Lpborer(500%]
18 R 7days 8 W21/1/58 ©27/1/58 W21/1/58 ©27/1/58 0 days O days| 1 General Laborer(500%]
19 S 5days 1015  ©25/1/58 W29/1/58 ©25/1/58 W29/1/58 O days O days 3  Gqneral Laborer(800%]
20 T 2days 1516  W28/1/58 W29/1/58 W28/1/58 W29/1/58 0 days O days T General Laborer{300%]
21 U 3days 17,18 W28/1/58 #30/1/58 w28/1/58 f30/1/58 O days O days, B General Laborer{300%]
22 \V Tdays 1920 @30/1/58 W5/2/58 A30/1/58 W5/2/58 O days O days Ge
25 W 6days 1621 @31/1/58 W5/2/58 31/1/58 wW5/2/58 0days O days 3 Ge

JUT 3.27 wnuuradnsannsusuaunasedunsidninensielusunsudnsagy



88

Resource Utilization of Best Solution (no.5)
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® LnunuisNAunaunIsUSvaunaszaunslininen s iun1 TR uIULUU As-
Soon-As-Possible #MUAIINFNNUSUNR Finish-to-Start Nauum LA My = 6237,
MRD = 22, RRH = 10, uaz RID = 13 (pglandvumanilluannzanuafnszaunis
Tinsnensaunasusguwiiuanaie 15.0 units aiAn My = 5625, MRD = 15,
RRH = 0, wag RID = 0)
® aARaUINLULINaRIMLaUANTA18ASe dAnauluvainiany daineulvainwl
My W% = 5767 Uay 5845 AIUULNUIIUNANANADAINUNIARAY My = 5767 %38
ARAIAINBHUITUSUAY 1-[(5767-5625)/(6237-5625)] = 76.8%
® nadmauNlalian My wade = 5816 fdA1duUs S ueFIgLANYNATIMIBLABUNN
A3alU Taedl S, dnazdiaunn daudnuanadaleun S, S Sc, way Se dandu 0 vn
A9 uananAIILUS X;; lneladuindu 0 WselndlAes 0 wagteunin 0.5 UINT
= o a = ¥ £ LY 6 o = d' :.’/ U
mnefaindnisifenldguiuuanuduiusiigoni 2 Meaudiuys
[ ] < a o al Yo v A
e nadimauINlUsLATUANTIFURAmaULALI LAY My = 6223 W30aRR991N
WHLUSUAULNYY 1-[(6223-5625)/(6237-5625)] = 2.3%
e Apauildanuuudiaetinadifindtdneuiilanniusunsudniagy laelvdmneud
fszpzidouvesnanssusggiliadeadaiu
A o [y} (Y] Y] [} I3 4 < Aaa a
® LipU15rAUNITINATINTNEINTVDIMH U WA NSO ANgVUIAENNRNFATIAN
LuuSaetazaslusunINd 593U MS Project 1nuanisiswaunnisUseuiieu
fuaglpnegunsnenans
M5 3.11 WARIHANINAFOUYAT 4.1
Test no. Solution of Runtime no. Avera s project
4.1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 ge Solution
Sa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ss 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6
Sc 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sp 10 6 10 10 10 6 10 0 6 6 10 10 10 4 10 10 10 0 6 10 0 6 10 6 10 4 10 0 10 4 N/A 0
Se 0 6 0 0 0 6 0 6 6 6 0 0 0 0 0 0 0 6 6 0 6 6 0 6 0 0 0 6 0 0 N/A 0
S¢ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 N/A 1
S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
Sy 3 2 3 2 2 2 2 2 2 2 3 3 5 2 3 2 3 2 2 2 2 2 8 2 8 3 3 2 4 4 N/A 2
Xps1 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0 1 0 1 0 1 023 0
Xsc1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
XeH1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mx 5845- 5845 5845 5845“ 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845 5845 5345- 5845 5845 5816.4 6223
My 4638 4826 4638 4610 4610 4826 4610 4826 4826 4826 4638 4638 4694 4610 4638 4610 4638 4826 4826 4610 4826 4826 4724 4826 4724 4638 4638 4826 4666 4666 4710.8 5342
MRD 22 18 22 22 22 18 22 18 18 18 22 22 22 22 22 22 22 18 18 22 18 18 22 18 22 22 22 18 22 22 205 21
RRH 19 9 19 12 12 9 12 9 9 9 19 19 12 12 19 12 19 9 9 12 9 9 10 9 10 19 19 9 19 19 13.1 7
RID 44 A7 44 30 30 47 30 47 47 47 44 44 58 30 44 30 44 47 47 30 47 47 70 47 70 44 44 47 51 51 45 36
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R, (unit)

Resource Utilization of Best Solution (no.2)
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All Finish-to-Start relationships without options Relationships with options
5 Best Solutions Average |MS Project 5 Best Solutions Average |MS Project
M, 5971 5971 5971 5971 5971 5971 6057 5767 5767 5767 5767 5767 5816 6223
MRD 22 22 22 22 22 22.0 22 18 18 18 18 18 20.5 21
RRH 3 3 3 3 3 4.9 3 9 9 9 9 9 131 7
RID 14 14 14 14 14 15.9 15 47 47 47 47 47 45.0 36

o
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nougavedaniAafsvesikskasaviaiaieites druneduls avnguans

Arrmeunlaantusunsudsagu MS Project FalviAAnauiasiAneuiie,

uNuLLENAuAsunsUuaLnasedunnslininensdun1sdaununuLuy As
Soon-As-Possible MUANNFUTUEUNR Finish-to-Start sramaa Sen My = 13642,
MRD = 37, RRH = 27, uaz RID = 64 (nelandvualngjiluaniizgauaffisziunis
158"1/1%%81ﬂsamasmﬁauwhﬁ’ummﬁa 17.4 units 9¥3@A1 My = 10955, MRD = 17.4,
RRH = 0, a2 RID = 0)

LNUUTATigaReAnoun 23 a1 My = 11208 wioanasainLELIIUEUAY 1-
[(11208-10955)/(13642-10955)] = 90.8%

NaAIRBUNLALAT My 1Rde = 11368 dasuds S wanateiuld Inedl S, dnagiian
@A 1 1 a1 [~ gj d’jl o
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narmouanlUsunsudiagudneuiealiinnell My = 11618 wsoanadain
LHUNLENAY 1-[(11618-10955)/(13642-10955)] = 75.3%
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Test Solution of Runtime no. Aver s project
no. 4.2 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age Solution
Sa 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A 0
Sg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sc 0 1 0 1 1 0 0 0 0 1 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 N/A 0
Sp 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A 0
Se 0 0 0 1 1 0 0 0 7 0 0 0 1 0 0 1 0 0 0 0 0 1 1 0 0 0 0 1 0 0 N/A 0
S¢ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2 N/A 0
S 0 0 0 1 1 2 0 2 0 0 1 1 0 2 0 0 0 0 1 0 3 0 0 3 0 1 1 0 0 1 N/A 0
Sy 2 2 1 0 0 1 2 1 0 0 0 0 0 1 0 0 2 7 1 0 2 0 0 1 0 7 6 0 1 7 N/A 0
M 0 0 0 5 0 0 0 0 0 0 5 0 0 6 0 0 0 0 0 6 3 0 0 0 0 3 0 0 N/A 0
S, 12 11 11 10 10 10 12 10 12 1 10 10 12 10 11 12 12 12 11 11 8 12 12 9 0 11 11 12 12 11 N/A 10
Sk 1 0 1 1 0 1 1 1 2 1 0 0 1 0 1 2 1 1 2 1 0 2 2 0 3 2 1 1 2 2 N/A 2
S. 0 1 4 0 3 1 2 0 5 2 3 1 5 0 1 0 2 3 4 3 1 5 0 0 2 0 2 2 4 0 N/A 2
Swm 0 1 0 0 0 4 1 0 1 0 0 0 0 7 0 1 1 0 7 2 3 1 0 0 8 1 0 0 1 0 N/A 3
Sn 0 0 6 0 1 0 0 0 0 0 0 6 0 0 7 0 0 0 0 7 0 0 2 0 0 0 0 2 0 0 N/A 0
So 5 0 0 1 0 2 0 2 0 0 0 2 0 2 0 4 0 0 0 1 0 0 2 1 4 4 0 3 1 2 N/A 1
Sp 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 N/A 1
Sa 6 0 0 0 0 5 0 0 0 0 0 0 1 0 0 0 0 0 0 0 4 0 1 0 6 0 6 0 0 0 N/A 3
Sr 1 6 6 0 0 6 6 1 0 9 0 6 1 5 4 0 6 2 3 7 4 0 9 1 8 0 2 9 6 2 N/A 6
Ss 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A 0
St 1 1 1 0 1 0 1 0 1 0 0 1 1 0 1 1 1 0 0 1 0 1 1 0 0 0 0 1 1 0 N/A 0
Su 0 0 0 1 0 2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 3 0 0 0 1 1 1 0 0 0 N/A 0
Sv 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sw 1 0 0 0 0 0 0 0 0 0 1 1 0 2 0 0 0 0 3 0 0 0 0 0 0 1 0 0 0 0 N/A 0
Xpaz 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0.07 0
Xniz 0 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0.17 0
Xys1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MX 11442 11308 11400 11306 11306- 11654 11404 11588 11346 11342- 11328 11346 11343- 11422 11350 11304 11294 11331- 11638 11514 11466 11442- 11292 11464 11368 11618
M y 12165 12185 12199 12061 12132 12058 12143 12504 12201 11389 12082 11953 12020 12010 11876 12093 12143 12194 11958 12141 11952 12165 12151 12540 11375 12171 12194 12146 12119 12296 12087 11451
MRD 23 23 25 23 25 22 23 25 25 27 25 25 22 25 23 25 23 24 25 25 25 25 22 25 24 25 23 23 25 24 24.1 23
RRH 26 25 28 23 26 29 27 42 33 23 22 27 22 43 20 30 27 43 40 28 24 34 23 37 29 38 34 23 37 37 30 24
RID 96 90 102 85 79 109 76 110 91 54 76 105 81 112 97 104 76 97 120 100 54 91 73 98 75 96 93 84 124 90 913 72
¥ 1 L% s o (% o o 6
® E‘UGUWQa"I\‘iLLaWQ LN UNITUNRANTUDN ﬂqi‘di‘UﬁﬂJﬂaigﬂ‘Uﬂqiﬂﬂaiﬁ/ﬁWEJ']ﬂisU@\‘iIQV]EJ
1Ay v .
unlnglaanlusunsy MS Project
ID  [TasDuration [PredecesStart Finish Late Start |Late Finish ptal Free |57 ‘5 0. '58 ‘12 1.0, '58 ‘19 0. '58 26 3.0, '58 ‘2 A '58
Nar lack  istack ww‘ﬂ‘a‘a‘v‘a‘w‘w‘ﬁ‘ﬁ‘a‘v‘a‘w‘w‘ﬂ‘ﬂ‘a‘v‘a‘w‘w‘ﬂ‘ﬁ‘a‘ﬂ‘a‘w‘w‘ﬁ‘ﬁ‘a‘n‘a‘w‘wﬂ
1 A 7days W1/1/58 W7/1/58 W1/1/58 W 7/1/58 0 days 0 days o F . g
2 B 2days W1/1/58  A2/1/58 WT/1/58 W8/1/58 6 days O days [iSenerallaborer4po%]
3 C 3days 1 W8/1/58 @10/1/58 W8/1/58 @ 10/1/58 0 days O days  General Laborer(600%]
4 D 6days W1/1/58  86/1/58 ©4/1/58 9/1/58 3days 0days A AR
5 [ 3days 12 W8/1/58 @10/1/58 312/1/58 W14/1/58 4 days 0 days| ) jGeneral Laboref(200%]
6 F 6days 2 A3/1/58 W8/1/58 A 9/1/58 W14/1/58 6days 2 days - General Laborer(1,000%]
7 G ddays 3 211/1/58 W14/1/58 ©11/1/58 W14/1/58 0 days 0 days General Laborer(600%]
8 H sdays 4 W7/1/58 ©11/1/58 @ 10/1/58 W14/1/58 3 days 0 days Seneral Laborer{$00%]
9 | 7days 56 911/1/58 @ 17/1/58 W15/1/58 W21/1/58 4 days 0 days General Laborer(700%]
10 | sdays 7 ©25/1/58 W29/1/58 ©27/1/58 @31/1/58 2 days O days jSeneral Laborer[1,100%)
11 K 7days 7 @17/1/58 @23/1/58 @ 17/1/58 @ 23/1/58 0 days 0 days| - General Laborer[300%]
12 | 6days 7 @17/1/58 W22/1/58 820/1/58 ©25/1/58 3 days O days - Senerpt Laborer200%]
13 M 5days 8 W15/1/58 219/1/58 219/1/58 #23/1/58 4 days 4 days| General Laborer(,000%]
14 N 6days 955  ©811/1/58 f16/1/58 W15/1/58 ©20/1/58 4 days O days Iy |- General Laborer600%]
15 0 1day 12 @24/1/58 @24/1/58 ©27/1/58 ©27/1/58 3 days 3 days| General Laborer(1,200%]
16 P 3days 11,13,14 025/1/58 ©27/1/58 ©25/1/58 ©27/1/58 O days O days ) | Generpl Laborer(800%]
17 Q ddays 14 920/1/58 #23/1/58 @24/1/58 827/1/58 4days 1 day] - General Laborer(500%¢]
18 R 7days 8 818/1/58 @ 24/1/58 W21/1/58 ©27/1/58 3 days O days 1 General Laborer(500%]
19 S 5days 10,15 A30/1/58 ©3/2/58 ©1/2/58 W5/2/58 2 days 2 days| - | General L
20 T 2days 1516 W28/1/58 W29/1/58 W28/1/58 w29/1/58 0 days 0 days S General Laborer(300%]
21 U 3days 17,08  ©825/1/58 ©27/1/58 w28/1/58 @30/1/58 3 days O days| 3 1 General Laborer{300%]
22 NV Tdays 19FF,20 A30/1/58 W5/2/58 A30/1/58 wW5/2/58 O days Odays ¢
23 W 6days 1621 W28/1/58 92/2/58 31/1/58 W5/2/58 3 days 3 days B General Labo

