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A Study on Project Scheduling under Multiple Resource
Constraints

Jeong-Hun Lee' - Pan-Sool Kim” - [I-Kyeong Moon’

"Postal & Logistics Technology Research Department, ETRI, Daejeon 305-700
*Kori Nuclear Power Site, Korea Hydro & Nuclear Power Co. LTD., Busan 619-177

3Department of Industrial Engineering, Pusan National University, Busan 609-735

The PERT/CPM are considered as the base procedures for the most successful project scheduling programs.
Unfortunately, it is not easy to apply these procedures to real-life projects. This is due to the fact that PERT/
CPM assume an infinite number of resources for each activity in project networks. Obviously, the completion
time under no constraints is less than when constraints are imposed. One way of approaching this problem is to
use heuristic solution techniques. In this paper, we present three heuristics; MRU (Maximum Resource Use)
rule, STU (Shortest Time Use) rule, MRUP (Max Resource Use and Period) rule for allocating resources to
activities of projects under multiple resource constraints. Comparisons of the project durations show that these
heuristic rules are superior to AG3 rule that has been widely used in practice (Elsayed and Boucher, 1994).
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(Resources Over Time)(Elsayed and Boucher, 1994), ACTIM(Acti-
vity Time)(Bedworth and Bailey, 1994) 52 %472 o] A}-&-5
I Aok o AL A O stol A e B AdA o 7 HES &
Zsto] 7183 Bedworth and Bailey(1994)$} Elsayed and Bou-
cher(1994)2] ¢12]E 3 breadth-first 7S 83 Nazareth
etal(1999)9] &g &o] 9lt},

O ZEAE ] JAA ol thgt ATl A= TETF A
< V0 ol ZRAEA AHGSE R 9Y ZEAE
A Z&E = dugEES st thoFd sl el of
S A7F EA g ch(Herroelen, 2005; Kriiger and Scholl, 2010;
Kumanan et al., 2006). 12} £ AT A& LA EH A9
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=< ok ok 2

7182 714
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At

2) ZRAENA Y 3 aFALH teAdS ¢
A 9l

3) 7 &5 A @] £
Fe otk S, A4 Hah AL gl

4 Ads A FA o

¢ 7|3

1) TNOW : A9 &3-& 3183t @A AlA

2) Duration : Zt &%9] 7|7t
3) TSTART : Azt Ago] B 5% FRElo] & 2198 g9
ste AA AA

4)TFIN : 2 &%59] 8k A7 & TSTARTS} Duration®] g

27 P AU
A 250l Bad A 27
e b5 #5055

5) Resource available :
6) Resource required :
7) Activities allowed :

2.1 9 2 A o

G A o st A 55 $AEeHE Aok YT U R
Ao IAA MO Z = ROT(Resources Over Time), ACTIM
(Activity Time), ACTRES(Activity Resources), TIMRES(Time and
Resources Combination), GENRES, TMROS <] 671417} Ut}

A, Elsayed(1982)« T LA o st A Z2AH E 9 7]
e HAR e SFES T3] 93 ROT(Resources Over
Time)& /NL3tGTh ES Il dd T/ Ade &
g3t7] 98] ROT 7122 Zhet, o= UWES Z4dA dA
50| 7 2 ROT §t2 2t 57 Z(critical path)E 2o},
Z g F ROT g= AN o, ROT Fhol & 2 2ol A
A& AR Uir A S &3 Aol o] o] E AR
GF&AEsto o] & 9 A E AST

E&H Brooks(1963)= @ ¥ AH9-& st WHOE ACTIM
(Activity Time)= AQFEAT o]= @A &5 Ats Ao
e FARE I, FAG FAAATS AN, o] 3
ol Z LAY E AL o].oq |2 gt LAY E AFESITH

