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W% B S5 2 R A

Step 4 HUHT H IR AT P = objective .y cuiarion(ay), BIATET A A 5 AU S Ty
RGO EVMEHFRREL = Wp X Tapg + Wpp, X PLgyg), HoH1Ta,, A3 58 R 3L,
PLgyg 73 V-2 IRFIMEE;

Step 5 FURIL AL THF, = neighbot jeperarion(er)s RVIBILH A HAE, BEHLIE
B E IR ABC MIIT, AT Syeigupors = 80 MEIELR & i

Step 6 HHNITK, = tabucpeck(r, tabuys) aspiration rieria(Fy bestyy;)” B0 A
SR R AR AT 2E SR A, AR b AU 1Rl AR, H Fo VR e o e BRI U 7 e 2R S AR (a0
RE Rt 2 R IR,

Step 7 FHTUHIMG G, = Ky, Kk rh s AL B AR 98 1 4 A

Step 8 4l < TSyrgrs, RIFIPIR 2 SREA R, 15 W 45 AEIA . B 25 s L B T7 58
1ﬁi—]_y\jbeStsolution-

KA, ERIRBTSrers = 300, 22T R K ETABU, 5y = 200, A8 J& K Ff 4L
TSneigupors = 80, TLHGHIRHFINO LIMIT = 40, ZFEAL B HDIVERSIFY, = 10.

4.2.3 BT REEZENABRENXESZARIKE

ARSI AL S — P T AR L S se R EE, AT H
IRIEFE. WL X BRI e S AR WA L. BAL VR DL 100 A2 B IR B DA AL
ABC MG AN, RS WA 2 A S kAR, 18I0 XU 0 2 SR it
INPRS, S AAES AR N B BE AL B 7 R A S B e L A FE T %8, AT SEEILXT
T AL,

RV TPNER R

REBEEN,: 100 MrHAEE E 9w =575 [1,2,3, ..., 100].

LIRFERE C: C=[ABCE /MR R Bkl — &1, HAEAER, 5% =240 4
], HAC A 3X1 AR EMHFERE.

WILEFIEEGy: A5 50 DY EARIIVIGEMAE, DG EOREE 100 A2 B T8 FE
J7 A1 ABC

BAESH FRERDpopsize, SEXMWEF crossy oy, ZFMHEmutate,,op, WKIE
’fﬁﬁ\%ﬁmaxgenerationy

Step 1 FEMRREWIUGIL = 0;  KGWILEMEF G FENLAERL, SRkt 100 4
R B WAL ABEAL ABC M0 ;

Step 2 IEREUL =1+ 1, FFaEZFBURBAEL L

Step 3 X Z By M B G AT AR B © G = constraintepecke,c) » St
constraint pec NLIRIT L REL, ik Gy ARe i 2 ABCE /st b #7EARS
Ry WA EHREL R

Step 4 SHTIGNE P = fitness.qeuation(c)), ML A I 5 2 G HHE
T . AR



Step 5 HURFTMBEMZE T EF, = tournamentseiectionpy, BN AR TR PEERAE,
2 A e B I R A R e A, DR B K/ popsize ;

Step 6 SHTHETT KK, = crossoverperation(ry) + MULationoperqtion(rys LIXTE
PG MR R ATAA X AR GZ# 2 BT A ABC W) FA8 Ss4dE  (BEL
WEAGE BN ABCIY) |, AERCH— R EE;

Step 7 HHFHEE G, = K, KT A B FAOMHEE B S ACHI R ;

Step 8 £l < MaXgenerations: 1Z/F| Step 2 4kEEBEA, B MSERAGIR. f 2% R A
W7 At best cnromosome-

A, BE K /N popsize = 50, & XME R crossyyop = 0.8, & F M FE
mutatey,,, = 0.05, i RIER IR Eimax _generations = 100.

424 RS

Day 1 (12h) Gantt Chart for S1 and 52

ouT2 IN3

Station

0 2 3 6 8 10 12
Time (h)

B2 & B KA AL 17
I3 AR A SR 1 A R R AN 28 S 5 2 SRR ) AR MR F S RV 1000
R, 1925 H 45 51N
X2 REVH k1 2 45 R %t 54T

T S PL PW YXB1 YXB2 YXB3 YXB4

Bk
BAERYE  102.78 99.6 0.0013 0.0140 0.2090 0.1686 0.2073 0.2466

39.07 92.7 0.0022 0.0507 0.5389 0.4394 0.5337 0.6015

BHEEEW R e R B & TR B R A, B, A CEHFEE S RELR4
BAENA TR, R n) @ R A SRR
£3 8 2 4R %54

T S PL PW YXB1 YXB2 YXB3 YXB4

39.07 92.7 0.0022 0.0507 0.5389 0.4394 0.5337 0.6015

R A, 555 BCP R 28 39 K, @i Rr 2 E P E 48 93 . &
TRHIMEZ Y 0.0022 BARHIMEE AN 0.0507, 4 ANEAVIR L A 2 TAERA LR, B
[y A2k /N, E.

11



4.3 (A RE = KRR
4.3.1 EER AR EFZ AR ER
) 0 = 7 E I B (R SRk R T MR KA R KRR T A ER K 2 T 4

P, MR . R KUy T RS S A 2% A DR RFANAR R T SRS FEAC IR X LK)
I, BT = A &

EXHERM KB K, RGN IERA TAER KR ), 2
K €{9,9.5,...,12} (LA/NIf ot &) 5 ) N kAR & 6, € (0,1}, AT+ K B AR1{A:
K= Y k6, X6 =1

ke{9,9.5,...,12}

(26)
T MBIPEAS & x, € 40,1}, RIRPBAb(b =1,2) 1E5 d RILIX b 2 5 IT 4RI
WEEEW T .
SE BRI EA Ry (1), RN/ j R e & AE I T] ¢ 1) SR ok LA I ().
PRI )8 =, B e =N R A
(1) PEIR I ) 20
73BN 1 BRI G AR 8] 5570 B 2 BBECOT AR I 18], A

DayEnd,, = DayStart, , =d x24-(12-K) 27
53 BA 2 BOBEIREE SRS 18] 55523 B 1 [0~ — BRI AR a], 4T
DayEnd, , = DayStart,,,, =d x24+ K (28)

@) VA I B2k
TIGL/NL (98 4 T ) T BE ULV, A

u (O =u,(t=D)+At-> x4, (29)
FER A RTINS KOy 240 /NI, 77, = 240 BRI SE &, A
yj d :l lf u/(DayEndd—l) = 7Tchange
’ | . (16)
u,(DayStart,)=0 if y,, =1
[ =rh, BB AONIRAT BB, W T, =120 70 %X PR SLEEAT I 18 0 A
(3) MIRAT 555 HER PR ]
1155 W RHE [F]— BN 58 iR, Rk iy
ls.;/K|Hc, /K| Viel,VjeJ (14)
YLK 1) K Y B HCR &, B % KBS [ BUE AT 0.

HR AR 8 A 24 SR 2R AR e R BB DR BFANAR e 0 LS, AU e e b 1 0 <
HERTE L AR R tE L, A AR



4.3.2 BT SR RFEZRMRNE SRR KRR

5423 WML, ATREELIFEM N REES: 50, SN TIRRSHK AN
ol R HRARR, HIPEVEEDY 9.0-12.0 /M, SR 0.5 /N RS0 KB EAT HER 240U
AR 3T 2P KA B TS B Tl A W B EVE S 8, BRI 7 S HdH IR, X
B 1 I TR AR BRI (8] 2 HER A B SO HAR, R LR R A
AEEREEON BAEAFSYE", X R E TS L P T RS B R, (155
VAR B A b S AN R O K TC BT T FE AR AL 7] R

433 &Rt

Hoeg th KAEALT 9.0 2 12.0 X[AIKN, KN 0.5 (AL N IS el TR
(D). @R B FEE S). SIWAMEZEPL). SRAMFEEPEW). &k
DXL AT 2 AR T8 EE (B /NLARREECT P [8]/12 /N, 84 YXB)AE % T4t
THEIRR.