JUT 3.30 wruuradnsannsusuaunaseiunsidninensinelusunsudnsagy
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Resource Utilization of Best Solution (no.23)
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All Finish-to-Start relationships without options Relationships with options

5 Best Solutions Average | MS Project 5 Best Solutions Average |MS Project
M, 12520 12520 12520 12528 12532 12548 12964 11208 11222 11232 11238 11248 11368 11618
MRD 32 32 32 32 32 323 35 22 23 22 22 23 24.1 23
RRH 15 18 15 15 20 18.3 29 23 23 29 22 27 30.0 24
RID 50 55 50 49 53 47.7 79 73 84 109 81 76 91.3 72
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Test no. Solution of Runtime no. Aver
5.1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age
Sa o o 1 0 O O O O o o 1 0 O O O o o o O O O O O O O O O 0 O 0 NA
Ss o o o o o0 O o o o o o o o o o o o o o o o0 o o0 o o o0 o 0 0 O 0
Sc o 1 o0 1 1 o0 O O O 1 0 1 0o O 1 o0 0 O0O O0 1 0 O 0O O O 0O O 0 0 0 NA
So 4 0 0 O O O O o0 o o o o o o o o o o O o O O O O O O O 0 0 0 NA
Se o o o0 1 1 o0 O O 7 O O O 1 0 O 1 0 O O O O 1 1 0 O O O 1 0 0 NA
S¢ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2 N/A
Se 0 0 0 1 1 2 0 2 0 0 1 1 0 2 0 0 0 0 1 0 3 0 0 3 0 1 1 0 0 1 N/A
Sy 2 2 1 0 0 1 2 1 0 0 0 0 0 1 0 0 2 7 1 0 2 0 0 1 0 7 6 0 1 7 N/A
S, 0 0 0 5 5 0 0 0 0 0 5 0 5 0 0 6 0 0 0 0 0 6 3 0 0 0 0 3 0 0 N/A
S, 12 11 11 10 10 10 12 10 12 1 10 10 12 10 11 12 12 12 11 11 8 12 12 9 0 11 11 12 12 11 N/A
Sk 1 0 1 1 0 1 1 1 2 1 0 0 1 0 1 2 1 1 2 1 0 2 2 0 3 2 1 1 2 2 N/A
S, 0 1 4 0 3 1 2 0 5 2 3 1 5 0 1 0 2 3 4 3 1 5 0 0 2 0 2 2 4 0 N/A
Sm o 1 o0 o0 O 4 1 0 1 0 O O O 7 o0 1 1 o0 7 2 3 1 0 0 8 1 0 0 1 0 NA
Sn o o 6 0 1 0 O O O o o 6 O O 7 0 O O O 7 0 O 2 0 0O 0O O 2 0 0 NA
So 5 o o0 1 0 2 O 2 O O O 2 o0 2 O 4 0 O O 1 O 0 2 1 4 4 0 3 1 2 NA
Sp o o o0 o O O O0O o o 1 o0 O O o o o o 1 0 O O O O O O O 1 0 0 0 NA
Sa 6 o o 0 O 5 o0 O O O O o 1 o0 O O O O O O 4 0 1 0 6 0 6 0 0 0 NA
Sk 1 6 6 0 O 6 6 1 0 9 0 6 1 5 4 0 6 2 3 7 4 0 9 1 8 0 2 9 6 2 NA
Ss 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
St 1 1 1 0 1 0 1 0 1 0 0 1 1 0 1 1 1 0 0 1 0 1 1 0 0 0 0 1 1 0 N/A
Su 0 0 0 1 0 2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 3 0 0 0 1 1 1 0 0 0 N/A
Sy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sw 1 0 0 0 0 0 0 0 0 0 1 1 0 2 0 0 0 0 3 0 0 0 0 0 0 1 0 0 0 0 N/A
Xpa1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0.07
Xnit 0 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0.17
Xysi1 o o o o0 O O o o o o o o o o o o o o o o o0 O O O O O O 0 0 O 0
Mx 11442 11308 11400 11306 11305- 11654 11404 11588 11346 113A2- 11328 11346 113A8- 11422 11350 11304 11294 11332- 11638 11514 11466 114A2- 11292 11464 11368

My
MRD
RRH
RID

12165
23
26
96

12185
23
25

12199

25
28

90 102

12061 12132 12058 12143 12504 12201 11389 12082 11953 12020 12010 11876 12093 12143 12194 11958 12141 11952 12165 12151 12540 11375 12171 12194 12146 12119 12296

23 25 22 23 25 25 27 25 25 22 25 23 25 23 24 25 25 25 25 22 25 24 25 23 23 25
23 26 29 27 42 33 23 22 27 22 43 20 30 27 43 40 28 24 34 23 37 29 38 34 23 37
85 79 109 76 110 91 54 76 105 81 112 97 104 76 97 120 100 54 91 73 98 75 96 93 84 124

24
37
20

12087
24.1

30
91.3

NaN1SNAEBUYAT 5.2 Lilarimug Single-objective function \uedwil MRD Feras
lormeundAdivil MRD NANgANIIYANAZBUDUY kaEIN1TMIANMEUTITIUIU 30

runtime LaEAIAIAIT 1919879
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WINTOLA9UN @ S, waz Sy Al 0 NnASS
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namauliian MRD AlndiAeariu nsldaidai My 1uileiduinguszasdisiingn
MRD

M3 3.16 WAAIHANTNAFBUYAT 5.2

Test no. Solution of Runtime no. Aver

5.2 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age
Sa 0 0 0 0 0O 0O 0O 0 0 0 0 0 0 0 0 0O 0O 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sk 01 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 2 0 NA
Se 3 0 0 1 0 0 0 0 3 0 0 2 1 2 0 0 0 0 0 0 3 0 2 0 0 2 0 0 1 0 NA
Sp 0 0 00 3 0 0 0 0 0 4 0 0 1 2 6 0 1 0 0 0 2 0 0 0 0 0 0 0 0 NA
Se 00 0 0 00O 0O 0 00 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 NA
e 00 0 0 000 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 2 0 0 0 0 NA
Se 0 3 0 1 0 0 0 0 0 0 0O 0 0 0O 1 0 0 0 0 0 0 0 0 2 0 1 1 0 0 0 NA
Sk 000 1 0 0 3 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 2 0 0 1 0 0 0 0 0 NA
s, 00 0 0 00O 0O 0O 00 0 0 0 0 0 0O 0 0 0 0 0 0 0 6 0 0 0 0 3 1NA
s, 9 7 0 9 9 9 12 11 0 12 8 10 11 10 8 10 11 12 12 2 7 12 9 10 12 0 11 12 11 8§ N/A
Sk 0 0 3 1 3 3 3 3 0 0 3 0 0 0 0O 0 0 0O 0O 0 0 O 1 0 0 0 1 2 0 0 NA
s 00 0 5 1. 0 0 2 4 0 1 0 0 1 0 0 0 3 1 1 0 0 2 1 0 2 3 0 2 0 0 NA
Swm 0 0o 7 o 3 0 0 4 0 0 0 0 0 5 5 0 7 0 0 0 0 2 0 0 0 8 7 0 0 7 NA
Su 00 7 o0 0 2 6 0 6 0 0 0 0 0 0 0 0 0O 0O 7 0 0 0 0 0 0 0O 0O O 0 NA
So 0o 0 1 0 2 0 1 0 0 0 1 1 0 0 0 3 0 0 0 1 0 0 0 1 0 0 4 0 1 1 N/A
Sp 000 0 000 0 0 0 0 0 1 0 0 0 1 00 0 0 0 0 0 1 0 0 0 0 1 0NA
Sa 00 0 0 00O 0O 0 00 0 0 0 0 1 0 0 0 0 0 0 7 0 0 0 7 1 0 1 0NA
Sk s 5 o 2 6 6 3 0O 7 8 4 0 5 8 0O 2 0 5 5 9 5 0 5 0 5 0 0 3 0 0 NA
Ss 0 0 0 00O 0O 0 0 0 0 0 0 0 0 0O O OO0 0 4 0 0 0 0 0 0 0 0 0 0 NA
Sy 00 0 00O OO0 0 0 0 0 0 0O OO0 OO0 0 0 0 0 0 0 0 0 0 0 0 0
Sy 00 0o 0 0 0 1 0 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0 0 4 0 0 1NA
Sy 00 0 0 0 00O 0O 0 0 0 00 0 1 0 0 0 0 00 0 0 0 0 0 0 0 0 0 NA
Sw 0 0 0 0 0o 0 0 0 0 0 0 0 0O 0O 0O O O 0O 0O 0 0 0 0 0 0 0O 0 0 0 4NA
Xot 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0O 0O 0 0O 0 0 0 0 0 0 0 0 0O 0O 0 0003
Xuiz 11 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 1 1 0 1 0 1 0 1 0 0 1 0 0 037
Xus: 0 0 0 0 0o 0 0 0 1 0 0 0 0 0O 0O O 0O 0O 0 0 0 0 0 0 0 0O 0 0 0 000
MX 11576 11552 11658 11710 11724 11904 11464 11620 12378 11460 11782 11630 11522 11482 12042 11756 11918 11460 11410 11882 11676 11754 11548 11526 11364 11902 11624 11406 11522 11876 11671
My 12064 11888 11458 12357 11803 11719 11800 11892 11264 11902 11716 12049 12012 12045 11452 12067 11377 11932 11797 11201 11874 11944 11927 11977 11926 11556 11636 11793 12109 11206 11791
MRD u 2 25 2 2 S8 > 78 »IEEEE > » »EE s 2B B s » 24 239
RRH 31 21 32 30 28 47 34 34 27 41 26 30 32 29 43 31 42 40 36 28 21 41 33 35 41 43 37 35 32 27 336
RID 110 88 98 76 81 78 112 113 45 120 76 91 101 94 78 88 83 114 120 49 84 106 94 106 120 87 118 112 86 77 935

® nanInAdeUYRl 5.3 Wafviua Single-objective function Wuedwil RRH FaA93

' ' ]
1 v a aaa 1

laFmauniadutl RRH NANgANIIYANATRURUY Lagin1ImIAINBUE1TIUIU 30

runtime LaEAIAIAIT19T19679
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NaAMaUNLANaruAiia1 RRH NlnatAganulirainuane wazlen RRH NaanLyinfy
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ARANBUNRgAYRIYANAARULIIAT RRH NATUNINNTIVRIYANAGBUN 5.1 uae 5.2 1
A1 RRH TeatadaUsyunad 32 NUNYANUIN ARYT My kay RRH asduuiluulyd
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P13 3.17 LARIHANITVAZRUYAT 5.3