AR, Bedworth(1973):= ACTRES(Activity Resources) 7] &<
7128 e dadgse MEsed, ol 4 59 ARt
I AL Fot @A FFollM 7HE 2 ACTRES #< Ze
FARE ZolA R 2 ACTRES k& AAeh o] Zho)
T Ml R Aot o] & 99 A = AT
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YA, Mason(1970) 7t &2 ACTIM3} ACTRES &< &
3}o] TIMRES(Time and Resources combination) %t 7314 ©]
fol E cAUE HEote o] F @7 AR Agste
eI R LI S e )

AR, Whitehouse and Brown(1979)2 TIMRES 7] A
3} ACTRES®] 7H5A1 & 2 7 942 Bear] 9
ETJJ} /‘L"(trade of) HE=E A Z & 7FA & Fo

< Wttt &, & 7]"6‘Z](W)E FH, O
(l-WH 75 A gh& Bl k= GENRES 718 <& Al ¢kt i,

A A, Nasr(1983)3 Elsayed and Nasr(1986)7‘3 ACROS S}
ACTIMS SA ol AH&317] 9] TMROS 7]12<S 7HdHé gt
{714 ACROS« @A &4 7H 2 A %ké Ze 74
EE Fopx Fad F X}OJ s AAET o] gho] E =4

§d3to] o] & FHEHE AT o]= ACTIM A
A3t Bl ek A, "]7}311"]"1] s Addte Zo] g2
th. TMROS+= ACTIMI} ACROSY EFJ} 4EHEE MZE
O& 7teA & sk 7ol

oM A 67FA G AdA ol e SHEHE
8l7] 95 T A A 7152 Khattab and Choob1neh(1991)°] A ﬂ
U&= B Aol 9A 7hds] Q.oFsHH <Table 1> 2T},
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Table 1. Summary of priority technique for single resource

constraint
Priority rule Reference
_ B
ROT(m, n) = max, Z — Elsayed(1982)
05JE P ];I
ACTIM(m, n) = max;, /;3 7 Brooks(1963)
ACTRES(m, n) = max,, ;, T, R; Bedworth(1973)
(VAR
TIMRES = (ACTRES )+ (ACTIM) Mason(1970)
GENRES = W+ (ACTRES)+ (1— W) - (ACTIM) |Whitehouse and
& 0< W< Brown(1979)
TMROS = W+ (ACROS)+(1— W) - (ACTIM) Nasr(1983)
(F0=W =<1 Elsayed and
ACROS(m, n) =max, 3, Nasr(1986)
(2¥) ‘mnk

ojm, Ry= BF jE dAsted 28 A 87, =
&% e 4asted B AT 8T P %o mn%E
G =5 moll A oA R E7bA o) pHA A A2l thg
59 AgE Yt

2.2 G A A %

T AAAG EAE BY AAA ko] BA R Bt
|2 ATHYY b AAA ke FAE E7) AP WS
e TRE A 2189 B ALA BAE 27 919 A8

N

S&sto] MEEHUAT tEA QA $1eF O E Bedworth and
Bailey(1994)$} Elsayed and Boucher(1994)7} 7}t ¢t &xe]s
s =29

Bedworth and Bailey(1994)= ACTIMS 01 f& o 2L A
ool Y& 479 Z2AE QA Y
& WEetgTh olW ACTIMS ]% F‘ olfr& o A
Aleko] Y& AAE AR A oFL dhtol7] wEol & 7H9
A ool A= 7o ZE WU OE AET o 7] WEol
T}, Elsayed and Boucher(1994)& & ZZ A E 9} B4 21U A
oo l= EAIE T A A ool A o W F 5kh<l TMROS
o] 34 JE) 2 eq. ACROSS}F ACTIM Abo] ol 7454 ()E -
ostel & £AE Aot HHS ded 22 4 ()2 o

ko] Al Alst A

AG3 = W(eq. ACROS) + (1—

(Fo<w<l

w)(AcTiv) (1)

o]7]o| A eq. ACROSE EA] EFo]A 2
1}%4 REARAN YR F TALE U H F

S Adet] ggehs AR A FolA MR E A #
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ez s
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eq. ACROS 9| AL W & A 47 A o & Astat
Bedworth and Bailey(1994)7} A Al g+ °L_T7_E] 2 A7 A Sk
FA d1eEoE AAE FEI] 1A Xt =3