4 FIAL 3 45 R ARAR I 5 LY

K T S PL PW YXB1 YXB2 YXB3 YXB4

12.0 17.7359 923125 0.0001 0.0975 0.6029 0.4849 0.5914 0.6710
11.5 21.7810  92.3250 0.0005 0.0973 0.5122 0.4124 0.5008 0.5716
11.0 21.7932  92.3625 0.0009 0.0953 0.5343 0.4303 0.5229 0.5959
10.5 21.8156  92.3625 0.0009 0.0948 0.5597 0.4492 0.5466 0.6235
10.0 21.8656  92.2875 0.0004 0.0954 0.5861 0.4708 0.5728 0.6546
9.5 23.8781  92.3625 0.0008 0.1009 0.5653 0.4550 0.5515 0.6289
9.0 23.8859  92.3875 0.0008 0.0996 0.5959 0.4796 0.5820 0.6643

FEMARAT S5 2 HELL AT RARGERL, SR AMRE R &R N0 BRNE =T,
SiERKEYERE, 4 KN 12.0 /MR, E55 58P KRBT days) N 17.735937 K,
T KA RN, B K N 9.0 /N (23.885938 KR L) 25.7%, % K N 10.0 /N
(21.865625 R)AiFIL) 19.0%, FEAE55 3k T7 AR 140 B3 R, B SR HIMESR (PL)
40.000133, 2T 7 EREACR, 8 KN 11.0 /NEF(0.000944) 1147 14.1% K A
10.5 /NI (0.000940) 120 14.1%, 7832 il I 21 XU B R ILEAR.

MAEF ERCF I RE T 5 KAERRE T, —F 2O HP R ARG R, BT K
HARK, AT45 56 i TRl 24 KA 12.0 /NI (R T K AE R B, 12 /N BRI K
7R T <2 AN G TR PLE “AL By C. E /NS AMALT
B B S A, I/D T RIFEIR )4y R (0 R 4SS 4 T MRS b W I 400 7 L,
12 /INEF A B K AR A5 B EIE R P BE A% 50 B 22 258 B I SRR T I, Ehdn A ZH B R 2.5
INEF, 12 /NI I RT S8 i 4 R GEREMNR, MR HB$RE T 1 B i 1) At i, B sl 1 B
R 55 R 24 K AT 9.0 - 11.5 /NI IS K AB BT Besy, 4155 58 it 25 R 308 h 8
21.780990 - 23.885938 X, H & K H I8 2 /M R Z AN 2.105 R).X 2B K
(B 4 2> F BRI A RN ) ek, 75 BN INPE B E A Re 52 ik 100 /N3¢ B R
W, FE, PERUIS AT R, BT, A B R M A A 5 b T, 53k
XS R P RS K.

IR A (PL) S K AR B DRI 3 BEAR AL B A5 Foe MR AN - Ve e el it b R 3=
BURT B RGA W, WTFRANHR BT S K N 12.0 /NS, FR4E I
K, W TR TAE 120 /N A RERE#e, O 128 RF 10 DNBEXREEH 1%, 171 K 8 9.0 /)
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I I 15 8 13 - 14 DNPEREE 3 1 TR A R 18 SR e R B T TR 46 S B0 3 5 30
TR B B RS RIS, B IBEIRIBD T N2 8 08, BRAR T R AE I B2 75
R HIMZEA. By C. E HNFIMAMER AN 1.5% 2% 1% 1%), FESZH 1
BAEI PLUMZE K K R E, JUHZE K 8 11.04 10.5 /MR, PL A BI$ mK-F, £
FE AR X (8] Y546 TR AE 120 /NP IS FUE TG 540, i 15 & e SRARE A ) 7 (n
A HBAAE 120 - 240 /NI X A] N )R RARBEER Y 5%, & 120 NS 3%), (AT
DR R B 5 r= R 9% 57, LR DR 2R 36 [R) 5 B0 A0 XU T

FERZ O HbR 2 Ak, @it a2 B 3550 H (S). R FIMEER(PW) DL &Lk
/N A S T AR TR B (Y XB)IX S8 B bR, alt—BHHIE T K 8 12.0 NN T RS
I FTA K AERT R S BI7E 92.2875 - 92.3875 28], WENIE AL 0.1 3 & A A7 X5
FAS FEH A, By C FRGIIEA R BMZQ2.5% 3% 2%). Z&MWEH D 7R
G110 1) RN .(0.1%) LA K T2 852 A It AR U 38 HE > AR 00 0 ke 5, S5 VR
K TEEHRER, W K N 12.0 /NS )77 S IR AT e B s . %5 77 R 1) PW R fE
0.09475 - 0.100875 Z [A], 2R/, XAF AR FEIE T il R A &, WF
BRI UNE R R (A. By C. E A FARAMER D58 1.5% 2% 1%-
1%), HARAEMBNSNFRERIRBEMR, 5 KAELXK, Bt PW BERFRE HE
ARCTAER AL, K A 12.0 /NI, YXB1(0.602914). YXB2(0.484861).
YXB3(0.591406). YXB4(0.671032)3% 5 77 =ik, Jula2d YXB4(E 4H)FIH
R 70%, Ui 12 /NESFEER R B KAk /N 2 R 2R, sk PR BIE OG5 B
T HH T RN 2 R s ]

CREKRE, EIMAESS LA ARSI TER, SR AMRR &K IO BRI
50 N, KON 12,0 /IR ERIT R, %R 5 5CIT [8](17.735937 K, &))"
A A IRAIE2(0.000133, FAK)” PiKiZ.0 B bs B3R IEA, 1R85 E 5.
AL 2 SR B AR R R AR T, B T/ N LA B AR ] oAb T B s /KPR
KA B8 FI 220 I K AB(9.0 - 11.5 /NN J7 AT 55 58 U TR R IR RE K, s )
M B E A E, AR ER s LSRR, AfFE “B8ME%” I RTRET
I, AR A A RO K=12.0, AR

&5 B4 3 4R G 15 AR

T S PL PW YXB1 YXB2 YXB3 YXB4

17.6500 92.1875 0.0004 0.0979 0.6029 0.4849 0.5914 0.6710




4.4 )RR U YK R
4.4.1 ZEEEXTEIIRTEIE IS4
2654 Ptk A 240 DT 892 R %354T

K T S PL PW YXB1 YXB2 YXB3 YXB4

12.0 17.6500  92.1875 0.0004 0.0979 0.6089 0.4855 0.5953 0.6783
11.0 21.8901  92.1625 0.0003 0.0945 0.5349 0.4262 0.5240 0.5949
11.5 21.9003  92.1750  0.0003 0.0942 0.5118 0.4078 0.5011 0.5694
10.0 21.9547 922000  0.0004 0.0951 0.5861 0.4680 0.5730 0.6518
10.5 21.9625  92.2125 0.0004 0.0953 0.5586 0.4459 0.5460 0.6211
9.5 23.5732  92.3500  0.0007 0.0985 0.5752 0.4595 0.5621 0.6423
9.0 23.7031  92.3375 0.0007 0.0979 0.6031 0.4821 0.5898 0.6745

CEAIR AL K 5. R 6, ATTFEGN M 5 DR Z X TR TR] 1) 52
(—) FER TAEIHK (K) X6 F-34) 58 B 18] [ 52 i

PER TAER K (K) 2 R M AT 55138 e s A A% O R 3R, 38 SR I 38 AR %
KA MNEHERE, 2 K=12.0 /NEFEF,  ICFR A, (O 17.7359 K, BEE
K HIZG K, FR5E R AR iE K, 24 K=9.0 /NEFR), “PHIRF[EES] 23.8859
R, B K=12.0 /PEIEKZ) 34.7%. IX—MEERATAET K HIRE 7 BIECE 20
RS REFHZ: 12.0 M FRKIERER 2 EEAT  “2 AN & AT
7 M “AL Bl Cy E NBSLTAL”  BIREESAE, D EER IR SR % 4% 38
ey DIFHaPE SRR o W ey (R, RIS N AT SE AR 2 2 B 1 AR (o A A
BYRT 2.5 /N, 12 BT ETSER 4 RGEEEIR), MR ER T B B ) %
oMY K BFE 115 N ELUTE, B RO ek,  FImPtxEE A
ResEil 100 NMEEENNK, HIEXUIMETE, B W22 B ] oA 5 b
I, RGP SRR EEEAN 21 KU R XE, K EFE (0 11.5—11.0 /N)
o 248 R 1) PR P i 3.