Test no. Solution of Runtime no. Aver
5.3 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age
Sa 0 1 1 2 1 0 o0 1 0 O 1 3 o 0 o0 0 o 0 0O 0 o0 1 1 0 o0 1 1 0 0 0 N/A
Sg 3 3 4 4 4 4 2 6 2 5 0 0 0 0 0 3 0 7 2 2 0 7 3 0 0 4 3 2 6 2 N/A
Sc 0o o0 0 o o0 0o o o0 o 0 0 o 0 0 0 o 1 3 o 0 o0 O o0 O 1 0 0 0 0 0 NA
Sp 1 2 0 0 3 0 1 0 1 1 2 2 2 2 2 2 2 6 2 3 2 1 2 0 2 0 5 1 0 1 N/A
Se 1 0 0 0 1 2 0 0 0 3 3 1 1 1 1 1 0 3 0 0 4 0 0 1 3 1 0 0 0 0 N/A
Se 0o o0 0 o o0 o0 o0 o0 o 0 6 6 3 3 3 0 2 0 0O 0 6 0 o0 4 5 0 0 0 0 0 NA
Se 0 o0 0 0o 0 o0 o0 o0 o0 0 0 o o0 o0 o0 o0 o 0 o o0 o o0 o0 o0 o 0 0O 0 0 o© 0
Sy 0 2 0 6 0 0 1 0 2 1 1 1 0 0 0 0 1 0 0 0 1 0 2 0 0 0 0 1 0 1 N/A
S, 0 0 0 o 0 O O o0 O 0 0 o o0 o0 o0 o0 o0 0 o o0 O o o o0 o 0 0O 0 0 o© 0
S, 1 1 1 0 1 1 1 1 1 2 2 1 1 1 1 1 1 1 2 1 0 2 1 1 1 1 0 1 0 1 N/A
Sk 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 N/A
S. 0o o0 0 o 0 0O O o0 O 0 0 o 0 0 o0 o0 o 0 0O 0 o0 1 0O 0 o0 0 1 0 4 0 N/A
Swm 2 0 0 0 1 1 0O 0 O 1 1 o o0 o0 o0 o0 o 0 1 0 3 0 1 0 O 0 1 0 0 0 N/A
Sy 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
So 0 0 0 o 0 0O O o0 o0 0 0 o 0 O O o0 o0 0 0o o0 1 0O 0 0 © 0 0 0 0 0 NA
Sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sa 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 1 1 0 3 0 0 1 0 0 0 0 0 0 0 N/A
Sk 0o 0 4 1 0 o0 1 4 2 0 0 3 1 1 iF 1 1 0 0o 0 o0 1 0 3 2 4 0 1 0 1 N/A
Ss 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sr 0 0 0 o 0 O O o0 O 0 0 o 0 0O O o0 O 0 o 0 O o0 o o0 o 0O 0 0O 0 o 0
Su 0 o0 0 o 0 o0 O o0 O 0 0 o o0 o0 o o0 o 0 1 o o0 O O o0 o 0 0 0 0 0 NA
Sy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 N/A
Sw 0 0 0 0O 0 0O O 0 O 0 0 1 0 0 i 0 0 0 0O 0 0O 0 O 1 1 0 0o 0 3 0 N/A
Xpaz 0 o0 0 o 0 o o0 o0 o 0 0 o 0 0 o0 o0 O 0 0o o o o0 o0 o0 o 0 0O 0 0 o© 0
Xniz 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Xys1 0 0 0 1 0O 0 0O O 0 O 0 0O 0 O O 0 O 0 o 0 O O 0 0 O 0 0O 0 0 0 0.03
M, 15740 15310 14388 14354 15914 15266 15162 14732 14620 16070 15966 14454 15704 15704 15354 15784 14316 15936 15096 14930 15502 14676 15190 15012 15326 14412 14784 15162 14480 15162 15150
M y 10331 10890 10723 11611 11044 10459 10192 11147 10430 10877 11457 12132 10377 10377 10466 10401 10624 12599 10292 10460 11296 11556 10960 10411 11116 10729 11276 10192 11071 10192 10856

MRD 44 44 34 39 44 44 44 34 39 44 44 A4 A4 A4 A4 A4 38 44 43 44 44 34 44 44 34 43 44 42 44
rev [ BT (E . _ — o3
RID 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 1 0 2 0 0 0.73

o

® nan1sVAAeUYAT 5.4 iernun Single-objective function WuAdwil RID F3A73
loFmeuniiA1dvil RID NANgANIIYANAREUBUY KAENINITMIAMBUTITIUIY 30
runtime WaA469A1319U19818
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N o v a & & 1 = K J A
UINTBIAIN UAIBUTUA8AINUANTUY O NNATT LYY Sc wag S, FIANNILUTAINDUN)

loflwnltduaseadeiuganaaauin 5.3

®  yanINUAIRILUT Xy, 4aZ Xy, T 0 AT dau Xy dandu 0 Yosasann

Judnvauzwuiliuadendaiugaveaouil 5.3 A16auds X, lnewdewiiiu 0 w3e
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ﬂ@ﬂ']ma‘UV]fﬂ?jﬂsUaﬂﬁﬂVl@ﬂaUumﬂ'] RID VlﬂSUUN']ﬂﬂ'J']SUE]QGQWWWﬁ@UV] 5.1 ag 5.2

b

A1 RID Tegadeuseanad 92 BuneAdudn Aevil My wag RID azdwuiluulunims

AUy

wulduvesmdaidugnldladuiledduingUszasd laun My waz MRD fefugunn
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Test no. Solution of Runtime no. Aver
5.4 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age
Sa o 1 o0 o0 o0 O o0 2 1 0 O O 2 o0 O0O 1 0 o0 1 0 O O O O O O 2 0 1 0 NA
Ss $* 6 2 3 0 5 3 6 3 2 3 2 1 3 1 4 2 2 5 2 3 3 2 5 6 6 6 2 6 0 NA
Sc 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 1 N/A
Sp 1 0 1 1 2 1 1 2 2 1 1 1 3 2 3 0 1 1 1 1 1 1 1 1 0 0 2 1 0 2 N/A
Se 0 0 0 1 0 2 1 1 0 0 1 0 0 1 0 0 0 0 2 0 1 1 0 0 0 0 2 0 0 0 N/A
Sr $ 0 o0 o0 2 o0 O O o o o o 3 0 1 0 O O O O O o O O O O 0 O 0 2 NA
Se o o o0 o o0 o O O o o o o o o o o o o o o o o o o o o0 o 0 0 O 0
Sk $* 0 2 o0 1 0 o0 O 1 1 o0 O O O o o0 1 1 1 0 O o0 1 0 0 0 3 2 0 0 NA
S, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
S, 1 1 0 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 2 2 0 0 1 1 N/A
Sk 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
S, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 N/A
Sm o o 1 2 o0 o0 o0 o0 1 1 0 2 o0 1 o0 O 1 o0 O 0 2 0 O 6 0 0 2 1 0 0 NA
Sn o o o0 o o0 o O o o o o o o o o o o o 1 0 O O O O O O O 0 0 0 NA
So o o 0 o o0 O O O O o o o o o o o o o o o o o0 o0 O O O 1 0 0 0 NA
Sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 N/A
Saq 1 0 0 0 1 0 0 0 0 1 0 1 1 0 0 1 1 0 0 1 0 0 0 1 0 0 0 1 0 2 N/A
Sk 1 4 0 0 1 2 2 3 0 0 2 0 2 0 0 4 0 1 2 2 0 2 1 0 0 0 2 2 4 2 N/A
Ss o o o o o o o0 o o o o o o o o o o o o o o o o0 o0 o o0 O0o 0 0 O 0
St o o 0 o o0 o o0 O o o o o o o o o o o o o o o o o o O o 0 0 O 0
Su o o o0 o o0 o o0 O 1 o0 O O o o o o o o O O O O O O O O O 0 O 0 NA
Sy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 N/A
Sw 0 0 0 0 0 0 0 1 0 0 0 0 0 2 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 N/A
Xpa1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Xnit 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Xys1 o o o0 o o0 o o0 o o o o o o o o o o o o0 1 0 0 O O O 1 0 0 0 0 007
M 14982 14732 15326 15740 14316 15706 15350 15012 14946 15112 15350 15084 14730 15814 15530 14138 15112 15162 15306 14834 15740 15350 15162 13956 14646 14646 15018 14626 14732 14058 15007
My 10204 11147 10257 10331 10624 10731 10301 11699 10890 10227 10301 10172 11374 10476 10314 10812 10227 10192 11212 10142 10331 10301 10192 11715 10893 10893 12193 10425 11147 10574 10677
MRD 44 34 44 44 38 44 44 44 43 44 44 44 44 44 44 34 44 A4 44 A4 44 A4 44 A4 34 34 44 39 34 38 417
RRH 4 0 0 0 1 0 O O0O o0 o0 o0 o O O 1 o0 O0 O O0 O 0 O 0O O O O 0O O 0 1 023
mo GG ST GG : o

® nan1INAALUYAT 5.5 Lai1MuA Multi-objective function LuAINATINLUUAD

'
[y

Wmin = (0.005Mx + 2MRD + 2RRH + 1RID) #3A25laAnaudaneidniggvs 4 &
N3 AULAUIIABTDIIILWENTIYANAFRUBU ) WaLYIINITUIAINBULITIUIY 30

runtime LaAAIRINITI9UI9E9

o ndl !lg.Jl a0 L% 1 % o 1 ¥ f-ﬂl

® ammaulavauaia1fLUs S wananenuly warAinauAsuYIaINaty Laed
& a a1 ) a o a Ao & &

Sk UNATUAUNN LA Sp NUATNNINTOIANNT AILUT St tNgestReIniALdY 0 VINASY

yYanUuAUINANA1IiUlUraInate AewUsAnaunlednuiltulunaiendeiu

YANAFDUBUANIULN

[
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®  UaNINUAIRINYT Xpag, Xy B8 Xy TANTU 0 NnaTe AFILUS X, Tneiade
Wi 0 Ve Faunedvidnisdentdzuwuuauduiusduiand 2 My No-
relationship, Start-to-Start & Finish-to-Finish lagnasagavilinaiuganeulu

ASUSULNLND LA LA AU UTAR NI

(% o (%
1o v A

® pamnaUNlAIUALiAT weishted sum RN wagliAneurvainuaielugiiu i

1 1 1% [ a a1

Auuanesiueglugiandeudraning lnsunuauiangaiduresdmeun 4 e

q

=

weighted sum = 128 waziiA1iade = 139 Fallofarsurardsiidusigfanun
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5.1 way 5.2 Wislv padl

My w50 MRD 1Ju single-objective function uadil RRH way RID Aeudneh TnalAss

fuAmAneuTinngnuesyavaaaudl 5.3 uaz 5.4 Walisail RRH w3a RID U single-

objective function fetiuIsnansitlaarnnsalarineunianaing 4
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M151991 3.19 UAAIHANISNAFBUYAN 5.5

Test no. Solution of Runtime no. Aver
5.5 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 age

Sa 0 0 1 2 0 0 2 0 1 0 1 0 2 0 3 0 0 2 1 0 0 1 0 1 0 0 1 0 0 0 N/A
Ss 1 4 0 4 3 2 4 1 3 2 4 2 3 3 6 5 2 4 0 1 2 1 2 0 0 5 4 2 2 4 N/A
Sc 0 3 2 0 1 1 1 1 0 0 0 1 0 0 0 0 1 1 0 2 2 2 3 0 2 3 0 2 2 0 N/A
Sp 0 0 2 0 0 0 0 0 0o 4 0 0 0 1 0 8 0 0 2 1 1 0 0 2 2 1 0 1 1 0 N/A
Se 1 0 2 0 0 0 0 0 0 0 1 0 1 1 0 3 0 5 0 0 0 0 0 0 0 0 0 0 0 1 N/A
S¢ 2 0 6 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 3 1 0 2 0 3 1 0 0 0 0 0 N/A
Se 0 0 0 0 2 1 0 0 0 0 1 0 0 0 0 0 0 0 2 0 0 0 0 2 0 0 0 0 0 0 N/A
Sy 0 1 0 1 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 N/A
S 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
S, 2 1 1 1 1 1 1 1 1 7 8 1 2 7 1 0 i 1 1 1 1 1 1 1 1 1 1 1 1 2 N/A
Sk 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
S. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 N/A
Sm 0 7 0 0 0 0 8 0 0 0 1 0 0 3 2 0 0 1 0 0 0 6 6 0 0 0 0 0 0 0 N/A
Swn 3 0 0 0 5 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 1 0 1 4 0 0 0 0 N/A
So 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
Sp 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
Sa 0 1 0 1 0 0 0 1 1 1 0 1 0 0 0 0 0 0 F 1 0 5 0 1 1 0 0 1 1 1 N/A
Sk 3 0 4 6 0 5 0 5 6 1 0 5 0 0 0 0 6 0 4 4 5 0 0 4 5 7 8 4 4 3 N/A
Ss 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A
St 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Su 0 1 0 0 0 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 N/A
Sy 1 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 N/A
Sw 0 2 2 0 0 2 2 0 0 0 0 1 0 0 2 0 0 0 2 2 1 0 2 2 0 0 0 2 2 0 N/A
Xpaz 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Xnit 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Xysi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M x 13810 13030 14046 13488 12316 12880 13066 13098 13618 13464 12454 13384 12738 13648 13982 14350 13304 12824 12984 13112 13032 12466 12672 12984 12978 13030 13528 13112 13112 14138 13222
M y 10631 11677 11949 11316 11291 10720 11656 10596 10718 11120 12404 10474 11527 10911 11729 12073 10498 11918 11426 10850 10882 11458 11185 11426 11026 12141 11019 10858 10858 10672 11234
MRD 34 31 34 29 28 29 31 29 29 28 33 29 29 33 34 35 29 29 29 29 29 27 31 29 29 29 29 29 29 34 302
RRH 5 1 0 1 5 6 2 9 2 3 7 3 3 3 0 4 3 5 5 6 3 7 2 5 7 3 3 2 2 0 357
RID 9 1 0 1 6 7 2 10 3 5 9 4 9 5 0 4 4 5 10 8 5 15 8 10 11 3 5 4 4 0 5.57
Weighted