O E9] 7 ACTIME T TMROS7} O] £2 2348 &%
Th(Elsayed and Boucher, 1994). Nazareth et al.(1999)] A<t
breadth-first 7152 AG3 7| FAS 7F5 X (O 5 AH&3t
At Aol o BFslr] o & =& Elsayed and
Boucher(1994)7F AN & L a1ej &3 th& Aol A A 3
THA AR e Rl n A Y &

=SSN

S e

3. v ARgAleF ) F o) AR

Elsayed and Boucher(1994)9] AG3 732 7}52 vttt 23
ol 2eA7] Wol, #A9 7heAE Aty ol i, Azt
o] ol Adtt =g, A 228 A A5 27149 H”ﬁ =
ne] A4 A& Ao, 1o met S It 3
2y 259 7 AU A A% FUH RS A o
1& PHES Aol BRaA L, 4 FEYES 2717t

T =tk "etA dstEs e Z"] HH A 7IHE FRY

S 78 F 9l B A 7] ¥ (heuristic technique)©] 7] ] of oF
g 287t 9l E}. wHekA T o] Ak A ool = Aol ARE
& e 37HA BA A 7 e AN

3.1 H 1) A Z-&(MRU; Max Resource Use) 7]'H

of 7IW 2 &FY $ACAE AT v AANHTNOW)el
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A &5 9 F Q7 AU (Resource required)?l] W3 7H5 A Re- & WA F Ak 7|E AT A FAH duFPFLR
source available)o] @i} BRGNS Th2 4 SResource  ACTIM 72 & Bo] o] &3l=H ACTIM 732 $4 &0
requlred/Resource available’d o] &35t 2 AL FHEE v S A ZA A5 E AZE w) Jhed v)E) o] S A
< 7l M 2ol e Ade M Bol BAR e A SR st /M 2 285 AEE MYt Hol
4oz AolA ol A /7 /M Bol BRAAE T8, EAIth STU 7ol tha AT BA = the3t 2
ol HUE It st A FAA HAA 7ol
MRU 7130l o1 A2 Sl T3t 2 WA 117 5] Bad 2 Al ) 2740l 2 A2
F99 P Adng Aed A9, wet Ay
A 17 EEo] 289 72 A 8 (resource type)2] &7 9A 22 7H
Aol 7+ A 39 7HeAYETG A A GA 2 277t AYOE ¥ M BEES AHAM T
o ek At w22 i 37hs & AR
A 2 27] 7He Ao R @9 TMed E5Es A E& 9A 3 E@9UHE %L%Oﬂ 1719 &Fo] EAATH, o] & &3
F7Hs B5 (activity allowed)S 2 A 3}, 3t 27 o]de] el E3VHs Bl A= W
A 3 @37k S5 179 &Fo] EARTH, o & &7 b5 S5 T HD Aol A= AS Addt
St 27) o] B5Eol 3Ute EFol AW ©A 4 HF Y rbEd 5 HH AZte] Z20H, ACTIM
=2 A 8ol ta e 74 FEE T ol et &3S dsin
B Resource required . 9A 5 @S Ao Yo, AAAH(TNOW)el A 7}
WA 4 e %:Besource avaijable #e Td A, 2 A7 85 $EAZHIFIN)S A HoZz Y1
e A fr3ol S E FATT 1 d AL ES oA 338t Al 3°§7}E}
Resource required @A 6 EF5EL o EUH /1 7 &5 4EATHE F
%:Besource avai(;zble aol ot A EdE F Ao 2y Ao Adgity
& 4= o1& 79, eq. ACROSO| we} 25 &
a1, ©A 602 7t} 5
s ﬂ};” g 7:”%6 X}Z 9417} svoeadsassy O Ao x}.% Z4 9 A9/7)ZMRUP; Max Resource Use
Yolsane e @ ge fEo ddueg g reed N
gk & 2] 7hs Aol 42t & o, 270 ¢ &5¢ MRUP 7]*{-& MRU 7]l 7 %Eﬂ 713bs Adete W
870 FaA 4ol 17h] B @7 AU 4 WOE MRU 7oA $4EH7 2 A ¥l &4 &5
2tal 7Hg s, & A9 EEolgts o £ EE ¢ ﬂﬂﬁﬁ4/ﬂﬂmwmwwmm%JH%%?ﬂ@°l&ﬂ
209 F5& WA AEg. AU E dF3e) ol MRU 71 o] S A $414 7]
A 6 &7HEE Aol gl FAAH (TNOW)A ‘ﬂo]a}‘ﬂ o] AIZtRAE aesto] Azte] AA AeHAME