MAE R TAERT A EE (YXB) £ th 58 ENUE X — 520 . K=12.0 /MRS, YXB1(0.6029) «
YXB2(0.4849) . YXB3(0.5914) . YXB4(0.6710) 418 K HA &EKF, BEWE®
MAR/NH BRI H R R L, b T RO 8 S EUO IR SER Sl o K=11.5
AINBPEF, B/ YXB IR EAL (M0 YXB2 {0 0.4124), W& REN A8, #—
AR 7RI 1.

() W 7% B8 8 ] 1) 6T~ 48 52l Fsf 8] ) 52 1)

TR A B A TR P2 S RN R] OS2 BB AR I K {23, (A7 A8 B A QIR 2%
TR 120 /NP REKZE 240 /NEFRS, 72 K=12.0 /NS RIRBIER T,  IHF
IR 17.7359 R4EFEZE 17.6500 K, 4EfEZ1 0.49%. X —AL %O A T 14
B EPAR A BEAR: R LREN, ®&ETFEDTIE 120 DA RER I, 120 NEE
Hef, K=12.0 /N RIHERTFE 10 DNYERER 1 XE&; 240 /B EHRE, A
RERT 20 MR 1 K WA EHRIRES, TEHEERER. k& asesT (A
H 30 sr8h. B 4 20 r8haE), HEFRULTEHCGRERNT R,  (EAE T o BRI A] AR
JE K T T (1] B Rl /D BE R OB, FRARR IR A & A 3 B Ik T, AT )N I 48 R
JE 3.



TERME, 15 ] (A AR A B W XS BT (i A ZHI & 120-240 /N
M BRI 3% &R 5%), HEEER, 240 /NEFERESFEEELE T 120
ANEPE R, BERHAE “WAR R TAE 120 T ZRTS, AEEKE A, R
/U B 0 30 i o AR E Y, e 1 SRR b T SR 9 T N T P A
(=) IR FIME % (PL) 5% HIMEZR (PW) T35 58 BR8] f6 8] 422 5 0

JRFINEZR (PL) 5 iR AR (PW) BA E R E 3 e s 7], (HidEE  “ L~
A, HE5 K EAERIIRR NETRE, PL KB ERE K=12.0 /)
B (0.0001), BEBPFIRE A ; PL B EH K=11.0~ 10.5 /M (3524 0.0009), P
B AL T 21.8 RS FIE S K. X2BIRHA (Y32 15T) 2 S 8CE i) 8 1) 2% B it
NJEEEATT, B EMFR H, FFRERTF TFEN, $mAsbatefE,;  m
K=12.0 /NEFES, BAKE PL g/ 7 EMIFESKR, (R SCHE 1% 8 .

AR (PW) 7E% K FUEBhE/D (0.0948-0.1009), %P 35} [ S M AS 5.2 . 15
FI(Y31 1EHE) 2 SBOEFREEHNEN, HEHEM LS50 TP (W A 4 2.5 /M),
FLRERT R AE, HAS K T PW ZR/DN, Rt Bk 5 Rz mia FR.

4.4.2 R T ER ik 8L

BT EiRadr, NSBl ARS R, SRIRAMERR R W0 EE, ®
T T LR s

1. Fl s RBEREHE, AT 24 ABHMEIZE: LKA K=12.0 /MR K,
LA NS BIPE (N F. 8:00 - B 8:00. Ff 8:00 - F- 8:00), FH{REMIR KT 24
NN T IE AT . AR G RE S AR AT IR R, D BRI D)4 dbike,  [RIRHMKIE &%
= YXB EfREF R SR, MARAS 48 5 a0 1.

2. RAL R E RS, PR E R RS Ea 2 aE N, RH 240 /)
IR % IR, DB R AR, BRI RO T R (I ] 45368 RIS, N7
FORSMEIALE], RS TIE 120 /AN, BI08HRE AT (UnaFEE R EE 5 A6 2 3 4
SR, I T R A, T DR 15 A e T B AR T (R R T AR AL

3. RERMRADNA, FEERASIRKMEMSEA: £x5 PL B K=11.0, 10.5 /)
T %R, PUERIRAMERAR SR ER B 4 (NFEHMR 4%), FRELINE: —2A
B HAMEEENTF, BOPRRLESEWEREES, BERFARE, Z£&7%F A.B 4
MRRJE R “TI S EIAT” (ndhEL 10% A E i), $EaT A IR H) ),
e B i 25 B N SR FR R[] YR 9.

4. SRR, RO B IEREE : SR FE R )i (B & A0 1 L 3 B s As
WA, AR AR . A T, PRAT A IR e B A iR A, IR
TBR Gk 23 [m T, BB / BAN, XA “XEEEEZER7 ER
(FIH AR o — 2 B KR ), BB 1 SRy |, 3 — 20 R 40 24k
JEH.

5 {RETEH
5.1 #HENRR

(1) SR S 1) R PR 2 A XA 55 IR AR 7R 78 73 45 5 S B Tl 37 5, Tl A 17 3 i 1]
[P 5 e g B AR I 58 A IR B2, BB 8 T B IR R B A (120 /)y
B~ MFEX A GRASIRA) « BERTIRNITEL R S B AR %
BRI 5INK MR PR (ngia el 560 , BA B TN
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FNE, wIHET 2 SR G MR T2 TR 15 2% R I 25 75 2 2 [ B o 42 1 1)
A

(2) AT T2 2 AT IR 2 R RSB AR, B 5 2% 1) B AT S DX Bh i) R Ak R TR 5
ORI 0] LA ROR A, U S 30 a8 bR AR . IR B E SR, R
HeE RSB EERE T. PL. YXB &t mEWI& i, /& K=12h s,
T4 A 17.73 R 5IRAIMEZR 0.0001 [F] B 1A 2 H# 8 AL

() AR S RELAFNEESER (KE 200£50) « HENABEAERK (80
AMEIEM) TR RIEVEE (1000 A5 E) = RIRHA AER IR ATRENLZ) R
(183 ] S50 I VAT SRS R e ) SO B R B8 vy, bk e 1 AR Gt 7 v 5 AN SR 3 e FI TR S

5.2 {REV T E

(1) BRI 2% R 2R AE 120-240 /NI A 2RI, 175K B ] BE S I sk 2k Ry
P, LR n] BE 2 R R 2.

