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Step 11 W55 I Z 2 158 BRI TAERTA], Z@EAN Step 12, 7iE A\ Step 13;

Step 12 SUHTESS I Z1 3058 — R TAEIT AR (A, AR5 H T Atk, [H15] Step 7;

Step 13 {155 Hidk: (L5500 ERUE AT MY , IERAESS T 9 AR TSR ZI.
ZEREE R

Step 14 FIWE S i MK A R EL, 0 iEN Step 15, 1 /X[EIF] Step 9 Fll, 2
xR, ds AR T 7



Step 15 BT S5 1AT 55 i 23 [E], 3t \ Step 16 I Step 17;

Step 16 i [ itk X, FIBrE Sk X R SEES 5, 212 Step 9 M

Step 17 FIWr L2 52 E N, B “4u, e, S
A Step 18;

Step 18 A3 E A\ B. C Ml &Mmiimat, &REMEIES E, [Fl12] Step 7.

BUHLBELN £t bt
Ha (bay) B,

& “FFE” MIAESA

EBEA2-n N EE
R I 2 L L

Bl
t " T AR ol
: 4 A

AHERADT WAIE4E

i
h 4

PRk DA G
Hifir, IR RAEAL
B. CEAMMRIES

SR (£
A XA

A

la

B N AESSidt |
AEZ Y

)

FES BN R (E% 0yl
mtek s, kiemee| | ___
ZH I 22 U L4 B AT | - )

o CRIPAERID | qpsopmig i b

|
I AR AT 2
e—p ) HHTTH AL
I %)

AR A i 75 b

A\ 4

|

|

|

(e s
R R —HER R
T s
1 Q _________
Bl (£ Y ST
CYSTI N DT
SR R T e 4 i

)

& 15 ER

2

FeFEHIK

E55 1k 4 5
SR (7] R A IR

1H%2 i 12 Hbay
[E] BB N i B

fud

0k

v

TR AR5 U

I

i X

SR R
HWRESE

B 3 FHE SR RIRALE

4.5 (8RR 2: WE#F Pareto LICIER HIK i

28 SR RIS T IR B B A A 1 IR AR A B LR A 2R b EE,
HEDAL . 455 4.3 TSI b Pareto JLALERY,  DLAL IR 2% S Hema], AR sl
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R I 7] 6.(6, €[120,240]) , 13 EI5 AL Pareto fif . A T F-4R B HLFEXT NI 6, 18,
AR A =R L, — MR BEE, & NSGA-II H¥:, —J& MOEA/D H
%, RCRALT NSGA-I Hik. W12 K F B 5l ) 575 A NSGA-IT 53, BT SR ifiE
ERNE, #iardk.
4.5.1 MOEA/D E3ER R

MOEA/D & —MEE T Sms i 2 Bt AL 5k, e 24 Hbr @ see A B s,
SIS 5 ML JE, A AR A I 51 Pareto BV, SZI6RUE AR BT
NSGA-II[4].

e 2% 7J7ln]: MOEA/D S5k B — RIS HE JiIH, 5% 7 — ke XK
HAEREFMEK W R E, —BoRYFESE 5 Eﬁiﬁzi%ﬂqﬂﬁim&%

* 48J&: MOEA/D BEf¥ Lt NSGA-IT &% 5 i) — KA A w2 o )
FINTRBJE, SBJE AR5 HAAMATE H b5 2 8] b & sl 1 ——
MK A AT R RS THE E 5 5 HAR B AR5 1A v
HIR LA R & 2Tk, BUIT N AME N E SRS . 1E VI FIEE
MOEA/D Bk, FAME R 2R A SR kAT 5 B g
RRAL, TS G RA BT & R . SRR s B2 o
Herl DR S AR, R A B T 4ERE R 2 B " Rk
MOEA/D SR FI I 4 i .

Step 1 WI4AFIEE: X EVIUE Patero fREEEP =0, THHEATEM | UGBS S s
AN ik 2 1L AR BE S, BT T AR Al | l
B RIS A B BREPY TR — WA AR
/I\%%_;%‘)Jj-\ 7. BRT AR
Step 2 39 T i B A REALE I Py
Step 3 BAHLE RPN A0E, P2 A BT A, RUSEREI LA |
B AT R A
Step 4 EHZH AR JE o 41 RIXASH AR AME RIS — A H Ax it
PR B T 255 RO R H AR e B0 24T B o ( wn
Step 5 i 2| B RIEAIR BB fi A 15 11 50 W4yt Pareto fR4E,
BN HAT A 2. B 4 MOEA/D ¥ i A2

4.5.2 W B#F Pareto LILEEB AR RLE R

BEE MOEA/D BiEHIERIRECH 60, FhEER/NA T (—REE 7 AMEEM), EE
EAT 10 ¥k, 133 Pareto RV, B 5 fos.

BB 2 S EUCE R SO0 B AR R ¢ R« DARFRIR R R B RIS, fER
Wit —IL W E T 4 DR SE A& AL B. Cy E MRS Fah K. H
AR IR BL T B AR (B4 58 i TR T AR AR P ). AR NARE T R i
FERTVS AR ATV RE IR AR IR B, IR I AR R BRI B £

MR DL %2 3.

o L AR T, OEFEFZ RGNS . EREREAFHT,
BRI B bR R BUE, BIATSS 52 8] T FRAE R P28tk i/b, {H Z Bl im) sk
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W FE B B e K AR A AR o i B 2R G0 e HH It i 2% R Bl E e KX — AR
BAE—EMek.

o e XY P p s/ B, BIA B AR B B X e X 38T 45 58 B R] T A
Tt P A . FEARSEESH, Pareto BIVRIALME (ZLAIXIHD 1E XY ~F [ B X
W, WEREERERE A, UEH TSR R B TTAT M

o B rb il i A B R B IRONL T 1 R SRR G R AR R B AR EHFE . AT LUK IR A AL
Bl BB kA AR . XUER TR A RN 2
H x5 MOEA\D 1 LA AR I R i RS, 75 5 22 R AT 2 B it
AR, TR BIFEEEA R 25 (8] HR 1) Pareto BTV B -

theta_A vs T vs PL theta B vs T vs PL

220

200
1\1'

ki
180 ©
s

theta A

140 200

theta G

B 5 MOEA\D H- % fi% 13 49 Patero AT 5 fiF
Pareto HiIVff-FHiE I Bootstrap B4 FEFINEAR G B, — BUPERG G, 13 22 Pareto
e, WK 3 Fiass

BT 28 5% F I R 540 0 2%, T&’Hﬁmino.Sx;w.Sx%Jﬁ)ﬂﬂ, M 3 i T
L

AR TAE K 203.7 NS EHR B4 A, 123.5 /MR EHIIR B4 B, 169.7
N E IR C, 211.3 NS EHINR YR B, 4T85 F 252 ity 29.32 K,
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#3MOEA/D H %43 %] 444412 Pareto 2%

N N Y N N S N S N X‘,i/‘ VAN Mzil 27
MRS A WREEB WREEC WAL E E;Z; MR
F 0,  EHE G, EHEEG. O LT [ 0
29.32 0.000150
203.7 123.5 169.7 211.3
[28.95,29.75] [0.00000,0.00030]
29.45 0.000310
203.7 123.7 169.8 210.7
[29.05,29.82] [0.00000,0.00050]
29.41 0.000280
203.7 123.5 171.5 211.3
[29.00,29.80] [0.00000,0.00050]
29.43 0.000260
203.7 123.5 170 211.3
[29.05,29.81] [0.00000,0.00045]
29.40 0.000240
203.7 123.5 170 211.5

[29.02,29.78]  [0.00000,0.00042]
AR E ) TAE TR, BEEZRERREIAE, 52 8 NMetrI4 Rk 4 Fix.
%4 MOEA/D £ %4335 8 NGt 484%

T /R S/ P./%  PR,/%  YXB YXB, YXB, YXB,

299 92.49 0.0071 5.3732 0.725 0.585 0.718 0.787
5B 3 Mot SREENT
5.1 (8§ 3 B4

8] 7 3 ZZHF IS 7 AR SRR BE, AN PER TAE K9 < K <12) /N, [A RPN BEIR
IR — B e 2 o W S I KB CRAE /NI s/ N B ), ) sk AR -l
FritSH R 2 A 8 M EdR.

BAALI ¢ R
2N e l ______
/ ! | SR \ F 3
. |
/ \ | | gl
; . | BT S ER | +*
i \ |t || &
omas -
| Paretoffitt ( 6i, K . S [ .
A A i SRR |
: ! | [ !
! I I |
\ / | SRS :
| |

\\PL'/ ___________
i l_
K6 KMFA 3 a9k AIESR
o) 5 3 7 n) @ 2 SR A b, 3G — N BA, R TAER KRN K o N T 8K
A A ) — B MR B &, R PREEE| TAES], — R TAE 2K /NS o IR B bR AR,
8RS H b Pareto ALY, Bz a4 TAEREN 0~K, K ~2K o R FE
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MBENLEAEAAL, IIRR AR T 54 R8T B B . (H AR AR S, 3)
A S AT — A B SR

5.2 [B]f% 3: YW H#5 Pareto ILIREIRIEEIL
ARECT R 2, ) 3 AR H AR BB AR, R RAT S SR BT RE
by BIRAMEER PR E/DN; dsh— N &M, TAERHCH 12 /NSO K/, P
/NBASE TN AP BA . XUH Fi Pareto AL N -
minT , minP,

max end, ; <start,
i{A,B,C}

end; ; <start;,

ende ; +1, < min start.'k

trans — i
end, ; = start; ;+n X tiogt (19)

Ke[912] t

st

test—i, j

trans_05
={25,2,253} t
e{L2}, n

team

testl calib,i :{0511/311/3’2/3}

test i,] = 2
0 <[120,240], j <[1,100]
Ja 85 Patero RSEP RS 4.3.3 TiAHIHE .
5.3 [0]8f 3: YWWE#F Pareto LR BYRY K 2

Sl 2 AHE, 2T XCE AR (M3 SRR 7 A = MEh 25 P ok S m,
K F B B A AR S B MRS . BEAL AR A . SR TAETFRI L. feAk il
WG E I 9 /NN TAER K K, 15 2L Pareto fift. N 7 RS ACMEXT B 1)
18, HEHEMCERELF MOEA/D ik, REHES 5.5 YitAAE .

BE MOEA/D BiEMIERIRECH 60, FhEERINA T (—AREE 7 AMEEM), BEE
IZ4T 10 IRk, 153 Pareto RIWSARE, WK 7 (AEE NBEAE F N EHAS ) FE 8 (A& AT
W TAEWHE) Fion. Pareto BIVSHACAE (L0 A X)) 1E XY [ Fl w5 X e 3= EAE b fE
e B, B EFR R BRI S X 38 (DX 55 58 B 18] T ARG 2R P e f) o

“HEBUSET x HONK, yHORT . 2 #HCAP o R RRET, BUSFET . PLAH

JUPA, BAREF DA R, SANE 2R KAAESZE U BEECR A, A RE
A, UiBH MOEA 7E R il 25 [0 W TIR 2R, e &kl 35 i $k 2] 42 5 Pareto B
MR LG B, % Pareto BTV JLFEEEHAET =15,P, =0-F[i I, Vi Pareto Hj#

Xt K RS R, SRR RENE RS E R B 4 R R U
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theta B vs T vs PL

theta A vs T vs PL

oRTRTE

theta_E vs T vs PL

theta_C vs T vs PL

LR
A=4

B 7 MOEA\D H ik ## 4% 69X & £ 3) £ #%0F 19] 49 Patero A7 7

B 8 MOEA\D H ik #2364 88k TAE BT K 9 Patero AT % fd

%, 15 3F2 &) Pareto

i

Bootstrap FLfliAFABEAR IR — Eehk

i

Pareto Hi V5@

i 4E, WK 5 Fiw.
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%5 MOEA/D H %43 %] 44 441% Pareto 2%