g e B $EANZE (TFIN)S FAANLOE
Y, 31 Y AL ES A B sta, EA 30 R
2.

GA 7 F5E o] 2ud, M 1 E dEALE
#o] 2hg] $RAZEOZ HE BT,

filo
N

3.2 9 N7 B-8(STU; Shortest Time Use) 7]

o] 712 v A A OF shol A AZEo] Ha9 As A
THE T 2 S.E Bedworth and Bailey(1994)¢] ACTIM 73]
< ol &% o At ¢ Ee §8F Aol EF 9
g AS ACTIM #hol obd AlZto] 2 Aef= 2 5E ¢
A 3t ES sha ghef U Alzko] Zejd, ACTIM 73]
< AHEBES st sk AR T4 E B E 7ol o
= A4S Q%z‘s}j_ ¢ & Ado] Ja| et MrEE &
T UA ggete] AL Bol B8 4 FAT 7)3to]
Bol A= %owi A AA Z2AE kg AJTko] AolF

Aol go| I E = S5 FEF | E

71E 7ol A = Elsayed and Boucher(1994)7} AG3 7+4-& o]
atof AIZbE o] 8¢ ACTIM g3 A& ©] &3t eq. ACROS
Y VA (N)E ol &3t AR A (trade-off) HEE A
Sholl A A d A o] HA 7HEAE D& Aol o F
. Olﬂj A& Bgaty] Sl & dFolA = A 44 MRU
H G459 7| 285 e QFAES A 7
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resource available : 6, 8
(duration; resourcel, resource2)

Figure 1. Example of multiple resource network

A Elsayed and Boucher(1994)9] AG3 713 < ©] 43 &5
ASAEE T3] Yl O 22 HO R eq. ACROSSY
ACTIM #& 73t 859 459 & A

Zr Aol 3l 4,/5.5 A4S, resource 1 : 4,/S; = 6/23 =
0.26, resource 2 : A/S;=8/33 = 0.249} 231 2} &5 A4 &
Axkstd ofef o 2oh(d, 42 AL F3 rY T, 52
UEH IS ZE A2 A 73 rd £ 8749).