Sum 156 138 134 141 133 151 133 134 151 135 137 145 138 154 135 137 143 144 134 145 137 143 148 137 139 139

® anIIUSHUNEUAIRTTAIIVOIAINBUN

D-

a

ANER

9

5 AIRDUVDIYANAABUN 5.1 - 5.5

wandlunI13199198°9 wagkanIsiUIeuLisuAaasveRv a1 Lanslun1s19919a19

dalu wudrmnlleninualildaraviilaidu Single-objective function Tuns

optimization LWeWIANOUILIINIALARIMDUNLIAA

[%
o &Y

Tuvgigniuazynlvssiinuassusdaneuas

FUUUALAUNIN

[y

UDUNLNED L
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® AR UNIALLEILTYNIALARANNYENG 4 AnSauAUNIuLa warnAIRslaRLAus T

I v oA

Anataunsuacly Meil My fu MRD Suwalduvdululuiianiasednu Naseiudiu

AULUUUAANI9U89 RRH AU RID Niikuluuludieniame iy

[y

® n5:in15hY weighted-sum multi-objective function agvilladnauiAmn vl

a U k24 % ¥
Asvauliunataniaunuls

(% '
aa

° Y] 1 = o v A A1 v adad o A
® ﬁ']ﬁiUI‘UVlEJ{jQJJﬁ']SUUWWIMQJJUﬁWN']iﬂGUG\IGLm@LLNUQWUW@Wﬁ@ﬂJﬂ']ﬂslju‘mﬂ‘ﬂﬁﬂi’]ﬁm'lLll'f]

q 9

Avualvsatiudu Single-objective function Ao My = 11208, MRD = 22, RRH =

0, waz RID = 0 weiduAmauauazAmnauiulllinTunSauiy

o aSsuiaumeuinanas (best values) NMUAIAYTEYDILNUINUSUAUNDUNTUSU

q

aunaszAun1sldnine1nsiiun1s9AuHLIIULUY As-Soon-As-Possible A

ANUFUNUSUNRA Finish-to-Start Mawaa (Initial schedule) dA1 My = 13642, MRD

37, RRH = 27, wa¥ RID = 64I@EJIWésummlwwjﬁiuaqummaﬁizﬁumﬂ%’

NINYINTANARITIVLSBULINAUAILRAE 17.4 units (Ideal schedule) Awdle My
10955, MRD = 17.4, RRH = 0, uwag RID = 0 WuI1uuuitaesfiidniaudensuiuy
ANuduTusINAL LN taninsa ik umneuN ANanTueg1un tned

q

A1 My anad 90.6%, MRD anad76.5%, RRH anad 100%, waz RID anad 100%

M15197 3.20 WanAeYHA19Ues 5 Aneunfignanyanaaeaui 5.1-5.5

M MRD RRH RID (0.005M, + 2MRD + 2RRH + 1RID)
M, 11208 11222 11232 11238 11248| 11364 11406 11410 11460 11460| 14354 14388 14412 14454 14480| 13956 14138 14626 14646 14646| 13488 13030 13112 13112 13030
MRD 22 23 22 22 23] 23 23 23 23 23] 39 34 34 44 42| 44 34 39 34 34| 29 31 29 29 29
RRH 23 23 29 22 27| 41 35 36 41 40 0 0 0 0 0 0 0 0 0 0 1 1 2 2 3
RID 73 84 109 81 76| 120 112 120 120 114 0 0 0 0 0 0 0 0 0 0 1 1 4 4 3
Weighted
Sum 219 232 267 225 232| 305 285 295 305 297| 150 140 140 160 156| 158 139 151 141 141| 128 130 132 132 132

- ] a oA ° & q'
$»135191 3.21 LEPNANRAYUVDINTUAT )| VRIATABUYNUNAINNYANATDUN 5.1-5.5

Single-objective function Weighted sum Initial Ideal %
Average values RRH RID multi-obj. func. | schedule |schedule| Reduction
M, 15150 15007 13222 13642 10955 84.6%
MRD 42.0 41.7 30.2 37 17.4 66.7%
RRH 0.3 3.6 27 0 99.1%
RID 0.7 5.6 64 0 99.6%
Weighted Sum 161.1 159.2 260.2 89.6 70.9%

A | aad v A ° ] a
M1519N 3.22 LLﬂﬂﬂﬂqmﬂWﬁ@m@ﬂ@%u@qﬂG]GU@Qﬂ’]m@‘UVN‘WiJ@QWﬂsq@WVIa@UV] 5.1-55
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Single-objective function Weighted sum Initial Ideal %
Best values M, MRD RRH RID multi-obj. func. | schedule |schedule| Reduction
M, 11364 14316 13956 12316 13642 10955 90.6%
MRD 23.0 34.0 34.0 27.0 37 17.4 76.5%
RRH 20.0 21.0 27 0 100.0%
RID 54.0 45.0 64 0 100.0%
Weighted Sum 194.0 189.8 139.6 137.8 260.2 89.6 84.8%

3.7 43UNANITAAUN

LUUT1803703TYNINITINURN U UN DA NNLNTNYINTINNA N30 Resource-constrained
project scheduling problem (RCPSP) Milusgnadntuazuiuaunassaunislininens (Ussian
nuieu) (Resource leveling) men1suiuidauniansufanssusngneluszeziialnan (Float) 7

suieailed neflauufgiunisidguuuuanuduiusszninefanssusisqamuadusuuund Finish-

(%
av v v

to-Start FeuwrAnveansideddesmsiannliuuuitassaunsaiiniadonvosguuvummdusiug
swdwﬁﬂﬂﬁﬂuwmmé’mﬁuﬁ‘mmmmmmsamﬁugﬂuw%ﬂé’ 16 No-relationship, Start-
to-Start, Finish-to-Finish wagilnsolill lag-time uag lead-time %agﬂqummé’mﬁuﬁ‘%ﬁmaﬂswu
Tngnssoamamnsolunisiuideuiansaaluseninsnisvangassdunisldnineins sinldl
auBangulunsducuauisinniudsiuazdmalfansofuaugaszdunsldninenslis
UsyAvBnmmannduld fadnsdvuelfimadentessuuuumnuduiusaansavinldtuauduius
mﬂﬁuﬁaﬁuizé’uﬁﬂiﬁam (preferred relationships) LﬂmmﬂLﬁuﬂawuﬁuﬁuﬁ‘izwiwﬁﬁmiiuﬁgﬂ
fruuatunuuloUeUeI I uAULeY wiauduiusuaduiioglusedusndudes (mandatory
relationships) LuAuduiusaunienmesianssuiisassdlionausuiudsuguuuuladsll

a wva

anansafmualriviadenvesgusuuanuduiusle lunsufiignauwnudnldnsusuiuaeugduuy

ANNFUTusUeguieUTElorlluMTUTULALN U YR ELAY FatuLUUI1ae RCPSP WuiAnlvaidagn

Pranwaundulunsised

ammwmLLUUf\ﬁam{]mmmmNLLmuﬁwL‘éaulmmmé’uﬁuﬁﬂlﬁgﬂﬁﬁmmLLaza%’N%uImJ
TnemssnedaifuaunmsnsuInmaswokuusIeIss LAY Critical Path Method (CPM) lu
nIan1geg AaruAlilasunansenukazdinsiiannisiuioudn loun Earliest Finish (EF), Latest
Start (LS), wag Total Float (TF) uadatunea1inisiudsunlasannisluanniia Tewn Earliest
Start (ES), Latest Finish (LF), Wag Free Float (FF) 1esa1nguuuumuduiusiuanafuazdima
nsEnuseAamailaass fuUsAineu (solution variables) voskuusiaesazlszneusie 2
nau AesudsAiszezideu (shifting time) Yaananduvesianssusineg Wieldlumsusuideudanssu
Tldszfunsdnassminensiiauna uazduusanisdenmadonsuuuuresnnuduiussening
A9n331 (Relationship options) Farmualiursauduiusinindenuazanuduiusimaonilid

LY

madonliiluuuuun@ Finish-to-Start @duiledduinguszasanldlunisuseiiuunuaiuainay
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a v & | U oo s = = &, ANdaa a0 o
LaaﬂIGULUUﬂWWSUUIQJLllumi@ULLﬂuu@u‘V]LLVIU?S?JSL'J@']GUE]\ﬂﬂiﬂﬂ']i (MX) L INLUUAYUNUANTNR

= a ' LY o = 1 [y =) =3 4 [ o aa 14
ﬁ’eNLLﬁSiJﬂ’J’]@JﬁBL@EJ@B@UIWJﬂULLNU\T’]‘UF’WW‘]UV}LLWﬂWWQﬂ‘HL‘WENLaﬂu@FJ waztlunaingaviane i

3

JEAUNTIRaTININEINsaunakuuTuissungludilasinisedlasainisiieddeagyilvdesdnwmiey
ninensiasansiluinuiesiian vlluunuasesuidululiasgnindaiiedneluveuwnsses

nalasIn1snmnuawinte dslunisusvaunaseaunisldnsnensazaiunsanssyinlaniely

(%
[

szgvanlnandiniiilegivinuu

° o Y v v ca o X Ay °
LL‘U‘U‘UW@@Q%QJ]V‘WﬂWﬁQWQLLN‘U(’TJEJLQQUIGUﬂ?qNaNWUﬁVIWWUWGU‘lﬂfVi@Ju lmgﬂumﬂﬂmﬂimaﬂu

[
=3

TUsunsunseEAUAIUIal Microsoft Excel ialnaunisuaziendusiegiassvululuudnassainisa

6 Y

anAIuIUTINAaNSLa Taediwuuitassfanysaiazidulwdnislndvelusunsy Excel Ald

Y Y

1w

Worksheet 1t 1 8u SsUsznausenguisaiiivthiisne liud dauldouteyaditn drufuani
WUSAIRBDU @IUNTTANUIUANIAIVDILNUINULAZLEAIUISTISA LagdIunITAuIMastHanTdy
Inquszasd wuusraesdilusunsuliauysaiudialdisnsmAimeuuuy Genetic Algorithm (GA)
#eTUsunsy Add-In 11U Excel fl3uni1 Evolver wuusiassiissndeuthlunadoudszansam

sald

mMsnaseunUUiaediithmneiiennaaunmgnieswemadnsunuaLilld Tnslanziiled
msldmadenvessunuumnudusiug uavuszansamlunsuivaunasefunslinineinsdadu
Whvanendnlumsiauinuusiassiaun ddanddaymisndugoddlunsmegeui 2 Tand fe
Tanduuadnuazasing Aesduiunmedasimsteadienly filnansmageuiiastue iy