Mk

Mk v

Mk

Mk v

518

PEKCT. SRR
A TEHE B RIS C K E BN fepik 5 p i ] P 195%Cl
6, 1 6, 1 6, 1] 6, K T[95%Cl] [95%Cl]
14.95 0.000120
182.3 142.3 134.3 170.8 12
[14.90,15.05] [0.000000,0.000250]
15.05 0.000300
182.3 128.5 134.3 153.5 12
[14.95,15.12]  [0.000000,0.000450]
15.02 0.000280
182.3 128.5 134.3 170.5 12
[14.93,15.11] [0.000000,0.000420]
15.06 0.000305
182.3 142.8 134.3 170.5 12
[14.96,15.14]  [0.000000,0.000460]
182.3 142.8 134.3 162.3 12 15.04 0.000267
‘ ' ' ‘ [14.95,15.13]  [0.000000,0.000430]
15.03 0.000246
182.3 142.8 134.3 170.3 12
[14.94,15.11] [0.000000,0.000400]
15.01 0.000245
182.3 142.8 134.3 170.2 12
[14.92,15.09] [0.000000,0.000380]

ﬂ%&%%&wﬁﬁﬁﬁﬁﬁ,@%mmmw%ﬂm»gﬁw,ﬁ¢%s¢ﬁéﬁ
L

NEMARE . AT P 52T E] A 14.95 /NN, BIRHEIFEN 0.000120%. TAEHHER]: 182.3
NI JE BRI SE A, 142.3 /NI %4 B, 134.3 /N JE B4R 1% 4% C,
170.8 /NN 5 BRI % E, BANPER TAEN KN 12 /N
IR TAE TR, EEZREEFRISAK, 53] 8 Metrmgh Rk 6 Fis.
#6 MOEA/D £ %43 %] 8 N4 it 4841

T/K
15.27

S /A
92.53

P /%
0.0073

P, /%
5.3877

YXB,
0.723

YXB,
0.584

YXB, YXB,
0.717  0.786

6 [B1RE 4: BURMESTSEWN

] 5 4 BRI ] 3 A A R 28 o AR AT 454 S et 1) T (s, B et
SHT, FEARHE AT Sh S 3 AR L
6.1 B

SR 4 BTS2 48 S 18 40T 10 A JEE T 900 D6 TR 55 R A R A st B — Al — 4 5%
S BT B R B 1) — PSR S T A o S5 2 e SO A A R O 1 K
AR S B b 2 X S TR 22 AR B R I /N B . S RBUA7 A %2 ol DR 2 e AR AT 454 5
FRH TR P AR B, A A B . AR K2R, 2 4A MR AT 4% 58 AT [ 45 e Ji
IR

ISR H AR [ (RIS i R 25 0k 3 2R S0 BT, 1 EDKEUE B AR M 4 W AN 2 2L 4
UBRNE S NT o AR RERIURE AT IX 53 T AR R %%
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o FHRLEERURZ 0 (4 DA ED: MR/ BABER TAERHA] K €[9,12],step 0.5+ ¥
FEH B 0e[120,240], step 20 (fRE UM &MHNKMHEED . MRXEHE
N €[2,5],step 1. WABZEHLE . <[15],step1 (BN ELFLEMFD.

o AR EERURZ AT 1 (4 MR ED: W R AR 7% F 6(=AB,C,E),
HAR 3R E.

o QIR EERURIZ 0 2 (4 MR ED: IR BE D 7 W N E Ny, (= AB,C,E),
HAR 3 NAERE .

AN A R R AT 55 576 BN TB] IR SE M SR AN ], A7 At 5030, A B HEZevE s, A1
AN, R AEREH A EAEA . HELRI KR AR LT 3 FhHgUsE 77
o7
(1) L EIH R $ (Standardized Regression Coefficients, SRC)

ARAEAL (A0 VT 2 B R A R AR PR PE R Bl Y XS AR B X KOG &, TR
H AR EFRAEA A LA R BT Y A MR e e 4 HAE I e AR BB AT,
NARE X BATARHEZ AR B Y (KR HE Z2 AR AL (R

B SR 4 7 ARk PR B 2 M R A T R A

p
Y=B+> B X +¢
j=1

. X . _
LRI X, = LV =Y e i, o MR R RN

~ P ~
Y=8+> BX +¢
j=1

St g = g, 250 s AL HE LI R B SRC.

Oy

SRC W5 R I J7 [a] IR~ 3 N2 4m A DR 2502 38 in st 1], 47 27 a2
RIS A] D s A0 R 2 5SS GBOCBE ZD . {H SRC REefE & X R, XomiELk
PEABUR . 4 SRC NENF, FIRE SR 750 N OC R I AR, 2 JE B 1 7 STk A
HAHE T o
(2) fFRAES< (Partial Rank Correlation Coefficient, PRCC)

PRCC eI e BN G, HEEMALE (A5 St (32
Ja) ZIRIMZ M mAH ¢ R 5. Bl R (rank) 8 T79E0 AR LR B AECH:, JRIE
o mAHIC” I ER AR, FrLlRelE RN ESHE, 2S5 mNN
BIFRR,

BB p M X, Xy, X FY o XD EM “FRARHR”, F20:

ij =rank(X;), R, =rank(Y)

XA, HIPTIRENE B o — R R [BHAE Ry X Ry B, BURZET,
TRMEERIHIER, X E R, BIH, HUZZT, . PRCC NikZ 51 i) Pearson HI5%
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PRCC HUHE[-1,1]1IX 18], ZEXHE KRR ESHAEE G HE S HUE 5 A7 7 R
KHR (EERRRIE KR, FUERRAIRBD R R KON, PRCC XtF
B AR o2 RATREIR I BRI . {H/Z PRCC R RAHIAN), &xR2IEHiE (F
s N EEJE BT, PRCC RIBEIE A YE), PRCC AJREMRAL B4 R
(3) EHN (level means) 5Z4r GAPRWEL)

SHEAN AT g BN EHUKE K, TFREZAKTE B Y °PE (EEeRF L
BT 44 B AE S 36 B0 rh FHBE NI/ SRR . 293 AK) =Y (k) =Y (k +1) TE RSB
k 38 21 k +1 1)~ 3512 BRu a5

F R FE N

#y (K) ~

Hrps, A Rk% T n, =k B4,
2 PRI E R SN -

ZY

seSy

S|

(Sq—

Ay (K) = gy (k) — 1y (K +1)

TR RSt B AR — N o o B IE AR AE IR 22, SR S 3 /K
2R KPR MR 1)) FRm EARAEIR 22, B et EARLE K25

Ixﬁfﬁﬂ%ﬁ%ﬁ‘@?ﬁ?kXTF“E’J?i’JJWJLJCHTI‘Eﬂo R Hh 2k R EIEE TP, Ul
A 38 ek 12 b UL 2t ——FdB e s K L|&”‘/J\ 1?7‘7‘225@4'5?32 P S E AR EDWUR B,
HHREZ A RERZE, %@H’JI%&FL_I LH, T5EAEE BN AT

g BATIR, bR =R @5/\1‘EEH$A?FHJ)\I%EXT?FHJ$$1H PER SR, (E A
R BEAFEA EAE A, BIN A R 1 43 #r——Moriss 777k
(4) Morris Tk E

Morris 77 VA% O AR R AE RN 25 (8] AR/ 22 5K 2 #% 51 (One-At-A-Time, OAT),
FIR R — M ANZ R, s, PIXERHFZE (elementary effects) 7F 75 [A]
EHREFES . XFERERE B ALE AT IS B R BUREHEY, M ReEd EE 195
HIORE B2 4 W FE 2R PR RN A8 B M A7 ALE

Morris B TS A FEAKRE . WA NKEIAZE X , R E AR LA B 2R
EALIXEI[0,1]0 FEIZIXIH] FHL p S50 WAE, SRVFHRUESE S N:

%€ X Morris KFELKN:

~2(p-1)
(AIE SRR 2 2 R 28 25 A5 7E Morris 50 LA 1R,
R SRR A RS EN IS HAT SRR B0 A R, — B k+1 MREAR
BE L LS R R A R T

et LA
X =X 1T+E((ZB—J)D+J)P
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IS AR BROERE X 4 KN N (k+D)k ;s D Nkxk FIXHAERE, HT e M2 E
FERTE BRI TR (+1,-1) s P N kxk I EBARE, TN & SO 0T, RIELE
B Y RIS G /N =

HEEN KRR E® 2T )G, TEASIGNTRMNEEME. P EFk+14, id
HE i NFEIY,,Y, Y, o ERUE B OB BOR R AR [ (1 P YEINFF), WX N i)
EE Jy:

EEJ(r) _ Yt _Yt—l

H ARRENS K, X — %P2 Ak N EE SIS R —A EE . (R KM,
| RAASE RA EEE{EEDP, - EE}.

fE Morris fieiE, mRCHEKMNEEN T, HARANENME 4, HRIMETE
TR T ARG E BN . 2 p ORI, 12738 B SR B 5 R 1 BE K

L1 E )
H; :E;"EE’( ) |

HIXRAARENIREE, EWNER RGN ERALNIEL . 24 o MORR, IEMZAL

SR RF R ALY o, I Bz AR s A AR & ok AR A2 BPE RS 1) ] Be 1 5K
1 & ; 2
o :\/R—_12(EE§ '~ ;)

WRAE Morris fiikik, v PUEEHSGHER DS EA R LWL, EARBTT
H1, Morris fRiEERE LMD BUKE A, 9D 264 T 1) SRC A1 PRCC 73
B, SRUECEINE RIS . AR BURE TR, TR E AR N ENAAE, DO
RLF AR B, B SRC A PRCC 70 &AL B KM, AFSMLE Morris i
6.2 PHERSEW

K B3R DU 7y A0 25 A 10 5 sHEAT T 1 ALKERL SR 2 B AN 2 ZEL A R
ST, AT RN .
6.2.1 AR E BN AR
6.2.1.1 &R

B A Morris HiERMRZANMREAES /P WEEE., KPEETH 4 MR
A &, W /N BABE RO O/E I K e[9,12],step 0.5 I ik % & A K
6 €[120,240],step 20 (fE¥ VYA Be &AL I KAHED . A& %& n ), €[2,5],step 1. Il
R &EMEE N, €[15] step 1 (RiZ VI EHEEFA R . Morris HER S5 REG WA,
w (S RORIED RN B REPIIEM I o RonSURIAEL I B, 450 mT
RHTR
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%7 Morris 77 k3 A N2 BT 2R

fabn u o
PER TAERS ] K 34.395 36.440
MR B I 0 1.500 1.979
MAEHED, 128.731 92.858
M1 2% B e 96.951 111.857

Morris 5445 H T BRSO B2 Jaxf b, JE2EH PRCC #1 SRC #—2 4k
520 7150 M« PRCC 2400745 & 5 %t TR AR AR ¢ (FEFE M AR s f5), A JEZR
PEDRIZR, (E A8 3B RO 156 B 42 Jay AR SRk, 1B S I AR B R H s (fE455¢
RIS E] D AR K, 5 1 B AR B K A8 AT 45 5€ R [R] A48 /N o SRC A2 K48 S b v AL I il 1
AR R SO TN AR & A 2 1T

%84 A4 B % &4 PRCC #= SRC £

fehr PRCC SRC
PER TAERS [H] K 0.0658 0.0303
MK 6 -0.0385 -0.0102
MK G4, -0.7732 -0.5954
MR BB EE Ny -0.6580 -0.5011
({H_Hm

R |
B9 AT ARBT K693 {E A0 X ] 244 41 B

B 10 &% 30 £ 30T KA EA X ] 248450 B
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B 11 MRS $0 9 fiAe [ 1 £ 42 71 8

{ I
B 12 MK A% &3S 69 348 Ao K 1) £ {A %t B

(1) BRSNS HRYE Morris 45 52 F1 PRCC DL % SRC 45, Mk & Fea it
T I B A FU AT 55 52 B TRD ) e EE B 1K) 2 IR T ABATTK) PRCC 5B A OE, =0k
FHHENIMNAR & Be B E BT se s 8] CEARSERD; FEH, ARAT SRC IR K, iE
A LR 28 P AU B 1 AR B 2

7E Morris ZATH,  pf ARK, IR RGUT 558 A Bk mite. JEH, Wi
1o FIFEIR R, i 2 3 BA R AEL M B8« @ H AR PR o] 24, 3G o it
WEANAE, KA 7REMIRERAENKREE, L5578 HEASHIRKREEK. R
FH 2400 & BB AN & RPN, A B8 Ri T 45 58 B T

MILBRIEERE N 2 K 2] 3 MR &, P 5E s T 2 92.36 /N, A HLD
WK, JE2ERIA PRI s IR W IR . fEUAT RS T, RSN 1 B8R
2 EHGRE RIS, 25 HIMEMILbRN SUR R, Ui AL 2 B f

(2) §952mA 2. HI4E Morris 45 521 PRCC LK SRC HI4E 5, /NN AR K Fni%
HZEHE MK E R, HAd /AT KGR, (R IR AR .