(2) SERRIA, WU T 57 L  SCHBITIN (8] 453 25 S S0 B DN 3R B, X W] 38 YXB
FEPRAE S B B 2 i i il

(3) B A% L Bk & 1 S AR S R S R RIS 1L BRI R, HEX
ITHSRT A R BRI SRAE ORI, DL A2 A 7 B o S 3 B2 5 PRk i
INAER

5.3 HRBIMBUGE SHT
SRS IR R LR SRS ST fr, AR RIS — A SR AT R Yok

AR, (SRR [ E SRR, REARIE 1 R R (K B0 A5 ALK B It 1 B SR,
RTHE R ARG,

AR TR ORI <2 B BB AT I o <BRIEAIR A CBENLEE SR, 5
A IR s R A AR R ST I T RS (A/B/IC/D) oy~ ARl
CEVENNA” <A L <DIRRI L <RI R, RGN R
BRSNS T <TIPEGES BB, RV A) BB AR AR R AT AL o 0 1K
I iES R,
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=3

B 1. EEEF/KEAD

o H B E

HAF 245 Windows 10 (64-bit)
Y FE1E 5 Python 3.9 (Anaconda 2021.11)
UEE 2% VS Code 1.85 (Professional Edition)

A L: Code/task2.py~ task3.py. task4.py

ARAGIEE 1 WA

import math, random, statistics, os
from dataclasses import dataclass, field
from typing import Dict, List, Set

from collections import deque

import pandas as pd

SEED =42
N_DEVICES = 100
SHIFT = 12.0
REPS =200

WT =10
W _PL=20.0

TS_ITERS = 200
TS_REPS_EVAL =30
TS_TABU_LEN =200
TS_NEIGHBORS = 60
TS_NO_IMPROVE_LIMIT = 30
TS_DIVERSIFY K =6
TS_INIT RANDOM = True

OUT _DIR = "sim_outputs_csv"
os.makedirs(OUT_DIR, exist_ok=True)

DUR = {'A"25,'B"2.0,'C":2.5,'E" 3.0}

CALIB= {'A" 0.5,'B": 1/3,'C": 1/3,'E": 2/3}

ERR = {'A": 0.03,'B" 0.04,'C": 0.02, 'E": 0.02}
PROB = {'A": 0.025, 'B": 0.03, 'C": 0.02, 'E": 0.002491}
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FAIL P12 = {
'A": (0.03, 0.05), 'B': (0.04, 0.07),
'C": (0.02, 0.06), 'E": (0.03, 0.05),

PERMS =
[lAl,VB',lC']’ [lAl,VC',lB']’ [VB','A','CI]’
[lBl,'Cl,'Al]’ [lCl,'A',lBl]’ ['C"'B"'A']’
]
PER _DEVICE ORDER: List[List[str]] = [PERMS[0][:] for _in range(N_DEVICES)]

def shift start after(t):
day = int(t / SHIFT)
return t if math.isclose(t, day*SHIFT) or t % SHIFT == 0 else (day+1)*SHIFT

def can_finish_in_shift(t,dur):
return t+dur <= (int(t//SHIFT)+1)*SHIFT+1e-9

def schedule_start(t,dur):
return t if can_finish_in_shift(t,dur) else shift start after(t)

def sample failure usage(stage,rng):
pl,p2 = FAIL P12[stage]; u=rng.random()
if u<pl: return rng.uniform(0.0,120.0)
elif u<p2: return rng.uniform(120.0,240.0)
return 240.0

(@dataclass

class EquipState:
ready_time: float=0.0
use_since_replace: float=0.0
next fail usage: float=0.0

(@dataclass
class DeviceState:
done_abc:Set[str]=field(default factory=set)
exited:bool=False # HEN OUT GEIK) — AFHA
e passed:bool=False # HEN OUT GEid) — AF L
dev_ready:float=0.0
cons_fail:Dict[str,int]=field(default factory=lambda:{'A":0,'B":0,'C":0,'E":0})
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miss_flag:bool=False

misjudge flag:bool=False
problems:Dict[str,bool]|=field(default factory=dict)
abc_order:List[str]=field(default_factory=list)
out_until:float=-1.0 # fdxHE

def attempt once(stage:str,dev:DeviceState,rng:random.Random):
has_problem=dev.problems[stage]
if rng.random()<ERR[stage]:
if rng.random()<0.5:
predicted fail=True; mis=not has problem; miss=False
else:
predicted fail=False; miss=has_problem; mis=False
else:
predicted fail=has problem; miss=False; mis=False
return (not predicted_fail),miss,mis

P Y g—
defrun_single replication(n_devices:int,rng:random.Random,collect log=True):
equip={k:EquipState() for k in ['A",)B",'C",'E"]}
for k in equip:
startO=schedule start(0.0,CALIBJ[k])
equip[k].ready time=startO+CALIB[k]
equip[k].next fail usage=sample failure usage(k,rng)

devices=[DeviceState() for _in range(n_devices)]

for 1,d in enumerate(devices):
d.problems={k:(rng.random()<PROB[k]) for k in ['A",'B",'C",'E']}
d.abc_order=PER_DEVICE ORDER][i][:]

schedule_log=[]
def'log_event(dev,stage,s,e,att,status,note=""):
if collect log:
schedule log.append({
'day'": int(s//SHIFT)+1,
'device': dev,
'stage': stage,
'start': s,
'end": e,
'duration': e-s,
'attempt': att,
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'status': status,
'note': note

1)

# AIEME IN (IN ASERL IN SERUa TR S 4D
hall inside=[]; next in=0
while len(hall inside)<2 and next in<n_devices:
idx=next in;t in _end=0.5
log_event(idx,'IN',0.0,t in_end,0,'move','in")
devices[idx].dev ready=t in end
hall inside.append(idx)
next_in+=1

busy={k:0.0 for k in ['A",'B",'C','E']}
current_time=0.0
def equip_replace(st):
e=equip[st]; s=max(e.ready_time,current_time); s=schedule start(s,CALIB]st])
log_event(-1,st,s,s+*CALIB[st],0,'calib','equip_replace')
e.ready time=s+CALIB[st]; e.use since replace=0.0; e.next fail usage=sam-
ple failure usage(st,rng)

while True:
# HARBHRI 5 A H % % INJOUT A A4
hall inside=[1 for 1 in hall inside if (not devices[i].exited) and (not de-
vices[i].e_passed)]

#AMZ: HAE<2 B IN NG IN SRS A ALY
while len(hall inside)<2 and next_in<n_devices:
idx=next_in; s=max(devices[idx].dev_ready,current time); e=s+0.5

'

log_event(idx,'IN',s,e,0,'move','in")
devices[idx].dev_ready=e
hall _inside.append(idx)

next in+=1

#OEET - RRWMAESZ” (A OUT: RAEIEEFH
equip[stage].ready time fRIE)
candidate=[]
for idx in hall inside:
d=devices[idx]
if len(d.done_abc)<3:
for st in d.abc_order:
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if st not in d.done abc:

dur=DUR[st]; t0=max(d.dev_ready,equip[st].ready time);
tstart=schedule start(t0,dur)

candidate.append((tstart,idx,st)); break
else:
st="E'; dur=DUR[st]; t0=max(d.dev ready,equip[st].ready time);

tstart=schedule_start(t0,dur)
candidate.append((tstart,idx,st))

if not candidate:
if all(dev.exited or dev.e passed for dev in devices):
break

future=[equip[k].ready time for k in equip]+[dev.dev_ready for dev in de-
vices]
current_time=min(t for t in future if t>current_time+1e-9); continue

candidate.sort(key=lambda x:x[0])

t start,i,stage=candidate[0]

d=devices][i]; e=equip[stage]; dur=DUR[stage]
current_time=max(current_time,t start)

# WEFFmAE (FIHBHELF: H eready time HATIRIE)
safe left=e.next fail usage-e.use since replace
will_break=dur-safe left>1e-9
if will_break:

off=max(0.0,safe_left); t fail=current time+off

busy[stage]+=off; e.use since replacet=off; e.ready time=t fail;

d.dev_ready=t fail
log_event(i,stage,current_time,t fail,1,"interrupt',"Y1_fail")
equip_replace(stage); current_time=e.ready time; continue