Y

flandassedrunianisnaaauselang 2 landdadunistuduimadnsnlaannisneasulunsdl

Y

£ [
a v dVLWQJ

U madeillanausznunisnageuld 5 Ussinuiislinseunaudnvaznisiwuuiiaesiuldenu
LAKkA A1UQNADIVBIAUNITANUIMBHUIIY NI15A1MUAEBULYNITNYAAUNIAINDU UBINIT
optimization N1s3eUWisUsEHITuUUTAeWliTmMadengUuuuauduiusiulusunsudnsagy

n1si3euiiisuseninawuudiassniinindenjluuuanuduiusivlusunsudiiagy waznis

bl I I v oA (Y & 1
Wiguiguaavliilenduingussasanig

HANSNAABULUUTIABINUTIANNTAILIUAIIAIA vaLH LT ANgnABdlagenedeiu
NaAuININLUIHNINENS 93U A 112879 6 A1 LA ES, EF, LS, LF, TF, wag FF wasiiiornun
AndusanvaegULUURaNY duieulvnsmgadumdmeuiimnzaudeilelsid iy trials
TaiteaiAulunieuszana 50,000 trials Fafisanesemsaumneuiinfiumelalagllianuinmin
YA ULNNTUTNMENT wivnnswau trials snnRulUAlidel R e Uit uusdosdaran
TunswIAAeULINTY uamnmfmamimaam"quudwLLUUfﬁ’wamﬁﬁmmﬁaﬂgﬂqummé’mﬁué
annsaliinadnsuauauianinlusunsudniagy wasdnduvudraesitldfinadonsuuuy

9
<
saa
9

ANudNILS wuudaesdilidiadendslimadwsnfninlusunsudniogy FedeasUilaenndearium
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landuwadnuazauinlng lnglandvuatngazidvumeeuiduldldeguinniunnyilidney

Aaa = vy 1 4 @ 1 a I v oA fu @ '3 1
Wﬂ%q%%%ﬁlﬂﬂﬂ’l’m%ﬁ’]ﬂﬂaﬁﬁﬂ’l’]‘UENI%VIEJ‘U‘H’mLﬁﬂ LLG]‘VI'Wﬂ‘W"U’]iﬁlJ’]ﬂ?ﬂ%ﬂ‘ﬁﬁﬂ%ﬂ’l@]i}ﬂi%ﬁﬂﬂWU’)’]
v A

¥ My waz MRD azdinuluululumadeniuuws M, danuasidenseulninin MRD Tuvazfan

1% (% '
1 v v aaa

P K = o Y U U e ' v P
Auilnsaesagiuwilduaiuniaiu RRH wag RID detudsldenvadawnununilamdyinndvilangn
Wi ag1alsinny My wag MRD gy AuNISInasININeInsisUNTITLUUSIUSEY ue RRH

wag RID vililagunsesediandn



unil 4 unasy

4.1 45UNaN1539Y

3 L2

mATeiliinguszasdiiloiauiuuiasgmninununulasinseaiieiidedain
A1UNTNY1NST (Resource-constrained project scheduling problem model: RCPSP model) 7
aunsafiansanUkuUNWINTauvesnNduiussenInnanTsuld nieunaiaunIsnsivangay
o [ o Aaa . . P Y a o w a 1 14 <
dmiumenaunaiian (Solving algorithms) tiasainnindAyvesnisuimisiasenisneasadu
nsNEudaassnsldninensuyuisuredasinsiiiiussaniamunniign uiaudfenuiuun
Swunnliyeimusuuiassdyniludnuaensysannisminginsaeuedasinig wsemui
Ay dmMTUUTHEIULRUNURAENS lagazaegUuuuanuduiusseninsfanssuivanvangiasaing

] 2 | Y ! o a & v
ﬂi%VlUIﬂﬁlmﬁﬂmaﬂqulEJ@“E!UIUW]T‘Q@LLNTN'TU a\imam@"ﬂ’]uqumaﬂLLNUQ’]UWLUUVLﬂ‘l@

[
aa Y

mM93seiidldiinauenisasisuuudiaesdymnisnsunuiiidedidaduninenseae
Joulvaruduius (Resource-constrained Construction Scheduling Model with Precedence
ReLationships)ImEJLLU‘U@?W@aﬂmhfagjuuﬁugm‘uaaLLUUfEﬁaaQﬂzymmsﬂ%’uamaszﬁumﬂ%’
n3Wens (Resource leveling) senismvualidniudenvesguuuuanuduiusszninananssudu
duniawesiiulsineu fuenmiieainszezidouvesianiuvesionssy nuiwhlfaunsdmsu
AunaAaveILNuIzUAsuLUasluduandluaunisi (3.0) - (3.18) duililsiduinguszasdd
Fenldlunsussdiutszaniamussunuruinoufeluuudsouwnuusudumuszezalasinis
Fawandduannisi (3.2) waziifedfafildfnuareuiunoswnusudinauiiiululdsenis
frunAsEeznanvedlATINISFIENnsa (3.3) fmm?ul,wuﬁﬂaaaﬁlﬁgﬂI‘UiLmimaquUime
dfnauiugiulssannsganuduinsgio Microsoft Excel ﬁﬁmmmmmiumﬁmmaﬁu%’aaﬂa
waznsduaitudouldniuaunisdisqresuuusiaesfifmuntu nsfunidineudiaian
(optimization) vaswuusaasdaymil 1lsunsudfisiadaly (Add-in) Tu Excel #3on31 Evolver

14 Genetic Algorithm (GA) Tumsfuvneuifian

° Ay I s Yy vw ° & g & o
wuudnaedbndnairaasaanysaluadlagniumeaeululssiiudiaquiadu 5 Yseauiu
landdegalasinisneadns 2 landfinswuindnuazruintng WoUssliunugnaoIveawnuIy

v a a ° P < 2 o X
NAANWSLATUSZANTAINVDILUUAADY ”Lmaagﬂuamﬂuﬂszmumu

UsZiaudl 1 AUgNeABdvesaunIsAINInLadLuUTIaes nulnaunsiimuntulniaiuise
ATUINANIAA9URIANTIY balA ES, ST, EF, FT, LS, LF, TF, wag FF lagnesnsadulusunsy
dnsaguianevnasasynnsdldiuauauagldanuduiussuiuulalumsvegey dsluwuudiaes

a

i tuseanunsailuldduiaaatvesupuuneaslunsa Rl uduiusnainvane
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EULL‘U‘UWTLLﬂ' Finish-to-Start, Start-to-Start, Finish-to-Finish, No-relationship YEDR lag time 30

lead time ldog19gndias

Usgiiuil 2 msimunfoulunsvgadumdney ves GA-based optimization wuinnsly
L'ﬁlau"lfuqumﬁumﬁmauLﬂm"ﬂmu trials = 50,000 @ansolvnarnouiinuazaiaue wazddly
namzay Inefisuau trials funnnidililddelildmnouiinauedaiiteesddny Snitdians
sundeulsnsngadisanuiininduiivesnouarldiatuiuninuassiviueuuinduld

o A a | o aoa N [l 1 Y] g v . . . =3
AMBUNAIEUNAUIDDUNTONENTT AIHUNTNAZDUNIINAIN GA-based optimization Tudssiau

dnqludndenldisimunieulunisneamediuiu trials = 50,000

Usgiiiuil 3 mansiSeuiisunuudiaeslunsdinualilifivmadensuuuuanuduiusuay
T¥5UuuuUn@ Finish-to-Start Miaiua WuIwan1sUsvaNnaseaunIslEninensasLuuaeald
BHUITUANNDUNATUAILNUULS LAY taedan My anad 43.5% way 41.8% dmsuransailanduun

< ' o w = o ! o av v °o < e v S
ankazaualngmud1fu Feindukuaudmeaunldnlusunsudusagunlian My anasiles
29.5% Way 25.2% M1UFIAU KEAII1ITNITUTUANAAVEILUUTIa0NaT19TuNlY GA-based
optimization find1vaslusunsudnsagunly Heuristic rule agnelsfiniuunuaruAmaunlaain

@ a2 a kel 1 £y A oA L% 2 a [
wuuiassffituanuaueududuldindnrdonansirfivunisnisuiuideufanssuas fuuss

wnusulaliinnin WeswndnReuluanudunussenineianssuanee wardsnuinAnaunlang 2

nsfiluvannvaneuslamnauRug1atense Fenansliiuinisiuiuanaumduldlaliuinuiedn

Usziiiuil 4 namsiUeuifisuiuuiaedlunsdimualifiadenguuuuanuduiusiagly
UNANNFNITUSIE NI AFENTENINFURUUUNR Finish-to-Start Augukuudulaln Start-to-Start,
Finish-to-Finish, wag No-relationship wulwan1susuaunaseaunstininensmieuuuitaasle
WHUIUAINBUNATUNITLHUIIULSUAY LagiiA1 My anasDe 76.8% way 90.8% @1sunansailang

3 1 o w = ! [ Ay v o & g Y1
YUIALANLALVUIAINYAINAINU FeAnTINUUAImBUNLaAIntUsUNTUANSAFUNTA My anas
2.3% Uag 75.3% ANF1AU Land313on15USuaNnavedluuinaeenaieduily GA-based

.. . a ! o & g v Lo Y a o av v
optimization And1ni1vedlusunsudnsagunld Heuristic rule SevasianasvasArAnauilaain

o

Waunsudnsagudmsunsdilandvwnmbnuazawnlngireutauandsiunnnuandliiuinignism
fneuirufuilanduazordlinaildadnaneluudazlond agrslsfauunuiudmaeuiiléan
LUUSABIRRT LI NUAL WS LA EE19N (AW 50%) WiowansifinuniensuSuideuianssy
wazUfuUgunuauliinn esnndanudangulunindonldsunvuanuduiusszninefanssy
sneqiigaelinsusuideuianssuldity wasdmuidneuiildvesnsallandvumdnlinainuans
FawanslinAundsuusmeuidululdldunuedn Wesniisuuionssulaun uwslunsdland

unlvgaznuimaeuladauvainvatsuin esinddwaumeeundululauinineumea
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& ~ = ' ° Ao = = v v € |

wanINi KansUTeuisusEnisuuIaesnivas ilvadensuwuumnuduiiusaenui

° aa =~ v o Ao Na 1 A | b ~ & <
wuudraesinadenlimneunaniinsanlidniadenegrsunnnslunsalvesdlanddamivuinian
wazrue ngiiansinnisinadensuuuuanuduiusthgbiiaununuineuiiululdduaumn
FuLaviay mmmammiﬂ,umsﬂiuLaauﬂamsmwdﬁlm“@uama LazLUUSaesRdlnaud
ﬁﬂmm{bﬁﬂmﬂmmLiﬁ]gﬂmiuﬂﬁmmaﬂwaﬂz:yymmmammmmmimg waneI3snsmeneud

ANaRmuNMIAUMIWULEL GA-based optimization And1n1std Heuristic rules

Usziiudl 5 nansseuifsuadeifleiduing 1Useasdsingg laun My, MRD, RRH, wae RID

ddd

NUIINTIAINBUNANAAAIENIT Minimization ARviNeanTuIng ﬂssaammuﬂuiwm (Single-

(%
o

objective function) azfiuunlduililgfneuisiddsiduiaaninisldnasudiaiminues

I v o

wanesudiduilanduinguszasd (Weighted-sum multi-objective function) iaglidmeuiiiasvl

v v 1w oA

AnauszanauuiiusEnindviianun lngadutinaqlanuued trade-off fusgdaldaunsals

v LY v a1 v

AMBUNAARSUANFANSDUAUNNAYT AR My hag MRD Tuuluun1shUsRumuiulaen M, &

9 9

v

AMUBAULININNIT WAWUSNNEURUAIRYT RRH wag RID AkUstunuiulaa® RID finnuseulug

v A 1 v A

WINNIT wRUUAINBUARNgAlAINRULTIAesdnIwden UL uuAuduRusIA ATy
Y s = d [ a v - = o & !
TnUsrasAndunnnillaiiguiuwnunusuiy lngaavildneanaunniigadsil: A1 My anas 90.6%,

MRD a9na376.5%, RRH angad 100%, way R/ID anad 100%

HaansveIN1TITetd i lilais ludlunisasrauuudansdgmnmanunulasinisneadnei

o w v

ffarinnuningnsmenisiiniafenvesguiuuauduiusseninnanssy e linmsuivaunga
seaumslamsnennsvedasanisléntwunazyitlildunumnumaeuiiauseans ame Ty Weunluly

muAuLazandunslasinsiiszauanudnsasely
Y o w
4.2 Y3NA

v YV

TUSWNSUFULUU (prototype) Taauuusiasstlyminisinuauiifidesdadunsnenseae

Houlvanuduitusldgnitantuuulusunsunseatudiuan (Spreadsheet) Alduagunsnae 7

Y
2

anunsatounarTufindeyaundt inisewimmugaadsnneg uandeyanadndilunwnssdiay
waznslaegrafiused@nsnin egnslsimunisindlanddynilagindusesadisilandunuannis
AN UITBtLUUIaesatluadaligndes wasiuduneudidesindieninudilasgns

gnesuazdalailandudaludfdmsunisauinunusy Jeenadildmungaudmiunisualuly

[y

Tngmiluuddedlasumuugiiusenaunsleangides

Ly

AUNUTHNTUAIY WBNINNUIUSHATUAULUU
lagnmdnvuinveslymlivismuiiieanumuizauuarauneinsa lawn 31u3ufaenves
sUsuuAMUdNTUSsEnINeAanTIugnAmualiiies 2 duden §1uANSTUSARNTSUN Tz