P35 1) PRCC Ml SRC #2808 T 0, R TAITE R G 2R RN, Higm
PN, BE ML WRITT BT X — 8, EEUENKRE, SR A S
BRI K AR, XS R R A48 0E BT B o 152 4% 32 3R H I A Be /N TAERT K
KUEAGUR, IR 3 RBUREE T EER T 0. 7R MEM TS H, aT AR E SR
KRB Ja ] L g3 A BB 24 5 /T SEVE S R, AN A& 4 R85 A [a] 2548
e,
6.2.1.2 AT BIRTHATHRIRREIN

A 1 B s AR . g B A, RN RSB 1 E] 2,
SPIATS5 58 B TRl 20 118.2 /B, 78 DU AR B0 4 7% 0] X R d R D e, ] DA
JE R BB A ) B KAk

A 2. BN G M . R 1 SRR b, EEARAE S A R AR ST
K se B Ta], FR B i & g, AT AR VT RCI A & R . IR e 2 5
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158 AZ B BT, ZEI 2 AN 1 Al AT A R U B AR e &R o (E3E It & B 4343 Tl
=8y N 1 1 5 W S = S R o e Y R L8 Ly T 1 R Wl R A == o [N e A L KA =

I 3 RN TAER K K B2 HE. @IS AL RS R, K X R
s, AHERE HAKR A B, JE2in] AR AR P= 2k B 5e s fE M, 78 s ak i Nl T it
K AE A THEK, 105 (8] 55, SHFHM, WEE K HEERA R fafdm:. 2
N AHEEEE ST Bk IR ), A0 SCik B aE BN 515 57 A5 g M HE T 1 1) K {H

B 4 KM EB T (6] B B SCHI ST ar a, IR 2% 1) 2 B B
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YL U AT 1 1 4 AN R SRR R SR K 6 (= A B,C,E), FrblA
o e g il e

%94 AT 24 PRCC 42 SRC & ¥
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Mg A K 0, -0.0151 -0.0178
MK % B A K 6, 0.0120 -0.0291
M C K 6, 0.0275 -0.0366
MAX& % E 8 I 0, -0.1059 -0.1740

M SRC 5 PRCC F, VU411 3538 t i KX A 58 T 1] (R 28 M ARk AH 5% 1
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B R
BisR A: STEMRTIER

F—— figsQ2/

| L—— theta surface progress.svg
F—— figsQ3/

| —— k scatter progress.svg

| F—— k scatter with gen.svg

| F—— k subplots_scatter.svg

| L—— theta surface progress.svg

F—— calc_static.py
—— data_source.py

F—— fig.py
e

F—— GA.py
SR

— Ql.py
—— Q2.py
—— Q3.py

F—— Q4 model.py

F—— Q4 test large.py

F—— Q4 test_replace_num.py
F—— Q4 test set num.py
F—— test_stack 2group.py
L—— test_stackV5.py

-—-- requirements

joblib==1.5.2
matplotlib==3.8.4
numpy==2.3.2
pandas==2.3.2
pymoo==0.6.1.5
SALib==1.5.1

scikit learn==1.7.1
scipy==1.16.1
statsmodels==0.14.5
tqdm==4.66.2

# Q2 Jr] FAH SR

# Q3 ] EAH R &

#Q2Q3 Gt i HARELR
# B R A FE AR B
# Q2Q3 LK IhREMR

# Wi L MOEA

#Q1 kb3
# Q2 AbFE
#Q3 kb3
#Q4 RGMIH RS
# Q4 FELR I
# Q4ABCE W& fi I
# Q4ABCE % ¥ &
#Q2 R E RS
#Q3 RGMI ARG
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MR B: EEIEF/RXENRE

#/E 2245 Windows 11 23H2(0S 22631.3447)

Y FE1E S : Python 3.9.19(AnacondaNavigator 1.9.7)
Y %% : PyCharm 2020.1(Professional -Edition)

IS I Code

o H B E

RASEE 1 RE 2 SBE RN R R

# test hall event v4 Kshift.p

# £ V4-fixed ;EEEHjJ:ﬂ/E& mﬁﬂ 2 NN E TAE, FAVNAIAE K /N GESRER D,
H o Y HU/J\MIJ%HT@TEU\EEBZ%U\Lﬁ G/,  WNZAT 4 TR A7 2455 7t
# JRAE N — AT GRS T CRSTERAN /N 18] 2 BEAT [ — 2D

import heapq

import random

import math

from collections import deque

from data source import *  # fREEVRIVINESEEIE IR
from QI import lambda vals # f&¥ Q1 %

PR Ao 'S o b D N
RANDOM SEED = 12345678
random.seed(RANDOM SEED)

q = {'A": 0.025, 'B" 0.03, 'C" 0.02, 'D'": 0.001}

= {'A" 0.03, B 0.04, ' 0.02, "E" 0.02}
REPLACE AT = {'A" 130 'B": 140 'C': 150, 'E": 160}
alpha = 0.5
leak = {k: e[k] * alpha for k in e}

R K (AN NATAERHS, BN
T EN 9.0 <= K <= 12.0 (UL 0.5 AHK)
K WORK HOURS = 12.0

PR NIRRT T E S o O S J—
def current team(now, K=K WORK HOURS):

a5 R T ANk 0 1 )
return int((now // K) % 2)

def team time elarsed(now K=K WORK HOURS):
mml_lEé{HU/ Iy\aj:,ﬁg% \/J\Bj- (7—‘ 0. K)uuu

return now % K

def team time remamm now, K=K WORK HOURS):

"R 8] 24T /NEA TR /\TﬁHHTIEU NI DR
return K - (now % K)

def next team start(now K=K WORK HOURS):
IEIT AN/ INBA TG Y 48565 B %) (éﬁu'J\MIJé%BTIETJFEI’JBTﬂ)
rem = team tlme remaining(now, K)
return now + rem

# wemmmmomeene R > hazard (PREFIRIECRAILAE D BEEIL) —-mmmmmeeeee-
def make hourly hazard(cum low, cum high):
if cum high < cum low:
cum high = cum low
sl = cum low / 120.0
s2 = (cum high - cum low) / 120.0
return sl, s2

equip hazard = {k: make hourly hazard(*equip cum([k]) for k in equip cum}
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def

def

def

class Equipment:

it (self, name, hazard rates, min run=120.0):
self.name = name
self.sl, self.s2 = hazard rates
self.usage = 0.0
self.min run = min run
self.replacements = 0
self.total calib time = 0.0
self.calibrated = False
self.pre calibrated = False

def cumf(self, u

"%'"%E“é%f %ﬁé&ﬁaﬁi@ﬁ F(u) (u = fl /NS )™
if u <= 0:
return 0.0
if u <= 120.0:
return min(1.0, self.sl * u)
if u <= 240.0:
return min(1.0, self.s1 * 120.0 + self.s2 * (u - 120.0))
# FELL 240h Emﬁﬁ/ P F) 240h DA, G AR RIHEH
# amlngﬁ BBSRE 1.0 (ol [l F(240)). iX HLEU max(F(240), 1.0) K R FLAd,
return

def prob fail during(self, duration):

nmn

THEAE YT usage (= selfusage) MUFEAN I, 42Tk duration /NBFPA & AR MR AR RBE 26 -
Jﬂﬁp %F[(usa]ge + duration) - F(usage)
et

nmn

cur = self.usage
end = cur + duration

# 47 end >= 240, HIEBEREIE 240h LI, R Z01HE (SEZEM AR

240 H wmm

= self.cumf(end)

# B R
if p <O0:
O 0

1.0

p =
if p >
p
return p

=l

def advance(self, dur):

self.usage += dur

def replace(self):

self.usage = 0.0
self.replacements += 1
self.calibrated = False
self.pre calibrated = False

P— C Ay L S —
class Event:

seq = 0

def init (self, time, callback, desc=""):

Event. seq += 1
self.time = time
self.callback = callback
self.desc = desc
self.seq = Event. seq
It (self, other):
if self.time == other.time:
return self.seq < other.seq
return self.time < other.time

class Simulator:

it (self):
self.now = 0.0

self.pq = []
self. debug = False

def schedule(self, time, callback, desc=""):

if time < self.now - le-9:
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raise RuntimeError(" /4> Hg 1V &1 25 [ ) [H]™)
ev = Event(time, callback, desc)
heapq.heappush(self.pq, ev)
def run(self):
while self Pq:
ev = heapq heappop(self.pq)
selfnow = ev.time
if self. debug:
print(f"[RUN] t={self.now:.2f} | {ev.desc}")
ev.callback(self.now)

# ________________ “{J'Z‘_’:“/\ ________________
class ResourceWithQueue:
def init (self, capacity):
self.capacity = capacity
self.available = capacity
self.queue = deque()
def request(self, retry cb):
if self.available > 0:
self.available = 1
return True
else:
self.queue.append(retry cb)
return False
def release(self, sim: Simulator, now):
self.available += 1
if self.queue:
cb = self.queue.popleft()
sim.schedule(now, cb, desc="resource retry™)

i Bay
class Bay:
def init (self, id, slots):
selfid = id

self.place taken = False
self.current dev = None
self.reserved incoming = None
self.slots capacity = slots
self.slots used = 0

PR E0 5 N0 Nt (P N
class TestHallEventV4 K:
def init (self, n devices=100, replace at=None, bay slots=BAY SLOTS, seced=None, verbos
e=True, K=K WORK HOURS):
if seed is not None:
random.seed(seed)
selfn = n devices
self.replace at = replace at
self.verbose = verbose
self K = K
self.sim = Simulator()
self.sim. debug = False
self.bays = [Bay(i, bay slots) for i in range(NUM BAYS)]
self .transport capacity = NUM BAYS
self.transport queue = deque()
self.groups = {g: ResourceWithQueue(l) for g in ['A', 'B', 'C', 'E']}
self.equip = {g: Equlpment(g, equip hazard[g]) for g in ['A' 'B' 'C, 'ET}
self.devices = [{'id" 1,
A gA': random.random() < q['A'],
'qB': random.random() < q['B']
'qC": random.random() < q['C'|
'qD": random.random() < q['D']} for i in range(self.n)]

self.next idx = 0

self.passed = 0

self.rejected = 0

self.completion times = []

self.false neg = 0

self.false pos = 0

self.tests count = {'A': 0, 'B": 0, 'C" 0, 'E": 0}
self.pending attempts = deque()
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def log(self, t, msg):
if self.verbose:
team = current team(t, self.K)
self name = f'[Team{team}]"
print(f"[ {t:.2f}h] {self name} {msg}")

def start(self):
# TiJG schedule bay_manager
self sim.schedule(0.0, self. bay manager step, desc="bay manager")
self.sim.run()

R Bay T HIZ A\ (FE K PARK) e
def bay manager step(self, t):
while self.next idx < self.n:
dev = self.devices[self.next idx]
chosen = None
for b in self.bays:
if b.reserved incoming is None:
chosen = b
break
if chosen is None:
break
chosen.reserved incoming = dev
selflog(t, 4% % {dev['id']} C.TZIZE] bay {chosen.id}")
self.next idx += 1
if not chosen.place taken:
self. request transport in for bay(dev, chosen, t)

def re uest transport in for bay(self, dev, b
R TR s R 1 Y T 2 5
rem = team time remaining(t, self.K) ‘
# R NATE A TRIAS A LA SERL transport_time, JUHEAT 235 T —/NAFF S
if transport time > rem:
ns = next team start(t, self.K)
self.log(t, f'transport B [AIAE (FR {rem:2f}h) > HIEE {dev[id]} WA
IRE| {ns:2flh")
N ) self.sim.schedule(ns, lambda now, d=dev, b=bay: self. request transport in for bay(d,
, NOw),
desc=f"deferred transport in dev{dev['id']} bay{bay.id}")
return

def start in(now, d=dev, b= bay)
self.transport capacity -= 1
self.log(now, fM3&H {d[ld]} HiHiz N\ bay {b.id} (transport f5H]) ")
end = now + transport_time # f£ K il TFIEFHFH R (CRERTHD
def on end(et, d=d, b=b):
self.transport capacity += 1
b.place taken = True
b.current dev = d
b.reserved incoming = None
self.log(et, M3EHE {d['id']} A bay {b.id}")
self. start device flow(d, b, et)
self.sim.schedule(end, on end, desc=f 'transport in end dev{d['id"]} bay{b.id}")

if self.transport capacity > 0:
| self.sim.schedule(t, start in, desc=f"start transport in dev{dev['id']} bay{bay.id}")
else:

self.transport queue. append((dev bay, False))

selflog(t, f"transport jifi, Z%E {dev['id']} iZ AHEP\ bay {bay.id}")