o

.. 1 2
acthlty 1-2= w“‘ wf 12.18
. 2 3
activity 1-3 = ——+——=20.19
4. 248 9 Bl gAY Y127 026 024
.. 3 4
activity 1-4 = ——+——=128.21
1 2R A Y 026 ' 024
. . activity 2-5 = L—F b _ 28.85
Elsayed and Boucher(1994)l| A &3] gk o] A <Figure 1> 026 024
network 3ol A AG3 F2& o] &5te] 85 $BATHE T 1 actvity 26 = 1+ 2= 93.72
I A2 LS 7192 MRU, STU, MRUP 71 9] &5 9484 '1 '4
Z_]_-% :rLéﬁ.E]_Ud <Table 2>9]' ZEL-Q-U%, :ILE}‘E HJ%‘% ﬂr%ﬂr 7ELE1F aCtiVity 3-5= 0.26 + 0.24 =20.51
Table 2. Comparison results of completion time among the heuristics
.. AG3
T Meuristic |y pu STU MRUP
Time W=0.0 W=023 W=0.5 W=0.7 W=1.0
Completion 48 54 54 52 56 54 54 51
time(day)
Table 3. eq. ACROS and ACTIM values for example
o eq. ACROS o ACTIM
Activity Activity
Value 0~100 Scale Value 0~100 Scale
1-2, 2-5, 5-7 73.40 96.21 1-2, 2-6, 6-7 27 93.10
1-3, 3-5, 5-7 73.07 95.78 1-3, 3-6, 6-7 28 96.55
1-4, 4-5, 5-7 76.29 100.00 1-4, 4-5, 5-6, 6-7 29 100.00
2-5, 5-7 61.22 80.25 2-5, 5-6, 6-7 22 75.86
2-6, 6-7 35.58 46.64 2-6, 6-7 24 82.76
3-5, 5-7 52.88 69.31 3-5, 5-6, 5-7 21 72.41
3-6, 6-7 27.89 36.56 3-6, 6-7 22 75.86
4-5, 5-7 48.08 63.02 4-5, 5-6, 5-7 20 68.97
5-6, 6-7 28.21 36.98 5-6, 6-7 12 41.38
5-7 32.37 4243 5-7 10 34.48
6-7 11.86 15.55 6-6 7 24.14
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activity 3-6 =
activity 4-5 =
activity 5-6 =
activity 5-7 =

activity 6-7 =

ret

ﬁ-ﬁ- ().zﬂ: 16.03
O?TGJF 0.%: 15.71
ﬁ‘f’ 0.%= 16.35
O.?)TGJF 0.5@= 32.37
&‘F O.ﬁ: 11.86

Table 4. AG3 value according to the weight

o
oXt
o

A 2e FY Lol AFH= 459 e ZF T

ELENEDE

3} eq. ACROSS} ACTIM #t-2 A4S <Table 3>3 221
<Table 3> MZ T2 7} A & AHE3t] S5 59 3he T3}
™ <Table 4>} 2t}

AE AL 4122 MRU 7|1 A48l 35 98
A 7H& <Table 5>l whe} Al4betd &5 s A|7ko] 48] B

o P
HERX

<Table 5> B TNOW = 091 M 7FsA o] A WA 24
T3 6012, 7 HA A 2 84 &7 M 5
1-2, 13, 1-47} S =], @2¢AE Ash7] 98 MRU 7]H ol
w2} 3 Resource required/Resource available 3-2 3 WA 24
T8 06/6(=1), 7 HA A FF-298(1.13)01th. F WA 7