# IR S IR
t end=current time+dur
passed,miss,mis=attempt_once(stage,d,rg)
d.miss_flag|=miss; d.misjudge flag|=mis
e.ready time=t end; d.dev_ready=t end; e.use since replace+=dur;
busy|[stage]+=dur
if e.use_since replace>=240.0-1e-9: equip_replace(stage)
log_event(i,stage,current_time,t end,1,'pass' if passed else 'fail','first')

if passed:
if stage in ['A",'B",'C']:
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test')

d.done abc.add(stage); d.cons_fail[stage]=0

else:
#E i#id — 3% OUT (OUT A dif)
d.cons_fail['E']=0; d.e passed=True
s=d.dev ready; e out=s+0.5
log_event(i,’ OUT',s,e _out,0,'move','out_pass')
d.dev_ready=e out; d.out until=e out

else:

d.cons_fail[stage]+=1

if d.cons_fail[stage|>=2:
# RIOEIK — 2% OUT (OUT A difin)
d.exited=True
s=d.dev_ready; e out=s+0.5
log _event(i,’OUT',s,e out,0,'move',fout fail {stage}')
d.dev_ready=e out; d.out_until=e out

else:
4 KR
t end2=current_time+dur
passed2,miss2,mis2=attempt_once(stage,d,rng)
d.miss_flagl=miss2; d.misjudge flag|=mis2

e.ready time=t end2; d.dev ready=t end2; e.use since re-

placet+=dur; busy[stage]+=dur

log_event(i,stage,current time,t end2,2,'pass' if passed2 else 'fail','re-

if passed2:
if stage in ['A",'B','C']:
d.done_abc.add(stage); d.cons_fail[stage]=0
else:
d.cons_fail['E']=0; d.e passed=True
s=d.dev_ready; e out=s+0.5
log_event(i,’OUT',s,e_out,0,'move','out_pass')
d.dev_ready=e out; d.out until=e out
else:
d.exited=True
s=d.dev_ready; e out=s+0.5
log_event(i,’OUT',s,e_out,0,'move',fout fail {stage} retest')
d.dev_ready=e out; d.out until=e out

if all(dev.exited or dev.e passed for dev in devices):
break
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#======1Rb5 (T LL 12/ R) ===
end time hours = max(d.dev_ready for d in devices)
T days=-end time hours / SHIFT
S=sum(1 for d in devices if d.e passed and not d.exited)
PL=sum(1 for d in devices if d.miss_flag)/n devices
PW=sum(1 for d in devices if d.misjudge flag)/n devices
YXB={k:(busy[k]/end time hours) if end time hours>0 else 0.0 for k in

[VAVj'Bl;C';EV]}

return T days,S,PL,PW,Y XB,pd.DataFrame(schedule log)

#=====CSV L& (FRxTAhL) =====
def export_daily station table(log df: pd.DataFrame, csv_path: str):
if log_df.empty:
return
df =log_df.copy()
df = df[df]'status'].isin(['pass','fail','interrupt’,'move'])]
df'slot'] = df.apply(
lambda r: £'D{int(r['device'])} - {r['stage']} ({r['start']:.1f}-{r['end']:. 1{})",
axis=1
)
agg = df.groupby(['day','stage'])['slot'].apply(lambda s:

H|"

Join(s)).reset_index()
table = agg.pivot(index='day’', columns='stage', values='slot').fillna(")
for col in ['IN','A",'B','C",'E",'OUT"]:
if col not in table.columns:
table[col] ="
table = table[['IN','A",'B",'C",'E',)OUT"]]
table.to _csv(csv_path, encoding="utf-8-sig')

=== AR R ———
def apply_solution(sol_idx: List[int]):
for i in range(N_DEVICES):
PER _DEVICE ORDER]Ji] = PERMS[sol idx[i]][:]

def evaluate solution(sol idx: List[int], reps=TS REPS EVAL, seed=SEED):
snapshot = [x[:] for x in PER_DEVICE ORDER]
try:
apply_solution(sol idx)
rng = random.Random(seed)
days list, S list, PL list, PW list, YXB list=1[], [1, [1, [], []
for _in range(reps):
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d, S, PL, PW, YXB, = run_single replication(N_DEVICES, rng, col-
lect log=False)

days_list.append(d); S list.append(S); PL list.append(PL); PW_list.ap-
pend(PW); YXB _list.append(YXB)

T avg = statistics.mean(days_list)
PL avg = statistics.mean(PL _list)
obj=W T*T avg+W PL*PL avg

metrics = {
'T avg: T avg, # AL R(12h/K)
'S avg': statistics.mean(S_list),
'PL %'": PL_avg*100,
'PW_%': statistics.mean(PW_list)*100,
'YXB avg %" {k: statistics.mean([y[k] for y in YXB_list])*100 for k in
['A',B','C"'E']},
'Obj': obj,
'Weights': {'W_T"W_T,'W_PL"W _PL},
}
return obj, metrics
finally:
for i in range(N_DEVICES):
PER DEVICE ORDER]Ji] = snapshot[i][:]

#===== I ===
def diversify(sol: List[int], rng: random.Random):
new_sol = sol[:]
for _inrange(TS_DIVERSIFY K):
1 =rng.randrange(N_DEVICES)
new_p = rng.randrange(6)
while new p ==new_sol[i]:
new_p = rng.randrange(6)
new_sol[i] =new_p
obj, m = evaluate solution(new_sol, reps=TS REPS EVAL, seed=SEED + 777)
print(f* [Diversify] changed {TS DIVERSIFY K} devices -> Obj={m['Obj']:.3f}

f'(T_avg={m['T avg']:.3f} X, PL%={m[PL %':.3f})")

return new_sol, obj

#===== MR (BERHEN ABC i) ===
def tabu_search per device():
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rng = random.Random(SEED)

curr = [rng.randrange(6) for _ in range(N_DEVICES)] if TS INIT RANDOM else

[0 for inrange(N DEVICES)]
best = curr|:]

best obj, = evaluate solution(best, reps=TS REPS EVAL, seed=SEED)

curr_obj = best obj

tabu = deque(maxlen=TS TABU LEN)
tabu_set = set()
no_improve =0

for it in range(1, TS ITERS+1):

cand list =]

picked = set()

for inrange(TS NEIGHBORS):
1 =rng.randrange(N_DEVICES)
new_p = rng.randrange(6)
if new_p == curr([i]:

new p = (new_p + 1 + rng.randrange(5)) % 6

key = (i, new_p)
if key in picked: continue
picked.add(key)
cand_list.append((i, new_p))

best neighbor = None
best _neighbor obj = float(‘inf")

for (i, new_p) in cand_list:
neigh = curt|:]
old p = neigh[i]
neigh[i] = new p

obj, =evaluate solution(neigh, reps=TS REPS EVAL, seed=SEED)

is_tabu = (i, old_p) in tabu_set

ifis_tabu and obj >=best obj - 1e-9: # &= 1N
continue

if obj < best neighbor obj - 1e-9:
best neighbor obj = obj
best neighbor = (i, old_p, new_p, neigh)

if best_neighbor is None:
curr, curr_obj = diversify(curr, rng)
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no_improve =0
continue

i, old_p, new_p, neigh = best neighbor
curr = neigh
curr_obj = best neighbor obj

tabu.append((i, old_p))
tabu_set.add((i, old p))
while len(tabu) > TS TABU LEN:
out = tabu.popleft()
if out in tabu_set: tabu_set.remove(out)

if curr_obj < best_obj - 1e-9:
best = curr|:]
best obj = curr_obj
no_improve =0
_, best_metrics = evaluate solution(best, reps=TS REPS EVAL,
seed=SEED)

print(f"[Iter {it}] improve: Obj={best metrics['Obj']:.3f} | "
f'T_avg={best metrics['T avg']:.3f} K | PL%={best met-
rics['PL_%"]:.3f}")
else:
no_improve += 1

if no_improve >=TS NO_IMPROVE_LIMIT:
curr, curr_obj = diversify(curr, rng)
no_improve = 0

_, metrics = evaluate_solution(best, reps=max(TS_REPS EVAL, 60), seed=SEED)
return best, metrics

#=—==== RO ERENNT ———

def save solution_csv(sol idx: List[int], path: str):
rows = [{'device": i, 'order": " join(PERMS[p])} for i,p in enumerate(sol idx)]
pd.DataFrame(rows).to_csv(path, index=False, encoding="utf-8-sig")