Hoommmmee- Swap ----------
def start swap(self, now, incoming dev, bay):
rem = team time remaining(now, self.K)
if transport time > rem:
ns = next team start(now, self.K)
self.log(now, f'swap If[HIANE > H#ER swap #| {ns:2fth  (bay {bay.id}) ")
b) self.sim.schedule(ns, lambda now2, inc=incoming dev, b=bay: self. start swap(now2, i
nc, b),

desc=f"deferred swap bay{bay.id}")
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")

nc, b),

b),

g['id']}")

W),

return
if self.transport capacity <= 0:
self.transport queue.append((incoming dev, bay, True))
self.log(now, f'swap # T transport, A }\ bay {bay.id}")
return
self.transport capacity = 1
self.log(now, f'bay {bay.id} Jt4h swap CHrix#3%E {incoming dev['id']} HA) ")
end = now + transport time
def on swap end(et, inc=incoming dev, b=bay):
self.transport capacity += 1
old = b.current dev
if old is not None:
self log(et, f'bay {b.id} [H#¥E {old[id]} Cizti (swap) ")
b.current dev = inc
b.reserved incoming = None
b.place taken = True
self.log(et, f'bay {b.id} Hrik# {inc[id']} CLAL (swap FERK) ")
self. start device flow(inc, b, et)
self.sim.schedule(end, on swap end, desc=f"swap end bay{bay.id} inc{incoming dev['id"]}

------- KRB (LA swap)  —-eeeeeee-
equest transport out(self, dev, bay, t):
fih % bay manager U\R—IHH};EHU%\Z’JT HRE
self. bay manager step(t)
if bay.reserved incoming:
Incoming = bay.reserved incomi g\
# A _swap WA, HER] AN /NBA GREG 25 /INBA 43 Bz B
rem = team time remaining(t, self K)
if transport time > rem:
ns = next team start(t, self.K)
selflog(t, f"swap Hf[EANE > H#EIR swap #| {ns:2fth (bay {bay.id}) ")
self.sim.schedule(ns, lambda now?2, inc=incoming, b=bay: self. start swap(now2, i

desc=f"deferred swap at out bay{bay.id}")
return
if self.transport capacity > 0:
self.sim.schedule(t, lambda now, inc=incoming, b=bay: self. start swap(now, inc,

| desc=f"start swap at out bay{bay.id} inc{incoming['id']}")
else:

self.transport queue.append((incoming, ba!g True))

selflog(t, f"swap ARN (%fF transport Z5f7) bay {bay.id} incoming {incomin

return

# il out Sk Ae M AesE Rl /AN SERK transport)

rem = team time remaining(t, self.K)

if transport time > rem:
ns = next team start(t, self.K)
self.log(t, f'transport out IF[A] A2 (RIAR {rem:2fjh) > HEIRF] {ns:2f}h")
self.sim.schedule(ns, lambda now, d=dev, b=bay: self. request transport out(d, b, no

desc=f"deferred transport out dev{dev['id']} bay{bay.id}")
return

def start out(now, d=dev, b=bay):
if self.transport capacity > 0:
self.transport ¢ Pamty =
self.log(now, f2%H {d['ld'} His @Iz bay {b.id} (transport &) ")
end = now + transport time
def on out end(et, d=d, b=b):
self.transport capacity += 1
b.place taken = False
b.current dev = None
selflog(et, "3 E {d['id']} Ciat bay {b.id}")
self.completion times.append(et)
if b.reserved incoming:
self. request transport in for bay(b.reserved incoming, b, et)
self. drain pending and try(et)
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self.sim.schedule(et, self. bay manager step, desc="bay manager trigger after
out")

")

self.sim.schedule(end, on out end, desc=f"transport out end dev{d['id']} bay{b.id}

else:
self.transport queue.append((dev, bay, False))
self.log(now, f'transport i, ZEE {dev['id']} i&HHEBA bay {bay.id}")

self.sim.schedule(t, start out, desc=f"start transport out dev{dev['id']} bay{bay.id}")

R BB bay FIMHRATEAN —oomeeee
def start device flow(self, dev, bay, t):
selflog(t, 25 E {dev['id]} HEA bay {bayid}, & A/B/C BHIRZEA"
dev state = {'dev": dev,
'‘bay": bay,
‘attempt counts": {'A". 0, B 0, 'C": 0, 'E": 0},
'results”: {'A": None, 'B" None, 'C'": None},
‘eliminated': False}
for g in ['A', 'B', 'C'":
self. initiate subtest attempt(dev state, g, t)

PR R SN T QN N RT) —
def do calibration if needed(self, g, dev state, now, on done):
eq = self.equip[g]
if eq.calibrated:
on done(now)
return
rem = team time remaining(now, s
# HU/J\MIJ%HTIEUTEHEEBZ&/E MIFEALHEHE R T — AN/ BA
if calib time[g] > rem:
ns = next team start(now, self.K)
selflog(now, f'{g} B IRFHEHEIR S| {ns:2f'h (/NAFEIR {rem:2fth ANE) ")
done) self.sim.schedule(ns, lambda now2: self. do calibration if needed(g, dev state, now2,
on done),
desc=f"deferred initial calib {g} dev{dev state['dev']['id']}")
return

def start cahb(now2 g local=g, ds=dev state)
if self. groups loca1] available <= 0:
# H TALATR, )\M}WEFEW
self.pending attempts.append(lambda now3, g local=g local, ds=ds: start calib(no
w3, g local, ds))
return
# AT
self.groups[g local].request(lambda now3: self. pending attempt retry(now3))
eq local = self.equip[g local]
if not eq local.calibrated:
eq local.calibrated = True
self.log(now2, f"{g local} HKKHEI 4R ({calib_time[g local]:.2f}h) ")
eq local.total calib time += calib time[g local]
end = now2 + calib time[g local]
else:
end = now2

def on end(ct, g local=g local):
self. groups[g local].release(self.sim, ct)
self. drain pending and try(ct)
self.log(ct, f"{g local} é@(ﬁ&?ﬁ%)ﬁ")
on done(ct)

self.sim.schedule(end, on end, desc=f"initial calib end {g local} dev{dev state['dev']['i

dl]}")
self.sim.schedule(now, start calib, desc=f"try initial calib {g} dev{dev state['dev']['id']}")

PR FRREAE 25N RIS T AN oo
def initiate subtest attempt(self, dev state, group, t):

dev = dev state['dev']|

rem = team time remaining(t, self.K)

if test time[group] > rem:
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ns = next team start(t, self.K)

self.log(t, £ 214 /N A6 43 B T AR S A 52 il {group} MK (FlEK {rem:2fih), FEIRF

{ns:.2f}h")

self.sim.schedule(ns, lambda now, ds=dev state, g=group: self. initiate subtest attempt
(ds, g, now),

desc=f"deferred subtest {group} dev{dev['id}")

return

def after calib(now after):
self.sim.schedule(now after,
lambda now2, ds=dev state, g=group: self. attempt allocate and
execute(now?, ds, g),
desc=f"post calib try {group} dev{dev[id']}")
self. do calibration if needed(group, dev state, t, after calib)

PR AT — TR BB TN — KR e
def attempt allocate and execute(self, now, dev state, group):
dev = dev state['dev']
bay = dev state['bay’']
rem = team time remaining(now, self.K)
if test tlme[group] > rem:
ns = next team start(now, s

K)
self.log(now, f'[EEA ] ZIK/J\METIETJTEU\#MT {group} CEIL {rem:2f}h), HEEF

self.sim.schedule(ns, lambda now2, ds=dev state, g=group: self. initiate subtest attemp
t(ds, g, now2),

{ns:.2f}h")

desc=f"deferred check subtest {group} dev{dev['id'T}")
return
if self.groups[group].available <= 0 or bay.slots used >= bay.slots capacity:
self.pending attempts.append(
lambda now inner, ds=dev state, g=group: self. attempt allocate and execute(now
inner, ds, g))
return
# GHATAIE bay slot
self.groups[group].request(lambda now inner: self. pending attempt retry(now inner))
bay.slots used += 1
self.log(now, f'bay {bay.id} fiH {group}, FiH—IkZEiA (usage={self.equip[group].usag
e:.2fth) ")
eq = self.equip[group]
p fail = eq.prob fail durmg(test time[group])
if random. random(? p fai i ‘ .
# R AR I ﬁlj\]*[i% BURAE R oV 24 B ATk 24 A /N PR
frac = random.random()
fail work = test time[group] * frac
fail time = now + fail work
def on fail(ft, ds=dev state, g=group, fw=fail work):
eq.advance(fw) X L
self.log(ft, f'bay {bay.id} {g} WXFHkE > it
eq.replace()
# O TR LSRR HE N TR], A /) AR AR I TR)AS & AT B 44 3 R — /N BA
rem2 = team time remaining(ft, self.K)
if calib time[g] > rem2:
ns = next team start(ft, self.K) o
selflog(ft, f'{g} BEHAHAENAIAE > HEIRKHES] {ns:2f}h")

self.sim.schedule(ns, lambda now2, ds=ds, g=g: self. on attempt aborted(now

2, ds, g),
desc=f"deferred calib after fail {g} dev{ds['dev']['id'l}")
# ORI CFRIERE) V4 1858, WIS SBIEH S slot)
self.groups[g].release(self.sim, ft)
bay.slots used = 1
return
else: L i L
# 1RSI /NN FE R Rl (FE B 3 e 22 kD
def after calib(ct):
self.groups|[g].release(self.sim, ct)
bay.slots used = 1
self.sim.schedule(ct, lambda now2, ds=ds, g=g: self. on attempt aborted
(now2, ds, g),

desc=f"retry after aborted {g} dev{ds['dev']['id']}")
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A1) self.sim.schedule(ft, after calib, desc=f"calib end after fail {g}! dev{ds['dev']['
1 |'| n

d} H)

self.sim.schedule(fail time, on fail, desc=f"fail event {group} dev{dev['id"]} bay{bay.i

else:
end time = now + test time[group]
def on success(et, ds=dev state, g=group):
eg.advance(test time[g]) ) ) )
self.log(et, f'bay {bay.id} 5/ {g} Wik (KT usage={eq.usage: 2f}h")
def release(t2):
self.groups[g].release(self.sim, t2)
bay.slots used =
flag = self. on attempt success(t2, ds,