Y
[

ﬂuﬁamsuauﬂéﬂ,mmu 3 ANUFUNUS LLﬁ%"ﬂ’WU'JU‘U'ﬁ%LﬂVWl’iWEJ’]ﬂ'3‘1/13;1‘14!L’JEJWUENIF]N?]']ﬁV]WR]’]’iﬂJ’ﬂu
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msUsuaunagnimuall 1 Ussnn dslunsujuifisamedmiuldgmuedasinisneadiamlius
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TUsunsusuuwuuldIsnismeneunananaieds Genetic Algorithm based optimization @
asidunsrunwuuduneludavesinoudulule inliunununauiilaluisazass (runtime)
pnaldwiloudu warldszezialunmamdmeu FuediuReulunisngafumaineuiiimuali A

2 « A o [ 3 g 1 Y o = '
nmsnageululszaun 2 ReulummveaiuvangaudmiulandUgymiuasdiglidneuilaluusdag
assadnanelivazldsraznaliuiumiuly egnalsinunisnunulasinisiduaisfieivinduass
asnbdliinedeailiosnasniial nslissuziatog e me d1m5UN1TAUNILNLIIUAINBUTA

a A

a o & v
NFANTUAINANA

9

Y

Amauninnganlaanuuudtasseratuegiudlanddymediunn Fulusssuvfveslym

nM39uNElasINagualiinagldisnisnwnudsle deasuniluildanniseaeueisaglily
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RO

a o [y & v [l @ o Aaa A a [y 1y s 1 1 a
sedmsvudtanddanila egrelsiniudineunananila Aan1awasAUFURUSVDI A7

Aeates maidulvegsaummausa
4.3 VOLEAUDLUY

1% - awv cs o N o & A owy g
Talauakugiian1sidusielufe wuuTiaeslyninisinawnuaunimuiduilaledu
LuuIaesfiauysalkuuign nen1snnsuwnunnisndasdediauufgruluiugiulunisiiansandu
T ssiusnshllglanunsandulumuauufgiuresuuuitaoaintu wu Wulgmnsuiu
Aa o U

aunaszaun1sininensifidnuninensuyuieuding Tnensidedelufonnideauufigiuves

wuudnaeslluiamuiulgwely

174

sUdnualveslusunsudusuuvetiuuTaesiiluluiionside Sansldiufnseiudly (User
. Ay A v ! °o & a 1 (S °
interface) ldargnumidoudulusunsuyignnunudniaguiiled lagiawizlilidiunis Auiu
landunaznisuansnaansiiugunsinengg egadnludfanysaivianun widese1danisvinauain
Aldeaunadi egnelsinnunisidesslienadeniseiuuinuudiasinisnnunuuulusunsugie

q

MHWEF3U WU Microsoft Project Aagyinlilddufnsefudldndung
o/ 4
4.4 NEaND

nsdeilaauenan1sIelun1susyyadnNssERuEUIIATILIL 3 UNAL N1SUSTYY
SEAUTIRTIUIU 2 UNAY ARUNIUINTAITITINTTLAULIR 31U 2 UNAINU WaEIIUNANULNDES

ARUNINTANTIVINTTLAVUILITIF 91UIU 1 UNAINY T51888L08nnatl



109

1. Benjaoran, V. and Tabyang, W. (2014) “Construction Resource-constrained
Scheduling with Alternative Relationships Compared with the Conventional Method”
Proceeding of the 2nd International Conference on Sustainable Civil Engineering Structures
and Construction Materials, 23-25 September 2014, Yogyakarta, Indonesia.

2. Benjaoran V., and Intarasap A. (2013). “Hospital renovation construction project
scheduling with special relationships” ICCREM 2013: Construction and Operation in the
Context of Sustainability - Proceedings of the 2013 International Conference on Construction
and Real Estate Management, pp. 258-270.

3. 1enetiud BunInind wag 19398 wgaleuns (2556). “danvulanminisususedu
NINeINIIAENUMILILERNAMUFNRUS NsdiAnw lasinsuTudeenaiseeslsiand 1same1uia
SIBUR” N5ATIVINT FIAINTTUAEAT UMNINENdEUasIuEIH, vol.6(2), 35-45.

4. Benjaoran, V. (2011) “A Consideration of Precedence Relationships as Decision
Variables in Construction Scheduling Model” Proceedings of the 2011 International
Conferences on Construction and Real Estate Management, pp. 84-87, 19-20 November 2011,

Guangzhou, China.

Y -

5. 118 wgud uag 1939 lwyalews (2554) “nMsdnassiaazduyuilstoulydiuiu
NINEINTUIIULazylaAUFUTUSTEnINNAINTIUIMAINYAE.” 18Na1IN1TUTEYNTYINIT

ANTTULETMMIVIAATIN 16, 18-20 WewAIAN 2554, ¥inen

'
a o w

6. 19398 wyalewns uag UIHe LPUA (2554) “n1531auHUIUReaT1NNdedARM1Y

NINEINIAERoUlYANUFUNUS.” Na15N15UTEYIYINTIAINTTULETIUNIYIRATIN 16, 18-20

NeWNAY 2554, 1N

7. Benjaoran, V. and Sae-Tae, N. (2011) “Time-Cost Trade-off Scheduling under
Construction Labor Resource Constraints.” Suranaree Journal of Science and Technology,

18(1), pp 29-39.

8. Benjaoran V., Tabyang, W., and Sooksil N. (2014) Manuscript titled “Precedence

Relationship Options for the Resource Leveling Problem using Genetic Algorithm.”



110

I19UNAINY

Title: Precedence Relationship Options for the Resource Leveling Problem
using Genetic Algorithm

Abstract: Resource leveling problem (RLP) is project scheduling that attempts to reduce the
fluctuation of the resource demand. This arrangement of the project activities is achieved
under a constraint of the preselected precedence relationships. This research is presenting
the new concept of RLP with relationship options: An activity can have one or more alternative
types of relationship with other activities. The scheduling model was formulated with the
mathematical equations and the prototype was created on spreadsheet software. This
scheduling problem model was solved by using the Genetic Algorithm based optimization.
And the prototype was tested in two cases, small and large construction projects. The test
results demonstrated that this new model could calculate and arrange the project schedules
correctly no matter which type of relationships were applied to the schedule. In addition, the
model could result in optimal and efficient resource allocation schedules quickly and
consistently, which is much better than the conventional RLP model. And these schedules
had lower resource demand fluctuation and lower maximum resource demand level. This
new RLP with relationship options can help the planners to arrange an efficient schedule. It
not only provides the additional flexibility to the level resource demands but also determines

a suitable type of relationships for the project activities.

Keywords: construction scheduling, precedence relationships, resource utilization, resource

leveling.

1. Introduction

Scheduling is a crucial task of construction project management. Its initial attempt is
to arrange all project activities according to the temporal dimension and the precedence
relationships. The Critical Path Method (CPM) is widely used in this attempt. After that, the
schedule is further adjusted to manage the project resource limitations and to improve the
resource utilization by using the optimization model. Without considering the project resource
constraints, the schedule can become impractical due to congestion or a lack of resources.
The project manager has to arrange a project schedule of all activities and wisely utilize the

required resources to meet the demand.
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Traditionally, resource leveling problem (RLP) is an attempt to stabilize the level of
resource demands and to avoid the resource over-allocation. This arrangement is achieved by
shifting the start time of activities within their own available float time or splitting them in
some cases. This arrangement is restrained to some extent because it must conform to the
existing scheduling constraints, particularly pre-specified precedence relationships of activities.
Therefore, the efficient resource utilized schedules may not be obtained. RLP is defined as a
non-deterministic polynomial-time hard (NP-hard) optimization problem (Kolisch and
Hartmann 2006) and is on the focus of many research studies (Tang et al. 2014, Ponz-Tienda
et al. 2013, Alsayegh and Hariga 2012, Jun and El-Rayes 2011, El-Rayes and Jun 2009, Leu et
al. 2000, Hegazy 1999). The problem’s studies include the problem solving methodology, the
variation of project resources, and the resource fluctuation metrices. However, only few
researches explore a variety and an impact of the precedence relationships (Chassiakos and
Sakellaropoulos 2005). Most of them proposed the problem models by using only one simple
type of relationship, Finish-to-Start (FS). However, in practice the planners exploit various types
of relationships to get the most suitable project time or resource utilization level. Some
relationships between activities can be revised or changed to other types as appropriate.
Figure 1 shows a comparison between schedules with all FS relationships and some revised
relationships. If some relationships are revised from FS to other types, the activities will have
more available float time within the same project makespan. For this reason, they can be
shifted with a greater possibility in order to minimize the fluctuation of resource utilization

level and this may lead to the better resulting schedules.

This report is proposing a new model of the resource leveling problem with
precedence relationship options. This new model as a planning tool can help the planners to
determine a suitable type of precedence relationships for a purpose of smoother resource
utilization schedule. The problem model was solved by using the genetic algorithm
techniques. The literature relevant to the development such as resource constrained project
scheduling problem, resource leveling problem, precedence relationships, and genetic
algorithm based optimization were reviewed. All mathematical equations of the proposed
model were formulated and implemented with spreadsheet software. And the proposed
model was verified by using two different sizes of construction projects which were adopted

from the literature.
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Schedule with all Finish-to-Start relationships Schedule with some revised relationships
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Figure 1. A comparison between schedules with all FS relationships and some revised

relationships
2. Project Scheduling Problem with a Consideration of Resources

Construction project schedules are traditionally arranged using the Critical Path Method
(CPM) which incorporates the dependent relationships among activities and makes temporal
logic calculations. As it is concerned with the time aspect only, the schedule results might be
inapplicable because of resource constraints and limited availabilities. A construction project
requires different types of resources and these resources are limited in quantity; therefore,
the project manager needs to arrange a project schedule of all activities and wisely utilize the
required resources to meet the demand. The project resources can be classified into two
categories — the consumable resources and the sharable resources. The consumable resources
are those used up as the project progresses such as time, materials, and budget. The sharable
resources are those used in completing the project activities such as labor, equipment, cash,
and working space. The consumable resources can be exploited at any rate throughout the

project but not more than the total amount available (Zhang et al. 2006a). As for the sharable
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resources, they are occupied for a certain time by an activity and released when finished, and
then can be taken up by another different activity. They must be utilized at any time but not
more than the total amount available. The demand level of the sharable resources should
be uniform in order to utilize these resources effectively. The big fluctuation of the demand
increases idle and cost (El-Rayes and Jun 2009), therefore, the sharable resources are related

to the project time and required to be scheduled properly.

To solve the problem, the resource-constrained project scheduling problem (RCPSP)
was invented. It is the optimization model that incorporates the project resources availability.
RCPSP is a rational technique for the project scheduling because it can simultaneously
consider both the activities timetable and the resource allocations. In the RCPSP model, the
solution variables are used as the activities” start times and the constraint functions are used
as the dependence relationships. Feasible solutions are the combinations of shifting of the
activities’ start times within their own float times. These feasible solutions then are evaluated
with the objective function to find the optimum. The feasible solutions of RCPSP are directly
restricted by the precedence relationships. This makes the schedule results may not be good
enough as needed. However, some precedence relationships are arbitrarily predefined

according to managerial policies, which can be revised occasionally.

A construction project’s activity, which represents a unit of control, requires certain
amounts of different resources for execution. These quantities are estimated as non-negative
and deterministic values. Each activity has its own estimated and non-pre-emptive duration
(interruption is not allowed). The total project time is calculated on the assumption that the
quantities of resources are infinite and then the schedule is adjusted according to the actual
availability of resources. The issues for consideration in making the adjustments are separated
into resource allocation and resource leveling. This consideration ensures that the schedule
results are applicable and all available resources are utilized effectively and efficiently

throughout the project (Ammar and Mohieldin 2002).
2.1 Resource Allocation

Resource allocation is a construction scheduling problem that focuses upon the
availability of all project resources. Both consumable and sharable resources are limited in
certain quantities. The utilization of all resources cannot exceed their own available quantities.