#==—= ERXPMEIF ——
def main():

rng = random.Random(SEED)

days list, S list, PL list, PW list, YXB list =[], [1, [1, [], []
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first log = None

for rep in range(REPS):

collect = (rep == 0)

d, S, PL, PW, YXB, log df = run_single replication(N_ DEVICES, rng, col-
lect log=collect)
days_list.append(d); S list.append(S); PL list.append(PL); PW list.ap-
pend(PW); YXB _list.append(YXB)
if collect:

first log =log df

T avg = statistics.mean(days_list); T sd = statistics.pstdev(days_list)

avg S = statistics.mean(S_list); sd_S = statistics.pstdev(S_list)

avg PL = statistics.mean(PL_list); sd PL = statistics.pstdev(PL _list)

avg PW = statistics.mean(PW _list); sd PW = statistics.pstdev(PW _list)

avg YXB = {k: statistics.mean([y[k] for y in YXB_list]) for k in ['A",'B",'C'",'E']}
obj final=W T*T avg+ W _ PL *avg PL

print("=== 1EXIFA (CSV it HERER AR E 5 ABC [FH1%:
IR HR)  ==")

print(f'REPS={REPS}, SEED={SEED}")

print(f"Obj(= {W_T}*T + {W_PL}*PL): {obj_final:.3f}")

print(f'T ~FH4 58 R E(12h/K): {T avg:.2f} (0={T sd:.2f})")

print(f'S B ML {avg S:.1f}/{N DEVICES} (c={sd S:2f})")

print(f"PL AR HIEA: {avg PL*100:.3f}% (o={sd_PL*100:.3f}%)")

print(f'PW EIRFIHEZR: {avg PW*100:.3f}% (o={sd_PW*100:.3f}%)")

print("YXB CEMERAE A S TAER AL, 3 BE=R0/NED o)

print(f' A #1: {avg YXB['A']*100:.2f}%")

print(f" B 4: {avg YXB['B']*100:.2f}%")

print(f*  C 4H: {avg YXB['C'T*100:.2f}%")

print(f" E #1: {avg YXB['E'*100:.2f}%")

if first_log is not None and not first log.empty:
csv_log = os.path.join(OUT_DIR, "schedule log repl.csv")
first log.to_csv(csv_log, index=False, encoding="utf-8-sig')
print(f"[FH] EEFHFHE CSV: {csv_log}")

csv_table = os.path.join(OUT_DIR, "daily station_table repl.csv")
export_daily station_table(first log, csv_table)
print(f"['FH] R TAICE CSV: {csv_table}")
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if  name __main__
print("=——= HEHLR: FHREEN ABC T QNBE) =—==")

best sol, metrics = tabu_search per device()

print("\n[FEFEAF@TEHT B ", metrics)

apply_solution(best_sol)
sol csv = os.path.join(OUT_DIR, "per _device order best.csv")
save solution csv(best sol, sol csv)

print(f'[ S H] BEREERINF: {sol_csv}")

print("\n== N FHEMLME, HATIEXEIFFH ="

main()

import os, time, random
import pandas as pd

# PR H AP
OUT _DIR ="sim_outputs csv"
os.makedirs(OUT_DIR, exist ok=True)

def safe to csv(df: pd.DataFrame, path: str, *, max_tries: int = 3) -> str:

nmn

7T CSV: SEHIGK T, FH osreplace i1 £k
IR BARIEOE s fRAE CGR [B]SERR I R4 -
base, ext = os.path.splitext(path)
for k in range(max_tries):
tmp = "' {base}.tmp_{os.getpid()} {int(time.time()*1e6)} {ext}"

try:
df.to_csv(tmp, index=False, encoding="utf-8-sig")
try:
os.replace(tmp, path) # Windows L EEE G (35 H AR A B8
return path

except PermissionError:
# HEr5H: BB RAE
alt =f"{base} {int(time.time())} {k}{ext}"
os.replace(tmp, alt)
return alt
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except PermissionError:
time.sleep(0.25)
# 2RI BN R
alt=f"{base} {int(time.time())} {ext}"
df.to csv(alt, index=False, encoding="utf-8-sig")
return alt

#=== FPrH 1 U HESH0RIFRE =—
rng = random.Random(SEED)

csv_log = os.path.join(OUT_DIR, "schedule log repl.csv")
actual log path =safe to csv(first log, csv_log)

print(f'[FH] 28 F/FHE CSV: {actual log path}")

# [F)0 5 B R < A A
def export_daily station_table(log_df: pd.DataFrame, csv_path: str):
if log_df.empty:
return
df =log_df.copy()
df = df[df]'status'].isin(['pass','fail','interrupt’,' move'])]
df'slot'] = df.apply(
lambda r: 'D{int(r['device'])} - {r['stage'] } ({r['start']:.1f} - {r['end']:. 1{})",
axis=1
)
agg = df.groupby(['day','stage'])['slot'].apply(lambda s:

Join(s)).reset_index()
table = agg.pivot(index='day', columns='stage', values='slot').fillna(")
for col in ['IN','A",'B','C",'E",'OUT"]:
if col not in table.columns:
table[col] ="
table = table[['IN',A",'B",'C",'E','OUT"]]
table.to_csv(csv_path, encoding="utf-8-sig")

csv_table = os.path.join(OUT DIR, "daily station_table repl.csv")

# H safe_to_csv G—)Z, AW GHIIR

tmp_table = os.path.join(OUT_DIR,". tmp daily station table repl.csv")
export_daily station_table(first_log, tmp_table)

# L Vgt (WA LLERE osreplace; FHR—E&1EFH 4i—)

table df =pd.read csv(tmp_ table) if os.path.exists(tmp_table) else pd.DataFrame()
if not table df.empty:
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actual table path =safe to csv(table df, csv_table)
try:
os.remove(tmp_table)
except Exception:
pass
print(f'[F ] B RxLACE CSV: {actual table path}")
else:

print("[ S H] FRxTACA CSV: BEHIE"

RIGHEE 2 HE=RE

import argparse, random, statistics, pandas as pd
from dataclasses import dataclass, field
from typing import Dict, List, Tuple, Optional

DUR: Dict[str, float] = {'A":2.5,'B" 2.0,'C": 2.5,'E": 3.0}
CALIB: Dict[str, float] = {'A": 0.5, 'B": 1/3,'C": 1/3, 'E": 2/3}
ERR: Dict[str, float] = {'A": 0.03, 'B": 0.04, 'C": 0.02, 'E": 0.02}
& (EE)
PROB: Dict[str, float] = {'A": 0.025, 'B": 0.03, 'C": 0.02, 'E": 0.002491}
MR (& BE)
FAIL P12={ # #f&EPiE CDF (<120h 2, <240h BFD
'A": (0.03, 0.05),
'B": (0.04, 0.07),
'C": (0.02, 0.006),
'E": (0.03, 0.05),
}
o= (RRIMTFH) ===

# T

# [&A A

REPLACE_AT 120 =True # JFa: RiMER >=120n &, WRA7EshE

e

ALIGN_TO_SHIFT _START=True # JFja: -+ EBHEIRIITM, BRI

#==—— [EELR =—=——

MANDATORY REPLACE USAGE = 240.0
HALL CAP=2

T IN=0.5

T OUT=0.5

32




DEFAULT ORDER_CSV ="my_order.csv"

#=====PLRE N ===
def next window(t: float, K: float) -> Tuple[float, float]:
d=int(t // 24.0)
while True:
base =d * 24.0
w1, w2 = (base, base+K), (base+K, base+2*K)
if wl[0] <=t <wl[1]: return w1
if w2[0] <=t <w2[1]: return w2
if t <wl[0]: return wl
if t <w2[0]: return w2
d+=1

def fit_in window(t_start: float, dur: float, K: float) -> Tuple[float, float]:
w =next window(t_ start, K); s = max(t_start, w[0])
if s + dur <= w[1]: return (s, s+dur)
w2 =next_window(w[1], K); s2 = max(w2[0], w[1])
if s2 + dur <= w2[1]: return (s2, s2-+dur)
raise RuntimeError

def count_ windows(t_end: float, K: float) -> int:
cent,t=0, 0.0
while True:
w =next_window(t, K); cnt += 1
if w[1] >=t_end: return cnt
t=w[l]+ 1e-9