)
ot fag &4 e T g Gl SO

else: # %?ﬁ?@ i
self. drain pending and try(t2)
self. handle success and maybe replace(eq, g, et, release, bay, ds)
self.sim.schedule(end time, on success, desc=f"success event {group} dev{dev['id']} b

ay{bay.id}")
R JEiiRs VS E S ) —

def handle success and maybe replace(self, eq, group, end time, release, bay, dev state):
if eq.usage >= self.replace at[group| and eq.usage >= eq.min run:
self.log(end time, f'bay {bay.id} {group} X rik%|Hi1 FIR {self.replace_at[group]}
h Usage:{eq. usage}h -> %Tﬁ%")
eq.replace N i )
# %Tﬁ&ﬁﬁﬁﬁ&/ﬁﬁf ELE 24 1 /) BA 58 BN HE R TR AN /N BA
rem = team time remaining(end time, self.K)
if calib time[group] > rem:
eq.calibrated = True
ns = next team start(end time, self.K) + calib time[group]
self.log(end time, f'{group} post-replace FZ/HEMEIER] {ns:2f}h")
self.sim.schedule(ns, lambda now2: release(now2), desc=f"deferred post calib {gr

oup}")
else:
ct = end time + calib time[group]
eq.total calib time += calib time[group]
eq.calibrated = True
self.log(end_time, f"{group} ##)5 EREHEI 4G ({calib_time[group]:2f}h) ")
N self.sim. schedule(ct lambda now2: release(now2), desc=f"post calib end {group}
elif eq.usage >= 240.0:
self.log(end time, f"bay {bay.id} {group} f##HXZ| 240h > 5miHi|E ")
eq. replace()
rem = team time remaining(end time, self.K)
if cahb time[group] > rem:
eq. cahbrated = True
ns = next team start(end time, selfK) + calib time[group]
self.log(end_time, f'{group} A RHEHEIR B {ns:.2fTh")
i self.sim. schedule(ns lambda now2: release(now2), desc=f"deferred force calib {gr
oup "
else:
ct = end time + calib time[group]
eq.calibrated = True
eq.total calib time += calib time[group]
N self.sim.schedule(ct, lambda now2: release(now2), desc=f"force calib end {group}
else:
release(end time)
L pending retry ----------

def pending attempt retry(self, now):
self. drain pending and try(now)

def drain pending and try(self, now):
max iter = max(50, len(self.pending attempts))
for in range(min(max iter, len(self.pending attempts))):
cb = self.pending attempts.popleft()
cb(now)
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R PRI oo
def on attempt aborted(self, t, dev state, group): - . ) \
selflog(t, "% & {dev state['dev'['id']} I {group} ZZiA#HWrakit)s, ZHEERK")

self.sim.schedule(t, lambda now, ds=dev state, g=group: self. initiate subtest attempt(ds, g,
desc=f"retry after aborted {group} dev{dev state['dev']['id']}")
T P —

def on attempt success(self, t, dev state, group):
dev = dev state['dev'|
bay = dev state['bay']
g = group
self.tests count[g] += 1
if dev['q' + gI:
if random.random() < leak[g]:
dev state['results'][g] = 'pass hidden'
| selflog(t, "3 HE {dev[iid']} £ {g} JWH (Fag@d) ")
else:
dev state['attempt counts'|[g] += 1
self.log(t, "3 HE {dev['id']} 7& {g} HAiH (attempts={dev state['attempt counts']
[211)")
if dev state['attempt counts'][g] >= 2: o
selflog(t f"igﬁ {dev['id]} 7E T {g} SRR > VEIR™)
self. elim device(dev state,

t)
return True # True 1S Ja 453 Fi#6 5 4T 4% iih
self.sim.schedule(t, lambda now, ds=dev state, g=g: self. initiate subtest atte

desc=f"retry detected devidevlidT"
return False # False 1%%%}:% Wﬁ(j_ec ¢ &g% ev{dev['id']}")
else: 5

if random.random() < e[g] * 0.5:
self.false pos += 1
dev state['attempt counts'][g] += 1
self.log(t, f"3¢ & {dev['id]} £ {g} ®H (attempts={dev_state['attempt_counts']

else:

mpt(ds, g, now),

[g]H)")
if dev state['attem %Et counts'|[g] >=

MH%GF E{mwmnﬁzg}mﬂﬁu->mmw

self. elim device(dev state, t)

return True
else:
self.sim.schedule(t, lambda now, ds=dev state, g=g: self. initiate subtest atte
mpt(ds, g, now),
desc=f"retry mis {g} dev{dev['id']}")
return False
else:
dev state['results'][g] = 'pass'

selflog(t, f"3&E {dev['ld]} T {g} %U;ELJ_")

gifll (111101(116 = all(dev state['results'].get(x) in ('pass', 'pass hidden') for x in ['A', 'B', 'C'])
if all done:

self.log(t, "3 & {dev[id]} =M TEMK, AEFRLZLENME EY)

self. do calibration if needed('E', dev state, t,

lambda now, ds=dev state: self. start comprehensi

ve(ds, now))

return True
else:

return True

R oS o p—
def start comprehensive(self, dev state, t):
dev = dev state['dev']
bay = dev state['bay']
rem = team time remaining(t, self.K)
if test time['E'] > rem:
ns = next team start(t, selfK) X )
self.log(t, M3EE {dev[id']} E MIRA/NBARAIAZE (FR {rem:2f}h), H#HERZE] {n

self.sim.schedule(ns, lambda now, ds=dev state: self. start comprehensive(ds, now),

s:.2fth'™)
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desc=f"deferred E dev{dev[id']}")
return

selflog(t, M3 & {dev[id]} E MIAHE—k22ik  (usage={self.equip['E'].usage:.2f}h) " )
def start E(now):
if self.gggups[‘E’].available <= 0 or bay.slots used >= bay.slots capacity:
%
self.pending attempts.append(lambda now inner, ds = dev state: self. start compr
ehensive(ds, now inner))
return
self.groups['E'].request(lambda now inner: self. pending attempt retry(now inner))
bay.slots used += 1
eq = self.equip['E']
p fail = eq.prob fail during(test time['E'])
if random.random() < p fail:
frac = random.random()
fail work = test time['E'l * frac
fail time = now + fail work
def on fail(ft):
eqg.advance(fail work)
selflog(ft, f'E E{WJWEPE&BE > Bt
eq.replace()
eq.total calib time += calib time['E']
rem2 = team time remaining(ft, self.K)
if calib time['E'] > rem2:
ns = next team start(ft, self.K) )
selflog(ft, M"'E & /G RAERN HAE > HEIRH] {ns:.2f}h")
self.sim.schedule(ns, lambda now2, ds=dev state: self. start comprehensi
ve(ds, now2),
desc=f"deferred E retry after fail dev{dev['id}")
self.groups|['E'"].release(self.sim, ft)
bay.slots used = 1
# self. drain pending and try(ft)
return
else:
calib end = ft + calib time['E"]
def after calib(ct):
self.groups['E'].release(self.sim, ct)
bay.slots used = 1
# self. drain pending and try(ct)
self.sim.schedule(ct, lambda now2, ds=dev state: self. start compre
hensive(ds, now2),
desc=f"retry E after fail dev{dev['id']}")
self.sim.schedule(calib end, after calib, desc=f"E calib end after fail de
v{dev['id"}")
| self.sim.schedule(fail time, on fail, desc=f"E fail dev{dev['id"]}")
else:
end time = now + test time['E']
def on success(et):
eqg.advance(test time['E'])
self.tests count['E'] += 1
def release and handle(t2):
self.groups['E'].release(self.sim, t2)
bay.slots used = 1
flag = self. handle E result(t2, dev state)

if not ﬂag # AEPIE G, AR GEd e IO

else: # @?ﬁ?ﬁ apiich
self. drain pending and try(t2)
self. handle success and maybe replace(eq, 'E', et, release and handle, bay,
dev state)
self.sim.schedule(end time, on success, desc=f"E success dev{dev['id"]}")
self.sim.schedule(t, start E, desc=f"try start E dev{dev['id"]}")

def handle E result(self, t, dev state):
dev = dev state['dev']
bay = dev state['bay’]

hiddenA = (dev state['results'].get('A') == 'pass hidden')
hiddenB = (dev state['results'].get('B') == 'pass hidden")
hiddenC = (dev state['results'].get('C') == 'pass hidden")
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actual problem = hiddenA or hiddenB or hiddenC or dev['qD']
TE L LSRR R (SRR ihE)

1f actual problem:

# WA CRMARIESEHED > P NRAGET I ERRFOES (BRI

if random. random() < leak['E']:
self.false ne%
self.log(t, f‘%ﬁ {dev[ld } E IRAISERRE > HPAEE GRHED ")
self. finalize pass(t, dev state)
| return True
else:
# IRk GRS > 1 E IR (5 A/B/IC AAERRFE—F0D
dev state['attempt counts']['E'] += 1
cnt = dev state['attempt counts'|['E']
selflog(t, M3 #E {dev[id]} E fH i@ (attempts E={cnt}) ")
if cnt >= 2:
# B G > IR
selflog(t, "4 E {dev['id]} #£ E EZEMIRAEHK > HWIK"
self. elim device(dev state, t)
return True

BN ZHEN B CRELBREAT T RS0
) self.sim.schedule(t, lambda now, ds=dev state: self. start comprehensive(ds,
now),
desc=f"retest E after detect dev{dev['id"]}")
return False

# 152 ESILM M (K&EARSIEHE)
SE.
#OARH CHRBSFNRED > iHRRAg, H4E B R

if random.random() < ¢['E'l * 0.5:

self.false pos += 1

dev state['attempt counts'|['E'l += 1

cnt = dev state['attempt counts’][E%

selflog(t, %% & {dev['id]} E #¥#| (attempts E={cnt}) ")

if cnt >= 2:
#OBESIGRA] > IR
selflog(t, '35 ® (dev['id]} 7£ E RFIELMK > HIK"
self. elim device(dev state, t)
return True

# HNEN E
) self.sim.schedule(t, lambda now, ds=dev state: seclf. start comprehensive(ds,
now),
desc=f"retest E after falsepos dev{dev['id']}")

return False
# IEHE
self. finalize pass(t, dev state)
return True

def finalize pass(self, t, dev state):
dev = dev state['dev']
bay = dev state['bay’']
self.passed += 1
selflog(t, f"3EE {dev['id]} E ML, #EFizth (L% swap) )
if bay.reserved incoming:
mmcoming = bayreserved incoming
# swap T A 24T /)N BB (]
rem = team time remaining(t, self.K)
if transport time > rem:
ns = next team start(t, self.K)
self.log(t, f'swap IF[AJAGE > HEIRE] {ns:.2f}h")
b self.sim.schedule(ns, lambda now, inc=incoming, b=bay: self. start swap(now, inc,
desc=f"deferred direct swap bay{bay.id}")
return
if self.transport capacity > 0:
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self.sim.schedule(t, lambda now, inc=incoming, b=bay: self. start swap(now, inc,

b),
| desc=f"direct swap after pass bay{bay.id}")
else:
self.transport queue.append((,incoming, bay, True))
selflog(t, f"swap HEEA (%%fF transport) bay {bay.id} incoming {incoming[id']}
")
else:
self. request transport out(dev, bay, t)
# IR

def elim device(self, dev state, t):
if dev state.get('eliminated’', False):
return
dev = dev state['dev'|
bay = dev state['bay']
dev state['eliminated'] = True
self.rejected += 1
selflog(t, "% E {dev[id]} Wik > EH (L swap) ")
if bay.reserved incoming:
incoming = bay.reserved incoming
rem = team time remaining(t, self.K)
if transport time > rem:
ns = next team start(t, self.K)
self.log(t, f'swap #EIRF| {ns:2f'h GEIKE) ")
self.sim.schedule(ns, lambda now, inc=incoming, b=bay: self. start swap(now, inc,

b),
desc=f"deferred direct swap reject bay{bay.id}")
return
if self.transport capacity > 0:
N self.sim.schedule(t, lambda now, inc=incoming, b=bay: self. start swap(now, inc,
),
desc=f"direct swap after reject bay{bay.id}")
else:
self.transport queue.append((incoming, bay, True))
selflog(t, f"swap HERA (V&YKRE) bay {bay.id} incoming {incoming['id]}")
else:
self. request transport out(dev, bay, t)
T o R—

def summarize(self): ' _ o . )
makespan = max(self.completion times) - max(calib time.values()) - 2 * transport time if]

self.completion times else 0.0
days = int(makespan / 24.0)+1 if makespan > 0 else 0.0
shifts = max(1, int(makespan / self.K)+1)
group work = {g: self.tests count[g] * test time[g] for g in self.tests count}
yxb = {g: (group work[g] / (shifts * selfK)) for g in group work}
return {
'makespan hours": makespan,
'makespan days': days,
'‘passed": self.passed,
'rejected": self.rejected,
'false neg': self.false neg,
'false pos': self.false pos,
'tests count': selfitests count,

'yxb'": yxb

£ R—— Ty T [—

def demo run v4 K():
sim = TestHallEventV4 K(n devices=N DEVICES, replace at=REPLACE AT, bay slots=BAY

SLOTS, seed=RANDOM SEED, verbose=True, K=K WORK HOURS)

sim.start()
summary = sim.summarize() X
print("\n=== V4-K i K&K, FilIFHE =—")
for k, v in summary.items():

print(f"{k}: {v}™)
return summary

def run multiple simulations(n simulations=100, n devices=100, replace at=None, seed base=RAND
OM SEED, verbose=False, k work hours=9.0):
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nmnn