The activities require different types of resources in different amounts. If two activities require
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the same type of resource and are scheduled to be accomplished at the overlapping periods,
the total demand of this resource will be increased. The sum of consumable resources
allocated throughout the project cannot be more than their availabilities. And at any project
time, the sharable resources cannot be allocated more than their availabilities (Zhang et al.

2006b).

The resolution approach to this problem targets on the sharable resources. It is to shift
the start time of either activity to a different period while maintain the predefined precedence
relationships. When they are executed at the different periods, the competition for the same
resource can be relieved. This is performed in an attempt to keep the project time to a
minimum. As a result, in shifting out the activities, the non-critical activities should be
prioritized over the critical activities. The solutions of this scheduling problem are the
combinations of all activities” start times in order to prevent the total resources demands
from exceeding their own availabilities and to reduce the project time to a minimum (Leu and

Yang 1999; Kolisch and Hartmann 2006).
2.2 Resource Leveling Problem

Resource leveling problem (RLP) is a project scheduling problem that focuses upon
the fluctuation of the sharable resource utilization levels. This problem also aims to determine
all activities’ start times which make the resource utilization levels uniform throughout the
project. The conditions are to maintain the project time and the precedence relationships and
it assumes that the amount of the resources is infinite. When the resource utilization levels
become less fluctuated or closer to the average, the number of resources required as well as
the project cost can be reduced. The resolution approach is to shift the start time of some
activities in order to stabilize the sum of daily resources demand as much as possible (Leu et

al. 2000).

The shapes of the fluctuation of the resource utilization level can be inacceptable or
undesirable. A rectangular shape is the most acceptable because it implies the most stable
level. A mountain (an upside down parabolic) shape is acceptable because it is manageable.
The resources demands are gradually rising up and falling down. The resources can be
switched from one project to another. On the other hand, other irregular shapes are
undesirable because the resources have to be released and refilled according to the wavering

level or have to be kept spare at the highest demand. To measure and evaluate the
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fluctuation level, some resource leveling metrics are used such as the fluctuation moment

(Hegazy 1999), Release and Re-Hire (RRH) and Resource Idle Days (RID) (El-Rayes and Jun 2009).

Hegazy (1999) proposed the resource leveling model that used the sum of fluctuation
moments as the objective function. The sum of fluctuation moments includes two axes - X

and Y. The X axis represents the project time whereas the Y axis represents the resource

demand.
M, = Z?:l RL? (1)
M, = {=1(Rt X (t— d)) 2)

where My is the fluctuation moment about X-axis, My is the fluctuation moment about Y-
axis, Ry is the resource demand on a period t, d is the first period the resource employed in
the project, and T is the project time.

El-Rayes and Jun (2009) proposed another different resource leveling model that
used RRH and RID as the performance measurements. RRH is used to quantify the total
amount of the resources needed to be temporarily released during the low demand periods

and rehired at later stage during high demand periods throughout the project.

RRH = H — MRD 3)
H =Ry + X{ "Rt — Res1l + Rp)/2 (4)
MRD = max(Rl, Rz, ...,RT) (5)

where H is the total increases in the daily resource demand, MRD is the maximum resource
demand during the entire project time.
RID is used to quantify the total number of the idle and nonproductive resource-days

caused by undesirable resource fluctuations.
RID = Z’{[Rt - min(max(Rl, Rl' eny Rt) , max(Rt, Rt+1’ eny RT))] (6)

These resource leveling metrics were created and used as the objective function of
the optimization model. Although the smaller values of these metrics mean better resource
leveling, they may not reach a minimum all together. When one metric is getting low, another
metric is going up. The minimization of M, and MRD tends to push the fluctuation level to get
closed to the average level along the project time, which results in a low and flat level of
resource demand; whereas, the minimization of M, pushes the level to the X and Y-axes. And
the minimization of RRH and RID forces the level to be closed to the mountain or rectangular

shape.
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3. Precedence Relationships

Generally, a construction activity cannot be accomplished at any time on its own but
depends on other activities with which it has relationships. These precedence relationships
come from the characteristics of the activity. According to the degree of necessity, they can
be categorized into two levels (Hinze 2008) - (1) logically required or mandatory relationships
and (2) preferred or discretionary relationships. The logically required relationships come from
the physical constraints of the construction process that cause some activities to be
accomplished in a strict sequence. This level of relationships cannot be avoided or replaced
(Project Management Institute 2012). For example, steel-bar-placing activity needs to be
finished before the concrete-pouring activity starts. On the other hand, the preferred
relationships are loosely enforced. They come from managerial policies in an attempt to take
advantage of a situation in many different aspects such as safety, environment, contract,
finance, and resources. For example, the interior-decoration activity is set to be finished before
the landscaping activity starts although they are at the different locations. The preferred
relationships are sometimes reconsidered and revised during the schedule adjustment time
to achieve a new target. Hence, these preferred relationships can have different options

available for selection.

The planners should be aware of these two levels of relationships because the
preferred relationships can be reconsidered and revised occasionally, especially during the
project execution and when the remaining work of the project needed to be rescheduled.
However, the previous researches and the existing planning software do not have this feature.
The planners are left to review these preferred relationships on their own (Hendrickson and
Au 1989). Besides, the number of precedence relationships of all activities should be as small
as possible because the excessive relationships can restrain some efficient resources-utilization

scheduling results.

There are three types of precedence relationship between a pair of activities as follows

(Project Management Institute 2012):

(1) Finish-to-Start (FS) is a conditional relationship that enforces an activity to be started only
after its predecessor has been finished. FS is a common and a default type which is extensively

used in scheduling and in the previous researches.
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(2) Start-to-Start (SS) is a conditional relationship that enforces an activity to be started only

after its predecessor has already been started.

(3) Finish-to-Finish (FF) enforces an activity to be finished only after its predecessor has already

been finished.

In addition, these types of relationships can be applied along with an overlapping or
delaying time. An overlapping time is specified with a negative number for a lead time whereas
a delaying time is specified with a positive number for a lag time. The equations (7)-(9) are the
constraints for the three types of the precedence relationships and are used in the scheduling

time calculations.

Finish-to-Start:

Finish-to-Start:

ST; = FTy; Vh @)

Start-to-Start:

ST; = STy; Vh 8)

Finish-to-Finish:

FT; = FTy; Vh 9)

where ST; is the start time of activity /, FT; is the finish time of activity /, Yh is all predecessors
of activity 1.

It is noted that the number and types of precedence relationships have a huge and
direct impact on the start and finish times of the activities and consequently the resource
utilization level. A reconsideration of a choice of precedence relationships or an initiation of
alternatives of these relationships will help the project schedule to be more flexible. This also

increases the feasible solutions and a chance to obtain better schedule results from the RLP.
4. Model Formulation

The proposed model of the RLP with precedence relationship options is an
optimization model. It consists of three elemental components - solution variables, objective

function, and constraint functions. The model also uses the forward and backward pass
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calculations to determine the scheduling time of the activities. The details of the components

are described as follows:
Solution variables

The values of the solution variables compose a single valid project schedule. The
solution variables include the shifting time of each activity (S;) and the precedence relationship
option (Xj,). The shifting time is defined as an amount of time that the activity has been
postponed from its earliest start (ES). It must be a positive integer or zero. Since the shifting
times of activities are the common solution variables of the RLP, the start time (ST)) of an

activity is calculated as follows:

When an activity is shifted, it can directly affect both the predecessors and the
successors, and consequently the resource demand level. The earliest start of the activity is
determined by the traditional forward pass calculation which depends on the type of the

precedence relationships.

As for the precedence relationship option, some relationships between pairs of the
activities are allowed to have a choice of types. For example, there are two options of
determining the relationship between activity H and activity /; either Finish-to-Start or Start-to-
Start. However, only the “preferred” relationships can have choices according to the planners’
preferences whereas the “logically required” relationships have no choice. This precedence
relationship option (Xj,,) is a binary variable (its value can be only 0 or 1) and is defined as
the selection of the m" option of the relationship between activity i and its predecessor h.
The value 1 represents the option being selected, and the value 0 for that not selected. All

options of any relationship are mutually exclusive:

Xm Xinm =1 (11)

Objective function

The objective function is used to evaluate the fluctuation of the resource demand
level. The objective function of the proposed model is set as the minimization of the resource
fluctuation moment about the project time axis (M,). M, is defined as the sum of squares of

the resource demand for each period (R, throughout the project (7). This metric is used
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because it is very effective and is used by many researchers (Harris 1978, Hegazy 1999, Ponz-
Tienda et al. 2013). The smaller M, will also result in the reduction of required resources

throughout the project or the maximum resource demand (MRD).
Minimize (M,, = ¥T_, R?) (12)
Constraints

Constraints are the conditional functions used to specify whether a schedule is
feasible. Only schedules that are consistent with constraints are feasible and are further
evaluated. Like the traditional resource leveling problem, this model uses the prescribed

makespan of the project as a constraint. The maximum of the finish time of activities (Max(FT;)

must not exceed the prescribed makespan of the project (7).
Max(FT;) <T (13)
An activity can delay its start to any day within its own available free float.

S; < FF, (14)

Scheduling time calculations

The scheduling time calculations for the proposed model with precedence relationship
options are created. The equations are based on the forward and backward pass calculations.
Each activity has six scheduling times - the earliest start (ES), the earliest finish (EF), the latest
start (LS), the latest finish (LF), the total float (TF), and the free float (FF). Some equations can

be used regardless of relationship types. For any activity /, time calculations are as follows:

Forward pass: EF;, = ES; + D; (15)
where, Di is duration of activity i. when the activity i has the shifting time, the finish time (FT;)
is defined as: FT; = EF; + S; = ST; + D; (16)
Backward pass: LS; = LF; — D; a7
Total Float calculation: TF; = (LS; — ST;) = (LF; — FT;) (18)

Some equations for calculating the scheduling times depend on the types of
precedence relationships. Besides, the choices of the relationships must be incorporated into

the equations. The equations for £S on the forward pass, LF on the backward pass, and FF are
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affected and needed to be modified. The following four scenarios are used to illustrate and

to generalize the time calculations, given that one relationship is limited to two options.

Case 1: All relationships are Finish-to-Start without option. The FS relationship without option
is used as a default type. This is a basic case which involves five activities (G, H, I, J, K) and
four FS relationships (without option). Figure 2 shows the network diagram. Activity | has FS
relationships with G, H, J, and K. Activity G and H are its predecessors, whereas J and K are its

successors. The time calculations for Activity | are:

Forward pass: ES; = Max(FTg, FTy) (19)
Backward pass: LF, = Min(LS), LSk) (20)
Free Float calculation: FF; = Min(ST;,STx) — FT, (21)
G
H Moo >
K

Figure 2. Case of all default FS relationships without option

Case 2: A relationship with options of Finish-to-Start and no-relationship. This case combines
one relationship with options and two default relationships. The relationship with options is
represented by a thick dash arrow and the default relationships are represented by arrows in
Figure 3. There are two options for the relationship between H and | - FS or none. Activity G
and H are the predecessors of I, while Activity | and J are the successors of H. X, and Xy,
are the binary solution variables for the relationship between Activity H and Activity I; they
represent the option 1 (FS) and option 2 (none) respectively. When an option is selected, its
variable will be equal to 1 and another one will be zero. These two options are mutually
exclusive. BN represents a big number compared to the project duration. The time calculations

for Activity H and Activity |, which are involved in the relationship with options are as follows:
Forward pass: ES; = Max(FTg, FTy * x151) (22)
Backward pass: LFy = Min(LS; + BN * x5, LS)) (23)

Free Float calculation:FFy = Min(ST; + BN * x4, ST;) — FTy (24)
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Figure 3. Case of a relationship with options FS and No

Case 3: A relationship with options of Finish-to-Start and Start-to-Start. This case combines
one relationship with options and the other two default relationships. Activity G and H are the
predecessors of | and Activity | and J are the successors of H. The relationship with options is
represented by a thick dash arrow and the default relationships are represented by arrows in
Figure 4. There are two options for the relationship between H and | - FS or SS. Xy, and X,
are the binary solution variables for the relationship between Activity H and Activity I; they
represent the option 1 (FS) and option 2 (SS) respectively. These two options are also mutually

exclusive. The time calculations for Activity H and Activity | are as follows:

Forward paSS ESI = MaX(FTG, FTH * xIHl,STH * xIHz) (25)
Backward pass: LFy = Min(LS; + Dy + BN * x;1, LS; + BN * x;415,LS;) (26)
Free Float calculation:FFy = Min(ST;,ST;) — FTy * Xju1 — STy * Xip2 (27)
G
r{ H I/ >
| I [
| ——p

Figure 4. Case of a relationship with options FS and SS

Case 4: A relationship with options of Finish-to-Start and Finish-to-Finish. Likewise, this case
combines one relationship with options and the other two default relationships. The
relationship with options and the default relationships are represented by a thick dash arrow
and solid arrows respectively as shown in Figure 5. In this case, there are two options for the

relationship between H and | - FS or FF. X4, and X, are the binary solution variables for the
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relationship between Activity H and Activity I; they represent the option 1 (FS) and option 2

(FF) respectively. The time calculations for Activity H and Activity | are as follows:
Forward pass: ES, = Max(FT;, FTy — D; * X;52) (28)
Backward pass: LFy = Min(LS; + BN * x5, LF; + BN * x4, LS)) (29)

Free Float calculation:FFy; = Min(ST; + BN x5, FT; + BN * x;41, ST;) — FTy(30)

Figure 5. Case of a relationship with options FS and FF

The above equations indicate that the precedence relationship options can be
formulated with a help of binary variables and big numbers. When the binary variable that
represents the option selection is multiplied by other values, the result can be to keep or to
eliminate those values from the equations. Similarly, the product of the binary variable
multiplied by a big number and used together with the minimum function (Min()) can result
in a value relevant to the product that can be kept or eliminated as required. After that, all
these mathematical expressions of the model are formulated using common spreadsheet

software, Microsoft Excel 2010.