Activity W =100 W=203 W =205 W =107 W =10
1-2 93.10 94.03 94.66 95.28 96.21
1-3 96.55 96.32 96.17 96.01 95.78
1-4 100.00 100.00 100.00 100.00 100.00
2-5 75.86 77.18 78.06 78.93 80.25
2-6 82.76 71.92 64.70 58.38 46.64
3-5 72.41 71.48 70.86 70.24 69.31
3-6 75.86 64.07 56.21 48.35 36.56
4-5 68.97 67.19 66.00 64.81 63.02
5-6 41.38 40.06 39.18 38.30 36.98
5-7 34.48 36.87 38.46 40.05 42.43
6-7 24.14 21.56 19.85 21.05 15.55
Table 5. Computational result of MRU heuristic for example
TNOW Activity Duration TSTART TFIN Resource Available Activities allowed Remarks
0 - - - - 6 8 1-2, 1-3, 1-4 (6, 9)6/6, 9/8
0 1-4 0 9 3 4
0 1-3 0 6 1 1
6 - - - - 3 4 1-2, 3-5, 3-6 (4, 8)4/3, 8/4
6 1-2 3 6 9 2 2
6 3-6 15 6 21 0 0
9 - - - - 4 6 2-5, 2-6, 3-5, 4-5 (9, 13)9/4, 13/6
9 4-5 8 9 17 1 5
9 3-5 9 9 18 0 1
17 - - - - 3 2
18 - - - - 4 6 2-5, 2-6 (5, 8)5/4, 8/6
18 2-5 10 18 28 3 0
21 - - - - 5 2 2-6
21 2-6 17 21 38 1 0
28 - - - - 2 6 5-6
28 5-6 5 28 33 1 3
33 - - - - 2 6
38 - - - - 6 8 5-7, 6-7 (5, 6)5/6, 6/8
38 5-7 10 38 48 3 3
38 6-7 7 38 45 1 2
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4 fFEel A HA A FPED ABE F HA A FF
%H%%—g— Folsld 1-4,1-3,129 <ol B2 WA &5 145
St &% 149 S7Ad2 A WA 2 fr¥o] 30|11
HA A o] 40|22 e Ade A HA A 73
%%34ﬂﬂ%m%%wsﬂﬁ?ﬂ
101# T HA AL F3o] 20| ER
ﬂitﬂ © Aol A WA A 3o
101‘3; 498 G550 §lof &
Mﬂt} th-of TNOW = 6914 715
301]*1 %%ﬁ A4 3 getA A WA A
F A AY F8E 4ol S M5B F S
2,35 36ﬂﬂ¢§%¢ﬁ§%4ﬂ%ﬂlﬁH6ﬂﬂ?
s Fetd A WA A F3o] 301, F HA A 1
o] 40]B& MRU 7| ©A 5°oll W2 &2 ALY 71 2
IO AN FPYEE T/ S0 tsd s g €
So| ML E Y E g B% 129368 St} 9ot ¢
S o E AYste RE SFEY Tgo] BUH, M 1
TFIN! 48U & H A 9 &Y HEA LR HE et
0502 F WA STU 718-S Ao 2 &3l <Table 6>0
mre} A4 E S5 FEAIZM] 4ol HE ¥ £ Qi
<Table 6>& EH TNOW = 09 M 7hAt42 A WA A4
TEZ 6011, 7 WA A L 8A &7 7t EFS
12,13, 1-47} 5 =], @A S Ast7] |l STU 713 o w

Table 6. Computational result of STU heuristic for example

E}%}EIZ 13, 1-4 T A

A HA AY 3L 50|, F A AU fH L 6olER
OO HG A S5 138 39eE dE A9e A HA

5 =
A frE & 301, 7 HA A FEE 30tk FF 149 &
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TNOW Activity Duration TSTART TFIN Resource Available Activities allowed
0 - - 6 8 1-2, 1-3, 14
0 1-2 3 0 3 5 6
0 1-3 6 0 6 3 3
3 - 4 5 1-4, 2-6
3 1-4 9 3 12 1 1
6 - 3 4 2-5, 3-6
6 3-5 9 6 15 2 0
12 - 5 4 2-6, 3-6, 4-5
12 4-5 8 12 20 2 3
12 3-6 15 12 27 0 1
15 - 1 5
20 - 4 6 2-5, 2-6
20 2-5 10 20 30 3 0
27 - 5 2 2-6
27 2-6 17 27 44 1 0
30 - 2 6 5-6, 5-7
30 5-6 5 30 35 1 3
35 - 2 6
44 - 6 8 5-7, 6-7
44 6-7 7 44 51 4 7
44 5-7 10 44 54 1 2
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Table 7. Computational result of MRUP heuristic for example