Zkia

SATIIR, tHEAFIGTTHENR (G RIETED

S

nmun

n_simulations: FALKEL

n_devices: &AL B A

replace_at: W%Ei‘ﬁ%ﬁl'ﬂlﬂﬁ B .
seed base: FHALM 1 IEAHME, BEICGEAT (L HAS R HFR-1- DA DRas RS
verbose: J& 75 N RRKIZITINVEAN H &

all results = {

}

for 1

# it

'makespan days': [],
'passed”: [],
'rejected": [],

'false neg" [],
'false pos': [],
yxb A’ []
'yxb B ],
yxb C" ]
yxb E" []

in range(n simulations)

# ﬁFHTI_JE’J%*?Eﬁa%ﬂ(}\ff;ﬁcﬂﬂ’lwﬂ PEASL

current seed = seed base + i

# print(f"\n--- FF46%5 {i + 1}/{n_simulations} Xt (Seed: {current seed}) ---")

# BIIFIB T &

sim = TestHallEventV4 K(
n devices=n devices,
replace at=replace at,
bay slots=BAY SLOTS,
seed=current seed, ‘ -
verbose=verbose, # I ESMNEEIAF ORI ELH H & DUk i i £
K=k work hours

)
sim.start() )
summary = sim.summarize()

# AL R

all results|'makespan days'].append(summary['makespan days'])
all results|'passed'].append(summary['passed'])

all results|'rejected'].append(summary|'rejected'])

all results['false neg'l.append(summary['false neg'])

all results['false pos'].append(summary|'false pos'])

all results['yxb A'].append(summary['yxb']['A'])

all results|'yxb B'l.append(summary['yxb']['B'])

all results['yxb C'l.append(summary['yxb'|['C'])

all results['yxb E'|.append(summary['yxb']['E'])

ST P AR HE 22

1.

avg results = {}
std results = {}
for key, value list in all results.items():

* 0.5

avg results[key] = sum(value list) / len(value list)
std results[key] = (sum((x - avg results|key]) ** 2 for x in value list) / len(value list)) *

# print(f'===ZSZRERIEFUTERL ({n_simulations} %K) ==")
# print("FBI G IHHERR:")

# for k, v in avg results.items():

print(f"  {k}: {v:.4f}")

for k, v in std results.items():

#
# print("\nbRiEZE:")
#
#

print(f*  {k}: {v:4f}")

return avg results, all results

def Q3resultlog(result):
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# FTENZEREE

prlnt(ﬂ\nll + " no ok 6; B

print(" ] 345 G THHEIR")

print("=" * 60)

print(f" {'f5#5":<10} {{H"<15} {'FiA&"<30}")

print("-" * 60)

print(f"'{'T"<10} {result['T']:<15.2f} {1F5%5¢ BT8R E<30}")
print(f"{'S:<10} {result['S']:<15.2f} {"dH ikl (125 B F % H <30} ")
print(f"{'PL":<10} {result['PL']:<15.6f} { &EJFHIMEZ"<30}")
print(f"{'PW"<10} {result[PW']:<15.6f} {SiRFIHEF" <30}")
print(f"{'YXB1:<10} {result['YXB1':<15.3f} {/NHASG R TA/ER L <30}
print(f"{'YXB2":<10} {result['YXB2]:<15.3f} {/NHABH L TAEHA]H"<30}")
print(f'{'YXB3"<10} {result['YXB3']:<15.3f} {/NHACH L TAER A H"<30}")
print(f"{'YXB4":<10} {result['YXB4']:<15.3f} {/NHAEA R L/ERAIEL:<30}")
print("=" * 60)

if name ==" main ":

demo run v4 K()

n runs = 100

replace at = {jA':%ISO, 'B" 140, 'C" 150, 'E": 160}

# IGAT SR RIS AR

avg stats, all stats = run multiple simulations(n simulations=n runs, n devices=sN DEVICES, r
eplace at=replace at, verbose=False, k work hours=K WORK HOURYS)

# Qs R

Q3 results = {
'"T". avg stats['makespan days'],
'S': avg stats|'passed'],
'PL": avg stats['false neg'],
'PW': avg stats['false pos'],
"'YXBI1" avg stats['yxb A'],
"'YXB2" avg stats['yxb B'],
'YXB3" avg stats['yxb C'],
"'YXB4'" avg stats['yxb E']

}
Q3resultlog(Q3 results)

ARBSIE . 2 16 2 A 3 R

import numpy as np

import time

from tqdm import tqdm

from pymoo.algorithms.moo.nsga2 import NSGA2

from pymoo.core.problem import Problem

from pymoo.optimize import minimize

from pymoo.operators.crossover.sbx import SBX

from pymoo.operators.mutation.pm import PM

from pymoo.operators.sampling.rnd import FloatRandomSampling
from pymoo.algorithms.moo.moead import MOEAD

from pymoo.decomposition.tchebicheff import Tchebicheff

from pymoo.util.reference direction import UniformReferenceDirectionFactory

class DiscreteSampling(FloatRandomSampling):
def _init (self, include k=True, theta_step=10 / 60):
super(). _init_ ()
selfiinclude k = include k
self.theta step = theta step

def do(self, problem, n_samples, **kwargs):
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X = super()._do(problem, n_samples, **kwargs)

# % 0 OB KPR
X[:, :4] = np.round(X[:, :4] / self.theta step) * self.theta step

if selfiinclude k and X.shape[l] >= 5:
k values = X[:, 4]
discrete_ k = np.round(k values * 2) / 2
discrete_k = np.clip(discrete_k, problem.x1[4], problem.xu[4])
X[:, 4] = discrete_k

return X

class DiscreteCrossover(SBX):

"R X, AEPEKE 0.5

def init (self, prob=0.9, eta=15, include k=True, theta step=10 / 60):
super(). _init _(prob=prob, eta=eta)
self.include k = include k
self.theta step = theta step

def do(self, problem, X, **kwargs):
# JeRHTIESE AT X
X crossover = super(). do(problem, X, **kwargs)
# fB1% crossover / mutation 23NN T theta step S%
X crossover[:, :4] = np.round(X_ crossover[:, :4] / selfitheta _step) * self.theta_step

if selfiinclude k and X crossover.ndim == 2 and X crossover.shape[l] >= 5:
# MEAT B AL (551D
k values = X crossover[:, 4] # ZREUFTHKIE
# D05 T BB 0.5
discrete_k = np.round(k values * 2) / 2
# FRAIEA R N
discrete_ k = np.clip(discrete k, problem.xI[4], problem.xu[4])
# TR el Al

X crossover[:, 4] = discrete k

return X _crossover

class DiscreteMutation(PM):
BICESERIT, A0S K

def init (self, eta=20, include k=True, theta step=10 / 60):
super(). _init _(eta=eta)
selfiinclude k = include k
self.theta step = theta step

def do(self, problem, X, **kwargs):
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# JeHTIES R R

X mutated = super(). do(problem, X, **kwargs)
X mutated[:, :4] = np.round(X mutated[:, :4] / self.theta step) * self.theta step

if self.iinclude k and X mutated.ndim == 2 and X mutated.shape[l] >= 5:
# MKEATE AL (551D
k values = X mutated[:, 4] # REUITBKIE
# DU T ABIRITH0.5
discrete_ k = np.round(k values * 2) / 2

# FRAIEA R A
discrete_k = np.clip(discrete_k, problem.xI[4], problem.xu[4])

# MR [ Hc
X _mutated[:, 4] = discrete k

return X mutated

class DeviceTestingProblem(Problem):

A X e 4GSR

def init (self, n devices, n runs=10, include k=True, simulation func=None):
self.include k = include k

if include k:

# 54E: 4/ theta + 11k

n var = 5

x| = np.array([120, 120, 120, 120, 9.0])

xu = np.array([240, 240, 240, 240, 12.0])
else:

# 44E: 4/ -theta

n var = 4

xl = np.array([120, 120, 120, 120])

xu = np.array([240, 240, 240, 240])

super(). _init (n_var=n_var, n_obj=2, n_constr=0, xl=xl, xu=xu)
self.n_devices = n_devices

self.n_runs = n_runs

self.simulation_func = simulation_func

self.evaluation cache = {}

self.evaluation_count = 0

self.total evaluations = 0

self.start time = time.time()

if include k:
self.k values = [9.0, 9.5, 10.0, 10.5, 11.0, 11.5, 12.0]
print(f"K{EL [ PTREHUE: {self.k_values}")
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self.all_stats dict = {} # (EMEITH VMG i1 Bam
self.all evaluated offspring = [ # TRAFHTE #EVEAL I/ MA

self.current_generation = None # HIZMi callback WE

def validate parameters(self, theta A, theta B, theta C, theta E, k=None):
U TES SR TR MG, SRR
step = 10 / 60 # 105051 = 0.1667 /IS
valid theta A = round(max(self.xI[0], min(self.xu[0], theta A)) / step) * step
valid_theta B = round(max(self.xI[1], min(self.xu[1], theta B)) / step) * step
valid_theta C = round(max(self.x1[2], min(self.xu[2], theta C)) / step) * step
valid_theta E = round(max(self.x1[3], min(self.xu[3], theta E)) / step) * step

if selfinclude k and k is not None:

valid k = round(k * 2) / 2

valid k = max(self.x1[4], min(self.xu[4], valid k))

return valid theta A, valid theta B, valid theta C, valid theta E, valid k
else:

return valid theta A, valid theta B, valid theta C, valid theta E

def evaluate(self, X, out, *args, **kwargs):
F = np.full((X.shape[0], 2), np.inf)

with tqdm(total=X.shape[0], desc="TFfliFH#E", unit=""M&", ncols=100) as pbar:
for i in range(X.shape[0]):
theta A = float(X[i, 0])
theta B = float(X[i, 1])
theta C = float(X[i, 2])
theta E = float(X[i, 3])
k = float(X[i, 4]) if selfiinclude k else None

# BUF A RE SR
if self.include k:
theta A, theta B, theta C, theta E, k = self. validate parameters(
theta A, theta B, theta C, theta E, k
)
key = (theta A, theta B, theta C, theta E, k)
else:
theta A, theta B, theta C, theta E = self. validate parameters(
theta A, theta B, theta C, theta E

)
key = (theta A, theta B, theta C, theta E)

try:
if key in self.evaluation_cache:
# CPFEE — A
F[i] = self.evaluation cache[key]
stats = self.all stats dict.get(key, {})
else:
# ORI — 0T R

if self.simulation_func is None:
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raise NotImplementedError(" 75 Ji¢ Btsimulation_funcZ%{")

T, PL, stats = self.simulation_func(
theta A=theta A,
theta B=theta B,
theta C=theta C,
theta E=theta E,
k=k if self.include k else None,
n_runs=self.n_runs

)

F[i] = [T, PL]
self.evaluation_cache[key] = FJi]
self.all stats dict[key] = stats

# === OQXH: TIWHIAM, #HRF =——=
self.all_evaluated offspring.append({
'theta A'": theta A,
'theta B': theta B,
'theta C": theta C,
'theta E" theta E,
'k": k if selfiinclude k else None,
'T": float(F[i][0]),
'PL": float(F[i][1]),
'stats': stats,
'generation’: self.current generation

1)

self.evaluation_count += 1

except Exception as e:
print(f"\nPEAL R {e}™)
import traceback;
traceback.print_exc()
F[i] = [np.inf, np.inf]
self.all_stats dict[key] = {'makespan_days" [], 'false neg" []}

pbar.update(1)
pbar.set_postfix({
'theta A" f'{theta A:.1f}
'theta B": f'{theta B:.1f},
'theta C': f'{theta C:.1f},
'theta E" f'{theta E:.1f}',
ks f{k:.1f}' if selfiinclude k else 'N/A',
'T": £{F[i][0]:.2f}' if F[i][0] != np.inf else 'inf,
'PL": £{F[i][1]:.6f}" if F[i][1] != np.inf else 'inf,
PEALEL: self.evaluation count