#===== &N (P CDF) =====

def sample fail usage(rng: random.Random, st: str) -> float:
pl, p2 =FAIL P12[st]
u = rng.random()

ifu<=pl: return 120.0 * (u/pl) # 0~120h
ifu<=p2: return 120.0 + 120.0 * ((u-pl)/ (p2 - pl)) # 120~240h
return float('inf") #240h Hi TG
=
(@dataclass

class Equipment:
station: str
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usage: float = 0.0

fail_at: float = float('inf")

need cal: bool = True

ready time: float = 0.0

def reset(self, rng: random.Random, now: float):
self.usage = 0.0
self.fail at=sample fail usage(rng, self.station)
self.need cal = True
self.ready time = now

(@dataclass

class Station:
name: str
dur: float
cal: float
p_err: float
equip: Equipment
free: float = 0.0
busy: float = 0.0

def ensure_cal(self, rng: random.Random, K: float):
if not self.equip.need_cal:
return
s, f=fit_in_window(max(self.free, self.equip.ready time), self.cal, K)
self.free = f
self.busy +=(f - s)
self.equip.usage += (f-s) # AT N &
self.equip.need cal = False

def maybe replace at 120(self, rng: random.Random, earliest: float, K: float):
"R NMESHT, 5 RIMEA>120 H<240, M HRHE (i
PEE R FE)
if not REPLACE AT 120:
return
if 120.0 - 1e-9 <= self.equip.usage < MANDATORY REPLACE USAGE - le-

when = max(self.free, earliest)
# T PEERTE, B RO
if ALIGN_TO_SHIFT START:

w = next_window(when, K)
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# o7 2 R N TR AN A2 PASE R — R, me R
AN D TFAE
remain = w[1] - max(when, w[0])
if remain < (self.cal + self.dur) - 1e-9:
# NN AR [A]
when = next window(w[1], K)[0]
# AT A
self.equip.reset(rng, when)
self.ensure_cal(rng, K)

def run_attempt(self, rng: random.Random, earliest: float, K: float) -> tuple[float,
bool]:

He— M P RE 2 R A b/ 21 240h Hh i I fi & B8 e+ A% 1

Haom . JHBEMESSET, #>120h NS EBE# (maybe replace at 120).

#0) F| 240h (R Bk (EMIF A/

if self.equip.usage >= MANDATORY REPLACE USAGE - le-9:
self.equip.reset(rng, max(self.free, earliest))
self.ensure_cal(rng, K)

#1) 45 RIS LR IESSATie & “120h F2 3 5 #
self.maybe replace at 120(rng, earliest, K)

#2) FREIAE PRI

s, f =fit_in_window(max(self.free, earliest), self.dur, K)

#3) HSAFaAE: SAREARRMAFIEA / 3] 2400
left = min(self.equip.fail at, MANDATORY REPLACE USAGE) -
self.equip.usage
if self.dur <= left + 1e-9:
# 1L SE R
self.free =
self.busy +=(f - s)
self.equip.usage += self.dur
return f, False
else:
# HR R/ E] 240 HlkT
f fail =s + max(0.0, left)
self.free = f fail
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self.busy += (f _fail - s)
self.equip.usage += max(0.0, left)
# SLE) IR HE
self.equip.reset(rng, f fail)
self.ensure_cal(rng, K)

return self.free, True

(@dataclass
class Device:
idx: int
plan: List[str] = field(default factory=lambda: ['A','B','C'])
plan_i:int=0
stage: str ="A'

ready: float = 0.0
defects: Dict[str, bool] = field(default factory=dict) # A/B/C/E 15 [n] @
fails: Dict[str, int] = field(default factory=lambda: {'A":0,'B":0,'C":0,'E":0})
passed: bool = False
exited: bool = False
had_fp: bool = False
bad_pass: bool = False
def advance after abc pass(self):
if self.plan_1<2:
self.plan_i+=1
self.stage = self.plan[self.plan_i]
else:
self.stage ='E'

—=== BRIMEGREN A/B/IC fFE =——
def'load orders(csv_path: str, N: int) -> Dict[int, List[str]]:

df = pd.read csv(csv_path)
df.columns = [c.strip().lower() for ¢ in df.columns]
assert 'device' in df.columns and 'order' in df.columns, "CSV 7% device,order %

mp = {}
for , row in df.iterrows():
1= int(row['device'])
ord_str = str(row['order']).strip().upper()
assert set(ord_str) == set('ABC') and len(ord_str) == 3, f"JEVLF: {ord str}"
mp[i] = list(ord_str)
return {k: v for k, v in mp.items() if 0 <=k <N}
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#===== IR GZIRPHER) ====
def run one(N devices=100, K=10.0, seed=2025, order map: Optional[Dict[int,
List[str]]] = None) -> Dict:
rng = random.Random(seed)
stations = {s: Station(s, DUR[s], CALIBJs], ERR[s], Equipment(s)) for s in 'ABCE'}
#t=0 TRE CIEAfEHBIED, 2RE free HZF
for st in stations.values():
st.equip.reset(rng, 0.0); st.ensure cal(rng, K); st.free = 0.0

devices = [Device(i) for i in range(N_devices)]
order map = order_map or {}
for d in devices:
if d.idx in order map: d.plan = order map[d.idx]
d.stage = d.plan[0]
d.defects = {
'A": rng.random() < PROBJ['A'],
'B'": rng.random() < PROBJ['B'],
'C": rng.random() < PROBJ['C'],
'E": rng.random() < PROB['E'], # Zi&MrBC«[EA in) @i

active, next_idx, completed =0, 0, 0

for _inrange(min(HALL CAP, N devices)): # WU & C2I47
devices[next idx].ready = 0.0
active += 1; next_idx +=1

while completed <N_devices:

st = min(stations.values(), key=lambda x: x.free)

t = st.free

cand = [d for d in devices if (not d.exited) and (not d.passed) and

d.stage==st.name and d.ready<=t+1le-9]
if not cand:

waiting = [d.ready for d in devices if (not d.exited) and (not d.passed) and
d.stage==st.name]
st.free = max(st.free, min(waiting)) if waiting else (st.free + 0.01)

continue

dev = min(cand, key=lambda x:(x.ready, x.idx))
f, interrupted = st.run_attempt(rng, max(dev.ready, st.free), K)
if interrupted:

dev.ready = f; continue
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err = (rng.random() < st.p_err)

if st.name in 'ABC"
has_bad = dev.defects[st.name]
if has bad:
if err:
# IH — R R A
dev.advance after abc pass(); dev.ready = f
else:
# R — R CEN, AMEED
dev.fails[st.name] += 1; dev.ready =
if dev.fails[st.name] >= 2:

dev.exited = True; active -= 1; completed += 1

else:

if err:
#iRH — RN
dev.had fp = True; dev.fails[st.name] += 1; dev.ready =
if dev.fails[st.name] >= 2:

dev.exited = True; active -= 1; completed += 1

else:
# 1EffE
dev.advance after abc pass(); dev.ready = f

else:

#E: 7 A/B/C %%H 5 E BEIFRHE - HHF M
has_bad = any(dev.defects[k] for k in '"ABC") or dev.defects['E']
if has bad:
if err:
# JWH — s
dev.passed = True; dev.bad pass = True; dev.ready =
completed += 1; active -= 1

else:
# okt — RMC CCEDD
dev.fails['E'] += 1; dev.ready =
if dev.fails['E'] >= 2:
dev.exited = True; completed += 1; active -= 1
else:
if err:

#RH — KW
dev.had fp = True; dev.fails['E'] += 1; dev.ready = f
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if dev.fails['E'] >= 2:
dev.exited = True; completed += 1; active -= 1
else:
dev.passed = True; dev.ready = f; completed += 1; active -= 1

# AR

while active < HALL CAP and next idx <N _devices:
earliest = min(s.free for s in stations.values())
devices[next idx].ready = earliest + T IN
active += 1; next_idx +=1

t end = max(d.ready for d in devices)

shifts = count_windows(t_end, K)

num_pass = sum(d.passed for d in devices)
num_bad_pass = sum(d.bad pass for d in devices)
num_fp dev =sum(d.had fp for d in devices)

yxb = {s: stations[s].busy/(K*shifts) for s in stations}

return dict(K=K, T days=t end/24.0, S=num_pass,
PL=(num_bad pass/num_pass if num_pass>0 else 0.0),
PW=num_fp dev/float(N_devices),
YXBI1=yxb['A'], YXB2=yxb['B'], YXB3=yxb['C'], YXB4=yxb['E'])