Genetic Algorithm based optimization

The Genetic Algorithm (GA) is selected as the solving algorithm of this model; it is
capable of handling both small and large sized optimization problems (Elbeltagi et al. 2005).
The solution variables are encoded as permutations of a string of integers. This string of
integers are the shifting times of all activities (S;) and the relationship option selections (Xj,.),
therefore, each individual string represents a valid and feasible solution. Given that each
relationship has no more than two options, only Xj,; (for option 1) is included in the string.

The total number of activities is equal to n.
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Individual: {S;, Sz, ..., i, Si+1 - » Sn X121, X131, or Xint X ynan1 - r X1}

The Genetic Algorithm begins from creating the initial population of some individuals.
Then these individuals evolve through many generations by the reproduction process
including the crossover and mutation procedures. In the crossover procedure, two healthy
individual parents are selected through the probabilistic roulette wheel based on the objective
function measure (Goldberg 2006). The two-point crossover is used. One point is chosen
randomly within the set of S; and the other point within the set of Xj,;. Then the genes of the
two parents are exchanged to produce two offspring. In the mutation procedure, any genes
of a chromosome (string) are ramdomly replaced by other valid genes to create a new mutant
offspring. After that, all these offspring are evaluated their fitness according to the objective
function. Some of them, which are infeasible or weak, are eliminated. Only healthy offspring

are kept to fullfill the population of the next generation.

During the model pretest, the suitable values for the GA parameters are determined
such as population size = 1000, the two-point crossover rate = 0.5, and the mutation rate =
0.1. The optimization stoping criterion is set to 50 generations. The GA based optimizatoin of

this model is implemented with VBA for Excel.
5. Model Verification

The proposed RLP with precedence relationship options is verified with two different
projects - small and large sized. Since the contribution of this research is the new breed of
the RLP, the benchmark problems are not available. However, the test instances are modified
from the previous researches (Liu and Wang 2008, El-Rayes and Jun 2009, Hegazy 1999). The
small project consists of 8 activities, whereas the large one consists of 23 activities. These
activities require different amounts of one common resource. The details of the small project

data are shown in Table 1.

Table 1. Small project data
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Activity Duration  Resource Option 1 IDreOIecessor(S())ption 2
(periods) (units) 1 > 3 1 > 3
A 6 8
B 8 9
C 12 5 A -
D 6 7 B FF:B
E 5 10 B -
F 6 9 C -
G 7 3 C D H SS:C - no:H
H 4 7 E -

The makespan of the small project is set as 25 periods. The average resource demand
is 15 unit per period. An activity can have up to three predecessors and each precedence
relationship can have no more than two options. There are a total of 8 relationships between
activities. Five of them have only relationship option 1, which is a Finish-to-Start (FS) type. And
three of them have the additional option 2 for alternative relationships: the Finish-to-Finish
relationship between Activity B and Activity D (represented by FF:B), the Start-to-Start
relationship between Activity C and Activity G (SS:C), and the No-relationship between Activity
H and Activity G (no:H).

Table 2. An example of time calculations for a schedule with relationships option 2

Xihm _
Activity Option 1 Option 2 Schedule time

1 2 3 1 2 3 Si ST FT LS LF TF FF

A 0O 0 6 0 6 0 0
B O 0o 8 7 15 7 0
C 0O 6 18 6 18 0 O
D 0 1 o 2 8 11 17 9 0
E 0O 8 13 15 20 7 0
F 0 18 24 18 24 0 O
G 0 0 1 1 0 8 15 17 24 9 9
H 0 13 17 20 24 7 7

The large project has much greater possibility to be leveled. Its makespan is 36 periods
and its average resource demand is 17.4 unit per period. There are 30 relationships and only

three of them have an alternative option 2. The large project data are shown in Table 3.
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Table 3. Large project data

. Predecessor(s)
Activity I(Dl:;?;:;)sr)] R(ejrc::f[g € Option 1 Option 2
) 1 2 3 1 2 3

A 7 3

B 2 4

C 3 6 A

D 6 5 A NO:A
E 3 2 A B

F 6 10 B

G 4 6 C

H 5 4 D

| 7 7 E F

J 5 11 G

K 7 3 G

L 6 2 G
M 5 10 H

N 6 6 I SS:l
O 1 12 L

P 3 8 K M N

Q 4 5 N

R 7 5 H

S 5 8 J O

T 2 3 (@) P

U 3 3 Q R

\ 7 6 S T FF:S
W 6 5 P U

First of all, the time calculation resulting from the proposed Equations (7)-(30) are
verified. Since the proposed model uses various types of relationships with options, the
calculation is complicated and needed to be verified whether it can provide the correct results
consistently. The solution variables are varied to arrange many different schedules. And then,
these time calculation results are compared with the ones from the conventional scheduling
software, Microsoft Project 2010. From many different settings of both small and large project
cases, the proposed model can give the same time calculation results as Microsoft Project
2010. Therefore, it implies that the proposed equations are correct. Table 2 shows an example

result of time calculations for the small project.

After that, the concept of the RLP model with precedence relationship options is
validated by comparing with the conventional RLP model. Mostly, the scheduling software
such as Microsoft Project 2010 has a feature of resource leveling. This tool is based on a

heuristic approach and results in one constant solution. Unlike the heuristic approach, the
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proposed model uses the GA based optimization with a large amount of feasible solutions to
search for the best one. The results may vary with different runtimes. The model is repeatedly

optimized for thirty runtimes to generalize the results.
6. Experimental Results

The results of the small project case are shown in Table 4. The solution variables
include the shifting time of all 8 activities (S;) and three relationship option 1 (Xj;). The
objecitive function index is My, and the other resource fluctuation indices are MRD, RRH, and
RID. The initial solution set before the resource leveling optimization is the as-soon-as-possible
schedule with all FS relationships and the value of (M) is 6237. The first test scenario is
that all relationships are FS without option. The model’s relationship option 1 (Xj,,) is set as
a constant = 1. The best solution from different runtimes reduces M, to 5971. Only Activity D
is shifted by 4 periods whereas the other activities stay the same. This implies that the initial
schedule is difficult to adjust or has little room for feasibly shifting. The second test scenario
is that the model has relationship options. The best solution shows that the schedule is
intensively adjusted. It prefers the relationship option 2 or the alternative relationships to the
default FS ones. As a result, many activities have more float time and can be shifted further
in order to stabilize the resource demand. It can reduce M, to 5767, which is better. If we
compare these two scenarios based on the same ideal resource demand which lies evenly
and horizontally at the average level (Mo = 5625), the first scenario gives 43.5% reduction

whereas the second gives a much more 76.8% reduction.

, (Mx)initial ~(Mx)best
%Reduction = x 100 31
% ctio Mx)initial ~Mx)ideal (31)

Table 4. Results of the small project case

Variables Initial  All FS without option ~ Relationships with options
solution Best solution Best solution
Sa 0 0 0

Se 0 0 0
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Sc
Sp
Se
Sk
Sc
SH
XbB1
Xael

P P, PO O OO O o
P P, P OO OO M Oo

O O O NMNO -, OO O

XgH1
My 6237 5971 5767
MRD 22 22 18
RRH 10 3 9
RID 13 14 a7

Table 5 displays the optimization results of the large project case. It has a total of 23
shifting time variables (S)) for each activity and three varibles of the relationship option 1 (Xj,.).
The GA based optimization is also set as the minimization of M,. The initial solution of (M, )yt
is 13642 and the best solution of M,, which is the first test scenario in which all FS relationships
without option are applied, is 12520. This scenario can give 41.8% reduction of M,, based on
the ideal resource demand of this case (M )geqt = 10955). In the second test scenario, the
relationships with options are applied. The best solution takes all alternative relationship
options 2 and employs more and longer shifting times than that of the first scenario. The
result is M, = 11208, which is a stagerring 90.8% reduction. This means that the best solution
can stabilize the resource demand very close to the horizontal average level. The maximum
resource demand (MRD) of the best solution decreases in the same direction as M, but neither
for RRH nor for RID. Histograms of the resource demand levels of these solutions are compared

and shown in Figure 6.

Table 5. Results of the large project case

Variables Initial All FS without option Relationships with options

solution Best solution Best solution
Sa 0 0 0
Ss 0 0 0
Sc 0 0 0
Sp 0 0 0
Se 0 0 1
Sk 0 0 0
Se 0 0 0
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Figure 6. Histograms of resource demand level of initial, scenario 1, and 2 solutions.

Although only some relationships can have an option, the optimal solutions mostly
prefer the option 2, which creates longer floats, to the option 1. In both sizes of the project
cases, it is indicated that floats are necessary for arranging an efficient resource utilization
schedule conforming to desirable shapes. Therefore, the proposed RLP model potentially

gives better results than the traditional one. Even if the results of RLP are problem dependent,
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the proposed model ensures that its results are definitely at least as good as that of the

traditional one.
7. Conclusions

The research reported on this paper is aimed to develop a new resource leveling
problem with a capability of precedence relationship options. Since one important task of
project management is to efficiently utilize sharable resources throughout the project
duration, the resource leveling problem receives attention of many researches. However, most
existing researches focus on the problem solving methodology, the performance metrices,
and the integration of resources while pay little regard to the precedence relationships. As a
result, The conventional RLP is constrained by the predefined relationships and the effective
resource utilization schedules may not be obtained. And various types of relationships have

not been used although they have direct impact on the flexibility of the schedule.

Hence, this research initiates precedence relationship options for the resource leveling
problem using Genetic Algorithm based optimization. Relationship options are included in a
set of solution variables, apart from the activities’ shifting times. Various relationship types
such as Finish-to-Start, Start-to-Start, Finish-to-Finish, with lag and lead time, and no-
relationship can be the alternatives for any preferred relationships as appropriate. Scheduling
time calculations need to be reformulated as indicated in the equations (7) to (30). The
resource fluctuation moment about time axis (M,) is used as the objective function that
stabilizes the resource demand to the average level. A constraint of this problem is set as the
prescribed project makespan. The proposed model is implemented with Excel and VBA code
for the GA based optimization process. Finally, the model is verified with small and large sized
projects. The results show that the RLP with relationship options give better schedules than
the one without relationship options. The options which create more float time are more
likely to be selected and then activities have greater room to be shifted; therefore, the
resource demand level can be more stabilized. This contribution leads to a new direction of
the project scheduling. This RLP with relationship options can assist the project managers in

practice when they have to adjust the schedule and to select a suitable type of relationships.

Future research efforts can be directed towards the application of some other special
time constraints such as the relationships with lag or lead time, as-soon-as-possible, as-late-

as-possible, must-start-on, must-finish-on, start-not-earlier-than, etc. This will generalize and
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enhance the applicability of the model to cover most practical types of precedence
relationships which can affect the resource demand level. In addition, the future development
can apply the concept of relationship options to other project scheduling problems such as
time-cost tradeoff, resource allocation, and cash-flow management since the preselected
precedence relationships have direct impact on the project schedule. Moreover, other
optimization algorithms such as particle swam and ant colony algorithms can be examined as

well.
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