1)

out["F"] = F
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class OptimizationProgress:

nnn Q %Xiﬁgﬁﬁﬁ%%ﬁmm
def init (self, n_gen, include k=True):

self.n_gen = n_gen
self.include k = include k
self.start_time = time.time()
self.best T history = []
self.best PL history = []

def update(self, algorithm, gen):

valid_solutions = [ind for ind in algorithm.pop if not np.any(np.isinf(ind.F))]
if valid solutions:

best T = min(ind.F[0] for ind in valid_solutions)

best PL. = min(ind.F[1] for ind in valid solutions)

self.best T history.append(best T)

self.best PL _history.append(best PL)

elapsed = time.time() - self.start time

progress = gen / selfn _gen * 100

print(f"\n=== X% {gen}/{self.n_gen} ({progress:.1f}%) ===")

print(f"fefE T: {best T:2f} K")

print(f"#:f£ PL: {best PL:.6f}")

print(f" S TH]: {elapsed:.1f}s")

print(f" S PPAL X% {len(algorithm.problem.evaluation_cache)}")

if self.include k:
k values = [round(ind.X[4] * 2) / 2 for ind in valid_solutions]
unique_k = sorted(set(k_values))
print(f" 4 FTK{E 734 {unique k}")
if gen > 1:
time per gen = elapsed / gen
remaining_time = time per gen * (self.n_gen - gen)

print(f" 714 {remaining_time:.1f}s")

print("=" * 40)

def run_nsga2 optimization(n_devices, n_gen=50, pop_size=40, n_runs=10,

include k=True, simulation func=None):
mmjé//ﬂiNSGA_II,ﬁE,f/tnnu

print(" NSGA-TIAL "

print(f"4EfE: {'54F (4theta + k)' if include k else 44 (4theta)'}")
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print(FFE: {n_gen}, MAEA/D: {pop_size}, FHATANIZATIXEL: {n_runs}")
if include k:
print(F'kfEH K 0.5 (9.0, 9.5, 10.0, 10.5, 11.0, 11.5, 12.0)")
print(f" TS PEAREL: {n_gen * pop_size}")
print("-" * 50)

# QUL ] R

problem = DeviceTestingProblem(
n_devices=n_devices,
n_runs=n_runs,
include k=include k,
simulation_func=simulation_func

)

problem.total evaluations = n_gen * pop_size

# BCEINSGA-ISIE, fH I EHH T

algorithm = NSGA2(
pop_size=pop_size,
sampling=DiscreteSampling(include k=include k),
crossover=DiscreteCrossover(prob=0.9, eta=15, include k=include k),
mutation=DiscreteMutation(eta=20, include k=include k),
eliminate duplicates=True

)

# B IR R

progress_tracker = OptimizationProgress(n_gen, include k=include k)

# Jafriite

print("JFAENSGA-TIfAL...")

start_time = time.time()

# WIS

algorithm.setup(problem, seed=42)

# BT

for gen in range(l, n_gen + 1):
algorithm.next()
progress_tracker.update(algorithm, gen)

# IR 4R

res = algorithm.result()

end time = time.time()

total time = end time - start time

print("\n" + "=" * 50)

print("NSGA-TIE 4k 78 i)

print(f" 2 FERS: {total time:.1f} Fb")

print(f" S PEA5 XL {problem.evaluation count}")

print(f" A7 FIME—f# % & {len(problem.evaluation_cache)}")

# SR A R

valid_solutions = [ind for ind in res.pop if not np.any(np.isinf(ind.F))]
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print(F 3% F A BB {len(valid_solutions)}")
print("=" * 50)
# FTENFTA A RO (S B
print("\n" + "=" * 80)
print("FTE A R HEAEE")
print("=" * 80)
for i, ind in enumerate(valid_solutions):
theta A = float(ind.X[0])
theta B = float(ind. X[1])
theta C = float(ind.X[2])
theta E = float(ind.X[3])

if include k:

k = float(ind.X[4])

# IFSH

theta A, theta B, theta C, theta E, k = problem. validate parameters(

theta A, theta B, theta C, theta E, k

)

T = float(ind.F[0])

PL = float(ind.F[1])

print(f"fi# {i + 1}: theta A={theta A:.1f}, theta B={theta B:.1f}, "
f'theta C={theta C:.1f}, theta E={theta E:.1f}, k={k:.1f}, "
f'T={T:.2f} K, PL={PL:.6f}")

else:
# IFSH
theta A, theta B, theta C, theta E = problem._ validate parameters(
theta A, theta B, theta C, theta E

)

T = float(ind.F[0])

PL = float(ind.F[1])

print(f"fi# {i + 1}: theta A={theta A:.1f}, theta B={theta B:.1f}, "
f'theta C={theta C:.1f}, theta E={theta E:.1f}, "
f'T={T:.2f} X, PL={PL..6f}")

print("=" * 80)
return res, problem

def run_moead optimization(n_devices, n_gen=50, pop_size=40, n_runs=10,
include k=True, simulation func=None):
"MEAFMOEADBAL, BRI

print(" MOEA/Dff AL ")
print(f"4ERE: {'54E (4theta + k)' if include k else '44E (4theta)'}")
print(f"fX#: {n_gen}, FIEER/N: {pop_size}, FEHRIFALIZITIXEL {n_runs}")
if include k:

print(F'k{E 26K 0.5 (9.0, 9.5, 10.0, 10.5, 11.0, 11.5, 12.0)")
print(f" TS VEAS XL {n_gen * pop_size}")
print("-" * 50)
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# NMOEA/D’E S % T [f]
ref dir factory = UniformReferenceDirectionFactory(n_dim=2, n_points=pop_size)
ref dirs = ref dir factory.do()

# AL A

problem = DeviceTestingProblem(

n_devices=n_devices,
n_runs=n_runs,
include k=include k,

simulation _func=simulation_func

)

problem.total evaluations =

# B EMOEA/DHIL
algorithm = MOEAD(
ref dirs=ref dirs,

n_gen * pop_size

decomposition=Tchebicheff(),

n_neighbors=15,

prob_neighbor mating=0.7,
sampling=DiscreteSampling(include k=include k),
crossover=DiscreteCrossover(prob=0.9, eta=15, include k=include k),
mutation=DiscreteMutation(eta=20, include k=include k),

seed=42
)

# ORI

all_generations = []

# 3£ FE ] bR AL

def callback func(algorithm_instance):
current_gen = algorithm_instance.n_gen

generation_solutions =

[l

for ind in algorithm_instance.pop:

theta A = float(ind.X[0])
theta B = float(ind. X[1])
theta C = float(ind.X[2])
theta E = float(ind.X[3])
if include k:

k = float(ind.X[4])

theta A, theta B, theta C, theta E, k = problem. validate parameters(

theta A,
)

theta B, theta C, theta E, k

T = float(ind.F[0])
PL = float(ind.F[1])
# RAEMRIN RN C A

solution = {
'theta A'
'theta B'
'theta C'

. theta A,
: theta B,
: theta C,

'theta E" theta E,
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k" k,
T T,
'PL": PL,
'generation: current gen # 10K GETAEL
}
generation_solutions.append(solution)
# generation_solutions.append((theta_ A, theta B, theta C, theta E, k, T, PL))
else:
theta A, theta B, theta C, theta E = problem. validate parameters(
theta A, theta B, theta C, theta E
)
T = float(ind.F[0])
PL = float(ind.F[1])
#ORAFARI [F] IR T AR
solution = {
'theta A" theta A,
'theta B": theta B,
'theta C": theta C,
'theta E': theta E,
T T,
'PL": PL,
'generation": current_gen # 103K AL
}
generation_solutions.append(solution)
# generation_solutions.append((theta A, theta B, theta C, theta E, T, PL))
all generations.append(generation_solutions)

# 1T
print("FFEEMOEA/DLAL...")
start_time = time.time()
res = minimize(
problem,
algorithm,
('n_gen', n_gen),
verbose=False,
seed=42,
callback=callback func # FRAZEH AR
)
end time = time.time()
total time = end time - start time

print("\n" + "=" * 50)

print("MOEA/DAE AL 52 1)

print(f" 2 FEN: {total time:.1f} Fb")

print(f" S PEA5 XL {problem.evaluation count}")

print(" A7+ FIME—M# % {len(problem.evaluation_cache)}")

# EKEAE AR

unique_solutions = []
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seen = set()
for ind in res.pop:
theta A = float(ind.X[0])
theta B = float(ind. X[1])
theta C = float(ind.X[2])
theta E = float(ind.X[3])
if include k:
k = float(ind.X[4])
theta A, theta B, theta C, theta E, k = problem. validate parameters(
theta A, theta B, theta C, theta E, k
)
T = float(ind.F[0])
PL = float(ind.F[1])
key = (round(theta A, 4), round(theta B, 4), round(theta C, 4),
round(theta E, 4), round(k, 4), round(T, 6), round(PL, 6))
if key not in seen:
seen.add(key)
unique_solutions.append((theta A, theta B, theta C, theta E, k, T, PL))
else:
theta A, theta B, theta C, theta E = problem. validate parameters(
theta A, theta B, theta C, theta E
)
T = float(ind.F[0])
PL = float(ind.F[1])
key = (round(theta A, 4), round(theta B, 4), round(theta C, 4),
round(theta E, 4), round(T, 6), round(PL, 6))
if key not in seen:
seen.add(key)
unique_solutions.append((theta A, theta B, theta C, theta E, T, PL))

print(f" % 5 J5 1A 0% {len(unique_solutions)}")
print("="* 50)

return res, problem, problem.all stats dict, all generations

def results to pareto(result, problem):
A £ b AR Pareto R AR, I L
pareto = []
include k = problem.include k

# FREAR S
if hasattr(result, 'opt'):
front = result.opt
else:
front = result.pop

for ind in front:
if not np.any(np.isinf(ind.F)):
theta A = float(ind.X[0])
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theta B = float(ind. X[1])
theta C = float(ind.X[2])
theta E = float(ind.X[3])
if include k:
k = float(ind.X[4])
theta A, theta B, theta C, theta E, k = problem. validate parameters(
theta A, theta B, theta C, theta E, k

)

T = float(ind.F[0])

PL = float(ind.F[1])

pareto.append((theta_A, theta B, theta C, theta E, k, T, PL))
else:

theta A, theta B, theta C, theta E = problem. validate parameters(

theta A, theta B, theta C, theta E

)

T = float(ind.F[0])

PL = float(ind.F[1])

pareto.append((theta_A, theta B, theta C, theta E, T, PL))

# IR A E Paretofi®, HHATH B ZU#
if not pareto:
print(" & KILF|ParetoBTHAA, 11 BTG A ZUH")
for ind in result.pop:
if not np.any(np.isinf(ind.F)):

theta A = float(ind.X[0])
theta B = float(ind. X[1])
theta C = float(ind.X[2])

theta E = float(ind.X[3])
if include k:
k = float(ind.X[4])
theta A, theta B, theta C, theta E, k = problem. validate parameters(
theta A, theta B, theta C, theta E, k

)

T = float(ind.F[0])

PL = float(ind.F[1])

pareto.append((theta A, theta B, theta C, theta E, k, T, PL))
else:

theta A, theta B, theta C, theta E = problem._ validate parameters(

theta A, theta B, theta C, theta E

)

T = float(ind.F[0])

PL = float(ind.F[1])

pareto.append((theta A, theta B, theta C, theta E, T, PL))

# REAH

unique _pareto = []

seen = set()

for sol in pareto:
key = tuple(round(x, 6) for x in sol) # B BN HIRREHE S5 LE
if key not in seen:
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seen.add(key)
unique_pareto.append(sol)

# THEF
if include k:

unique_pareto.sort(key=lambda x: x[5]) # Z5SNMNILEAET
else:

unique_pareto.sort(key=lambda x: x[4]) # Z4APNITCEAET

return unique pareto

def compare algorithms(n_devices, n_gen=30, pop_size=40, n_runs=10,

include k=True, simulation func=None):
" NSGA-TTRIMOEA /D F F AL
print(" = RFRE RS ")
# IZ1TNSGA-II
print("\nl. IZ4TNSGA-IL..")
nsga?2 result, nsga2 problem = run nsga2 optimization(
n_devices=n_devices,
n_gen=n_gen,

pop_size=pop_size,
n_runs=n_runs,
include k=include k,
simulation_func=simulation_func
)
nsga2 pareto = results to pareto(nsga2 result, nsga2 problem)
# JZ1TMOEA/D
print("\n2. iZ17MOEA/D...")
moead_result, moead problem = run_moead_optimization(
n_devices=n_devices,
n_gen=n_gen,
pop_size=pop_size,
n_runs=n_runs,
include k=include k,
simulation func=simulation func

)
moead_pareto = results_to_pareto(moead_result, moead problem)
return {
'nsga2': {'result: nsga2 result, 'problem": nsga2 problem, 'pareto’: nsga2 pareto},
'moead": {'result: moead result, 'problem': moead problem, 'pareto: moead pareto}
H