- [I-Kyeong Moon

TNOW Activity | Duration | TSTART TFIN | Resource Available Activities allowed Remarks
0 - 6 8 1-2(2/3), 1-3(3/6), 1-4(4/9) | (6, 9)6/6, 9/8
0 1-2 3 0 3 5 6
0 1-3 6 0 6 3 3
3 - 4 5 1-4(3/9), 2-6(4/17) (7, 6)7/4, 6/5
3 1-4 9 3 12 1 1
6 - 3 4 3-5(4/9), 3-6(2/15) (3, 6)3/3, 6/4
6 3-5 9 6 15 2 0
12 - 5 4 2-6(4/17), 3-6(2/15), 4-5(3/8) | (9, 5)9/5, 5/4
12 4-5 8 12 20 2 3
12 3-6 15 12 27 0 1
15 - 1 5
20 - 4 6 2-5(6/10), 2-6(2/17) (5, 8)5/4, 8/6
20 2-5 10 20 30 3 0
27 - 5 2 2-6
27 2-6 17 27 44 1 0
30 - 2 6 5-6
30 5-6 5 30 35 1 3
35 - 2 6
44 - 6 8 5-7(3/10), 6-7(2/7) (5, 6)5/6, 6/8
44 5-7 10 44 54 3 3
44 6-7 7 44 51 1 2
T A AL 58 x}°l/7l7P° T &5 12223(=067), € Z5EY o] BUH 7 2 TRING 54¥-& A9 &
5 132 3/6(— 5), 3% 1-4E 4/9(= 0.4 )OIE} ol oA &  YATARIOE HEgi)
T 129 23(=0.67)0] AY 2BZ 11 3% 128 934
5l 190 ©° X o _
300 ;Zo‘ﬁzfiixi}a;;}gﬂ j_]— WA % }_J; ! ]J_*:’;:?;%H IX:} 42824 §
T T o — = T~ A d \_ T s T
WA A F8 0] 60] EHo] FF 133 TFI EM B o)A A A MRU, STU, MRUP 7] Elsayed and
A& A WA ZPJ T8 3012, 7 A A FEE 301 Boucher(1994)9] AG3 23 Qo] & 2310 A o sl &
EYG TSSO BE &5 127 FEE W AA T AEAREE T3 A0l <Table 8> UEh 9lom AP A3
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Table 8. Comparison results of examples

£t 3} 2] vEhg,

Examples MRU STU MRUP AG3
W =20.0 W =203 W =205 w=20.7 w=1.0

Example 1 48 54 48 55 59 54 54 58
Example 2 50 53 50 55 55 54 55 55
Example 3 56 58 56 58 58 59 58 59
Example 4 82 87 82 87 82 88 88 88
Example 5 33 35 39 36 35 35 35 35
Example 6 30 31 30 30 30 32 29 30
Example 7 50 53 54 55 55 55 56 55
Example 8 55 52 52 56 54 56 56 56
Example 9 46 48 48 44 44 47 48 48
Example 10 37 37 37 34 37 34 37 37
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421 MRU 7|43} A3} ¥l 1

MRU 713} AG3 749 &< A Z vl s B AG3 73
O e 12 TS | 7 7hEA o ©E MRU 71" o] A3 3
< AG3 71 9] A3} 302 UrH <Table 9>9F 2t}

Table 9. Comparison results between MRU and AG3

Examples AGS

W=00| W=03 |[W=05|W=07|W=1.0
Example 1 | 0.873 0.814 0.889 0.889 0.827
Example 2 | 0.909 0.909 0.926 0.909 0.909
Example 3 | 0.966 0.966 0.949 0.966 0.949
Example 4 | 0.943 1.000 0.932 0.932 0.932
Example 5 | 0.917 0.943 0.943 0.943 0.943
Example 6 | 1.000 1.000 0.938 1.034 1.000
Example 7 | 0.909 0.909 0.909 0.893 0.909
Example 8 | 0.982 1.019 0.982 0.982 0.982
Example 9 | 1.045 1.045 0.979 0.958 0.958
Example 10| 1.088 1.000 1.088 1.000 1.000