RASTE R 3 [ 2 MR 3 Kgiit Rk

import numpy as np
from scipy import stats
from statsmodels.stats.multitest import multipletests
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def analyze pareto with confidence(pareto_solutions, all stats dict, n_bootstrap=1000, alpha=0.05):

nmun

X Paretofif 52 1 1T Bootstrap B R A 118 B 15 [X 1]

Parameters:

pareto_solutions : list
Paretofff £, 44EM\: (theta A, theta B, theta C, theta E, T, PL)
S4ER%: (theta A, theta B, theta C, theta E, k, T, PL)
all stats dict : dict
P BAUE SR T EA GEHE B
n_bootstrap : int
Bootstrap B K AF KL
alpha : float
2EMKF

B X 8] 1R dE

@
S

nnn

pareto_with _ci = []

for sol in pareto_solutions:

# HBT I AYEIL S SYE AR

if len(sol) == 6: # 44E: (theta A, theta B, theta C, theta E, T, PL)
theta A, theta B, theta C, theta E, T orig, PL orig = sol
k = None
key = (theta A, theta B, theta C, theta F)

elif len(sol) == 7: # 54E: (theta A, theta B, theta C, theta E, k, T, PL)
theta A, theta B, theta C, theta E, k, T orig, PL orig = sol
key = (theta A, theta B, theta C, theta E, k)

else:
print(f"& & REPVMEHEL KJZ={len(sol)}")

continue

# W TR AT B

if not all_stats dict:
print("&45: all stats dict A"
continue

available keys = list(all stats_dict.keys())

# if len(available keys) > 0:

# print(f"AR: AP HEE = {available keys[0]}, 257 = {type(available keys
[(0D}")

# print(FR: AT AR = {key}, KM = {type(key)}")

#

# if key not in all stats_dict:

# print(f &% RELBIE (key} WSIHELE"
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# print(f" 7] HE#EFIAT51: {available keys[:5]}")
# continue

# SRUZAR I P A AU 4G
all_stats = all stats dict[key]

# A S5
if isinstance(all_stats, dict):
# 2YERRAS (1) B a4 4
T samples = all stats.get('makespan_days', [])
PL samples = all stats.get('false_neg', [])
elif isinstance(all stats, list) and len(all stats) > 0 and isinstance(all_stats[0], dict):
#A/SYERA B 4 1
T samples = [stats.get('makespan_days', 0) for stats in all_stats]
PL samples = [stats.get('false neg', 0) for stats in all_ stats]
else:
print(f"% & RAFIEITEEFIFR {type(all_stats)}")

continue

# AR S H
if not T samples or not PL_samples:
print(f" 55 B {(key) WIEIENT")

continue

# Bootstrap H K
T _bootstrap_means = []
PL bootstrap means = []

n_samples = len(T samples)

for _ in range(n_bootstrap):
# AT El R
indices = np.random.choice(n_samples, n_samples, replace=True)
T bootstrap = [T _samples[i] for i in indices]
PL bootstrap = [PL_samples[i] for i in indices]

T bootstrap_means.append(np.mean(T_bootstrap))
PL bootstrap_means.append(np.mean(PL_bootstrap))

# THEEE X

T mean = np.mean(T_bootstrap _means)

T lower = np.percentile(T bootstrap_means, (alpha / 2) * 100)

T upper = np.percentile(T_bootstrap _means, (1 - alpha / 2) * 100)

PL _mean = np.mean(PL_bootstrap_means)
PL lower = np.percentile(PL_bootstrap means, (alpha / 2) * 100)
PL upper = np.percentile(PL_bootstrap_means, (1 - alpha / 2) * 100)

# R4S
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if k is None:
# AZESS R
result = (theta A, theta B, theta C, theta E, T mean, T lower, T upper,
PL mean, PL lower, PL upper)
else:
# SHUELS
result = (theta A, theta B, theta C, theta E, k, T mean, T lower, T upper,
PL _mean, PL lower, PL_upper)

pareto_with_ci.append(result)

return pareto with ci

def statistical significance test(pareto_with ci, all stats dict, alpha=0.05, factor count=2):

nmn

Gk REERE - ORI 4R SEET R

S

pareto_with_ci: Paretofff£E, 7 B 15X A5 R
all_stats_dict: FTH Giih4h R 78

alpha: 23K, ER1L0.05

factor_count: [KF%(&, 2/4/5

print("=" * 60)

print(f"4i it W AT IR 45 5 ({factor_count} K1) ")
print("=" * 60)

comparisons = []

for i, soll in enumerate(pareto_with ci):
# AR B TR AR TR S L
if factor _count == 2:
thetal, k1, T meanl, T lowerl, T upperl, PL meanl, PL lowerl, PL upperl = soll
keyl = (thetal, k1)
elif factor_count == 4:

theta Al, theta B1, theta CI1, theta E1, T meanl, T lowerl, T upperl, PL meanl, P
L lowerl, PL upperl = soll

keyl = (theta Al, theta Bl, theta Cl, theta El)
elif factor count == 5:

theta Al, theta B1, theta CI1, theta E1, k1, T meanl, T lowerl, T upperl, PL mean
1, PL lowerl, PL upperl = soll

keyl = (theta Al, theta B1, theta CI1, theta El, k1)
else:
raise ValueError("ASCRFI R T8, HAER2. 4805")

if keyl not in all stats dict:
continue

# M all results HHEEEHE
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results] = all stats dict[keyl]
T valuesl = resultsl.get('makespan_days', [])
PL valuesl = resultsl.get('false neg', [])

for j, sol2 in enumerate(pareto_with_ ci):
if i >=j: # BHREESE

continue

# AR A T B T 5 MRS
if factor count == 2:

theta2, k2, T mean2, T lower2, T upper2, PL mean2, PL lower2, PL upper2 =
sol2

key2 = (theta2, k2
elif factor count == 4:

theta A2, theta B2, theta C2, theta E2, T mean2, T lower2, T upper2, PL mea
n2, PL lower2, PL upper2 = sol2

key2 = (theta_ A2, theta B2, theta C2, theta E2)
elif factor count ==

theta A2, theta B2, theta C2, theta E2, k2, T mean2, T lower2, T upper2, PL
mean2, PL lower2, PL upper2 = sol2

key2 = (theta A2, theta B2, theta C2, theta E2, k2)

if key2 not in all stats dict:
continue

# M all_results H4EHUE

results2 = all _stats dict[key2]

T values2 = results2.get('makespan_days', [])
PL values2 = results2.get('false_neg', [])

# fi FiMann-Whitney UK (JEZ%0
try:
T stat, T p = stats.mannwhitneyu(T valuesl, T values2, alternative="two-sided’)

q PL stat, PL p = stats.mannwhitneyu(PL valuesl, PL values2, alternative="two-sid
ed")

comparisons.append((keyl, key2, 'T', T p))
comparisons.append((keyl, key2, PL', PL p))

except Exception as e:
print(f"1& 36 M {keyl} vs {key2}, HiiR: {e}")

# % HE IR IE
if comparisons:
p_values = [comp[3] for comp in comparisons]
reject, pvals_corrected, , = multipletests(p_values, alpha=alpha, method="fdr bh')

for (keyl, key2, metric, raw_p), corr_p, sig in zip(comparisons, pvals_corrected, reject):

print(f"{keyl} vs {key2}, {metric}: p={raw p:4f}, K1Ep={corr p:4f} {*' if sig els
e INSV}H)
else:
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print("A A AT LERHIERT")

def form robust pareto set nd(pareto with ci, all stats dict, alpha=0.05,include k=False):
e Bife {#EParetofiidE (il Fn4E)
piireto with ci: [(thetal,...,thetaN, [T mean, T lower, T upper], [PL mean, PL lower, PL uppe

all_stats dict: G158 74
alpha: 35 147K
robust_pareto = []
elimination_info = []

for i, soll in enumerate(pareto with ci):
# Pk
*thetal, T meanl, T lowerl, T upperl, PL meanl, PL lowerl, PL upperl = soll
keyl = tuple(thetal)

if keyl not in all stats dict:
continue

is_robust = True
dominated by = []

for j, sol2 in enumerate(pareto_with_ci):
if i =
continue
*theta2, T mean2, T lower2, T upper2, PL mean2, PL lower2, PL upper2 = sol2
key2 = tuple(theta2)
if key2 not in all stats dict:
continue

# KA ST
if is_statistically dominated(keyl, key2, all stats_dict, alpha):
is_robust = False
dominated by.append(key?2)
elimination_info.append({
‘eliminated": keyl,
'dominated by": key2,
'reason’: "Gt vt w3 ML
1)
break

if is_robust:
robust_pareto.append(soll)
print(f'v £rEd: 0={thetal}, T={T meanl:2f}[{T lowerl:2f},{T upperl:2f}], "
f'"PL={PL meanl:.6f}[{PL lowerl:.6f},{PL upperl:.6f}]")
else:
print(f" X ¥&IK: 0={thetal} (#% {dominated by} ZFC)")
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return robust pareto, elimination info

def is_statistically _dominated(keyl, key2, all stats dict, alpha=0.05):

nmun

PR 12 B2 M SCRC - B IERR
if keyl not in all stats dict or key2 not in all stats dict:
return False

# M all results FHHEHUEHE
results] = all _stats dict[keyl]
results2 = all_stats dict[key2]

T valuesl = resultsl.get('makespan_days', [])
T values2 = results2.get('makespan_days', [])
PL valuesl = resultsl.get('false neg', [])
PL values2 = results2.get('false _neg', [])

# {# FiMann-Whitney U4
try:
# KIS LT 5 3 K T2 T
T stat, T p = stats.mannwhitneyu(T valuesl, T values2, alternative='greater")
# FLUSAP 1 AIPLAE 15 2 3 K T2 PL
PL stat, PL p = stats.mannwhitneyu(PL valuesl, PL values2, alternative='greater’)

# WURMR2AE AN B AR EASRZE0 T AL, IUAR 14 SIS
if T p < alpha and PL p < alpha:
return True

except Exception as e:

print(f'SZHC AW I {keyl} vs {key2}, HHiR: {e}")

return False

RIGIFE R 4 A 4 SHHEAARY

R —— 15 SRC GREREIHRED v
def compute src(X, Y, var names):

scaler = StandardScaler().fit(X)

Xs = scaler.transform(X)

Ys = (Y - Y.mean()) / (Y.std() if Y.std() !'= 0 else 1.0)

Ir = LinearRegression().fit(Xs, Ys)

coefs = Ir.coef

return dict(zip(var names, coefs.tolist())), float(Ir.intercept )

PR A G E 1 T ES —

def compute prce(X, Y, var names):

# RPEB e e

Xr = np.apply along axis(lambda col: rankdata(col), 0, X)

Yr = rankdata(Y)

prcc vals = []

nvars = Xr.shape[1]

for i in range(nvars):
others = [j for j in range(nvars) if j != i]
regl = LmearRegresswn() fit(Xt[:, others], Xr[:, 1])
resid x = Xr[:, 1] - regl.predict(Xr[:, others])
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reg2 = LinearRegression().fit(Xr[:, others], Yr)
resid y = Yr - reg2.predict(Xr[:, others])
r = np.corrcoef(resid x, resid y)[O0,
prcc vals.append(float(r))
return dict(zip(var names, prcc vals))

R e ATt e =Y S - ot (A =10 0 S
def compute main effects and marginals(df, var names):
main effects = { }
margmals =
# df By %ﬂﬁﬁl@(ﬁﬂ}: 2 " q" (W K g, replace at g, ...)
for v in var names:
colg=v+"'q
if col q not in df.columns:
# fallback to raw
df[col q] = df[v]
groups = df.groupby(col q)['makespan hours'l.agg(['mean’,'count']).reset index()
level means = dlct(zm(groups[col q].tolist(), groups['mean'].tolist()))
main effects|[v] = level means
# HbrZESr: HF AR 2
sorted levels = sorted(level means.keys())
deltas = []
for 1 in range(len(sorted levels)-1):
a = level means[sorted levels[i]]
b = level means[sorted levels[i+1]]

deltas.append(b - a) # i"jJDlZEE F4J5 1 makespan A2fk (IE > H4JI makespa

marginals[v] = {'levels": sorted levels, 'deltas": deltas}
return main effects, marginals

n)
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