MRU 7|H¢] £&& 2 MRU 71H 9 A3} 3S AG3 7
20 A3t gk O 2 UNE gk gk 09545 HtH] o] 11
O A& 202 yehon Aot 1.088, {42 0.814%
MRU 7] AG3 A RT H ¢ sitte A & F °‘E}
T3 AG3 139 7FE A oA example 1914 10744 9] &
SEA o] M A2 A T AAE FE2aU Fal Y A 74
3} MRU 7] ¢] A7} g+ v w39, (0.889+0.926+0.966+1.000
+0.943+1.000+0.909+1.019+1.045+1.088)/10 = 0.978 2 3 1] &

o] 1Rt} o8& MRU 7|} 0] AG3 #HT H $-5 3lth=
74 g o) 2= o]q_

42.2STU 71§34 A3 vl

STU 71" 3} AG3 T3 9] 2+& A& vas) BE AG3 712 9
HE 12 FUe w 74 75 wE STU WY A3 ge
AG3 729 A} 3o 2 4 <Table 10>3} 2t}

Table 10. Comparison results between STU and AG3

Examples AGS

W=00| WwW=03 [W=05| W=07 | W=1.0
Example 1| 0.982 0.915 1.000 1.000 0.931
Example 2 | 0.964 0.964 0.981 0.964 0.964
Example 3 | 1.000 1.000 0.983 1.000 0.983
Example 4 | 1.000 1.061 0.989 0.989 0.989
Example 5| 0.972 1.000 1.000 1.000 1.000
Example 6 | 1.033 1.033 0.969 1.069 1.033
Example 7 | 0.964 0.964 0.964 0.946 0.964
Example 8 | 0.929 0.963 0.929 0.929 0.929
Example 9 | 1.091 1.091 1.021 1.000 1.000
Example 10| 1.088 1.000 1.088 1.000 1.000

STU 7|¥ 2 £&& HH STU 719 23 3h-& AG3 112 9
ﬂf)r HOZE g B2 0.991 2 HFu]&o] 15T} A
ROZ Yepton Az 1.091, H &% 09152 STU
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AG3 749 7}E A ol A example 1914 10712 9] &5 ¢35
A 7kol 744 #& & A& FEauo] 8l v 213 STU
7183 A3h g vk, (1.000+0.981+1.000+1.061+1.000+
1.069+0.964+0.963+1.091+1.088)/10 = 1.022Z HFH]&0| 19|
ZAst DA 80 AG3THE F Hzdithe A&
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Table 11. Comparison results between MRUP and AG3

Examples AGS
W=00|W=03|W=05|W=07|W=1.0
Example 1 0.873 0.814 0.889 0.889 | 0.827
Example 2 | 0.909 0.909 0.926 0.909 | 0.909
Example 3 | 0.966 0.966 0.949 0.966 | 0.949
Example 4 | 0.943 1.000 0.932 0.932 | 0.932
Example 5 1.083 1.114 1.114 1.114 1.114
Example 6 1.000 1.000 0.938 1.034 | 1.000
Example 7 | 0.982 0.982 0.982 0.964 | 0.982
Example 8 | 0.929 0.963 0.929 0.929 | 0.929
Example 9 1.091 1.091 1.021 1.000 1.000
Example 10 | 1.088 1.000 1.088 1.000 | 1.000
MRUP 71" ] &&-& HH MRUP 7| 9] A3} 3 AG3 7

2ol A} FO 2 Urahd] a2 09772 HH&o] 112
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23 MRUP 7] 9] A23h-& vl a5t (0.889+0.926+0.966+
1.000+1.114+1.000+0.982+0.963+1.091+1.088)/10 = 1.002% 3
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Figure 2. Network for the valve stability test
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Table 12. Comparison results of completion time among the heuristics

Heuristic AG3
. MRU STU MRUP
Time w=10.0 W =20.5 w=1.0
Completion time(day) 65 59 65 65 73 63
Table 13. Comparison results according to the increase one unit
Heuristi AG3
, SUsEC ) MRU STU MRUP
Time W =10.0 W =20.5 W =1.0
R 1
, esouree 61 59 63 62 64 59
Completion 6—17
time(da R 2
(day) esouree 59 59 58 65 59 59
(5 —6)
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