#=—==== i ([T K=9..12, K 0.5) ====

def sweep K(N_devices=100, rep=100, seed=2025, order map: Optional[Dict[int,
List[str]]] = None) -> pd.DataFrame:

Ks =1[9.0 + 0.5*1 for i in range(int((12.0-9.0)/0.5)+1)]

rows =[]

for K in Ks:
reps = [run_one(N_devices, K, seed + 1, order map) for r in range(rep)]
keys = reps[0].keys()
rows.append({k: statistics.mean(r[k] for r in reps) for k in keys})

return pd.DataFrame(rows).sort_values(['T_days','PL','PW']).reset in-
dex(drop=True)

#=====CLI (AAEUEAM, KHHRK) =

def main():
ap = argparse.ArgumentParser()
ap.add_argument('--N', type=int, default=100, help="1% £ 3 ="
ap.add_argument('--rep', type=int, default=80, help="5"™ K [ E & X%
ap.add_argument('--seed', type=int, default=2025)
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ap.add_argument('--order csv', type=str, default=", help='%; &5 % & A/B/C JiJ¥
CSV (device,order) ")
ap.add argument('--out', type=str, default='q3 results.csv')

args, =ap.parse_known args() # % Jupyter/VSCode f2NS%L

# 1) Lt a2 AT 3R CSV; 2) S IIE HACHS B 5 461 DEFAULT_OR-
DER_CSV; 3) #R35c47 BN ABC

csv_path = args.order _csv.strip() or DEFAULT ORDER CSV.strip()

order map = load orders(csv_path, args.N) if csv_path else None

df = sweep K(args.N, args.rep, args.seed, order map)
print(df.to_string(index=False))
df.to_csv(args.out, index=False)

' '

if name ==' main_ "

main()

ARISIEE 3 15 RE YA

import argparse, random, statistics, pandas as pd
from dataclasses import dataclass, field
from typing import Dict, List, Tuple, Optional

# === fRIEHHI S =

DUR: Dict[str, float] = {'A":2.5,'B" 2.0,'C" 2.5,'E": 3.0}

CALIB: Dict[str, float] = {'A": 0.5, 'B": 1/3,'C" 1/3, 'E": 2/3}

ERR: Dict[str, float] = {'A": 0.03, 'B": 0.04,'C": 0.02, 'E': 0.02} # WF=
E(RE)

PROB: Dict[str, float] = {'A": 0.025, 'B': 0.03, 'C": 0.02, 'E": 0.002491} # [E4G 9]
R (% B)

FAIL P12={ # #f&PiE CDF (<120h 2, <240h BFD

'A"; (0.03, 0.05),
'B": (0.04, 0.07),
'C"; (0.02, 0.06),
'E": (0.03, 0.05),
}
[ 7./
MANDATORY REPLACE USAGE = 240.0
HALL CAP=2
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T IN=0.5
T OUT=0.5

#===== JJEREESI CSV X% (i) =====
DEFAULT ORDER CSV = "my order.csv" # BlUicg/% "my order.csv"; B =N
BN & ABC JiF

def next window(t: float, K: float) -> Tuple[float, float]:
d =int(t // 24.0)
while True:
base =d * 24.0
w1, w2 = (base, base+K), (base+K, base+2*K)
ifwl[0] <=t <wl[1]: return w1
if w2[0] <=t < w2[1]: return w2
if t <w1[0]: return wl
if t <w2[0]: return w2
d+=1

def fit_in_window(t_start: float, dur: float, K: float) -> Tuple[float, float]:
w =next window(t_start, K); s = max(t_start, w[0])
if s + dur <= w[1]: return (s, s+dur)
w2 =next_window(w[1], K); s2 = max(w2[0], w[1])
if s2 + dur <= w2[1]: return (s2, s2-+dur)
raise RuntimeError("{F 55 TLiAHEANYER G O, 1ERE K 5 dur")

def count windows(t_end: float, K: float) -> int:
cent, t=0,0.0
while True:
w =next window(t, K); cnt +=1
if w[1] >=t_end: return cnt
t=w[1]+ 1e-9

#===== IR (P CDF) =====

def sample fail usage(rng: random.Random, st: str) -> float:
pl, p2 =FAIL P12[st]
u = rng.random()

ifu<=pl: return 120.0 * (u/pl) # 0~120h
ifu<=p2: return 120.0 + 120.0 * ((u-pl)/ (p2 - pl)) # 120~240h
return float('inf") # 240h HIJG

s
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(@dataclass
class Equipment:
station: str
usage: float = 0.0
fail at: float = float('inf")
need cal: bool = True
ready time: float = 0.0
def reset(self, rng: random.Random, now: float):
self.usage = 0.0
self.fail_at=sample fail usage(rng, self.station)
self.need cal = True
self.ready time = now

(@dataclass

class Station:
name: str
dur: float
cal: float
p_err: float
equip: Equipment
free: float = 0.0
busy: float = 0.0

def ensure_cal(self, rng: random.Random, K: float):
if not self.equip.need cal:
return
s, f=fit_in_window(max(self.free, self.equip.ready_time), self.cal, K)
self.free = f
self.busy +=(f- s)
self.equip.usage += (f-s) # KHETF AN &EH

self.equip.need cal = False

def maybe replace at 120(self, rng: random.Random, earliest: float, K: float):
"R ) FAMESS T, A RIHMEI>120 H<240, MG HRHE (ATik:
PEE X5
if not REPLACE AT 120:
return
if 120.0 - 1e-9 <=self.equip.usage <MANDATORY REPLACE USAGE - le-

0




when = max(self.free, earliest)
# ATRE: BEEXNGT, MR FRi IR
if ALIGN_TO_SHIFT START:
w = next window(when, K)
# A7 R FRAR I TR AN 2 DL S8 BB+ — I, i) T
A A
remain = w[1] - max(when, w[0])
if remain < (self.cal + self.dur) - 1e-9:
# NN AR [A]
when = next_ window(w[ 1], K)[0]
# AT T
self.equip.reset(rng, when)
self.ensure_cal(rng, K)

def run_attempt(self, rng: random.Random, earliest: float, K: float) -> tuple[float,
bool]:

He—20 I AT RE < RO i Rae/ 21 240h H 7 -l i B8 e+ A% 1
Waoh . BTSSRI, A>1200 WJE 380 #: (maybe replace at 120).
#0) 2 240h [yl 4 (EAMFOLARTESE)
if self.equip.usage >= MANDATORY REPLACE USAGE - 1e-9:
self.equip.reset(rng, max(self.free, earliest))
self.ensure_cal(rng, K)

#1) 45 KIS LR IESSATie & “120h F2 3 5 #
self.maybe replace at 120(rng, earliest, K)

#2) FREIAEE PRI

s, f=fit_in_window(max(self.free, earliest), self.dur, K)

#3) HEAFmHAE: SASEARRNKXTIRIN / #] 240h
left = min(self.equip.fail at, MANDATORY REPLACE USAGE) -
self.equip.usage
if self.dur <= left + 1e-9:
# 1L SE R
self.free =
self.busy +=(f - s)
self.equip.usage += self.dur

return f, False
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else:
# HaR /R 240 Hl
f fail = s + max(0.0, left)
self.free = f fail
self.busy += (f fail - s)
self.equip.usage += max(0.0, left)
VAR CE S0 s
self.equip.reset(rng, f fail)
self.ensure_cal(rng, K)
return self.free, True

(@dataclass
class Device:
1dx: int

plan: List[str] = field(default factory=lambda: ['A",'B','C'])

plan_i:int=0

stage: str="A'

ready: float = 0.0

defects: Dict[str, bool] = field(default factory=dict)

# A/B/C/E [{) & n] 5t

fails: Dict[str, int] = field(default factory=lambda: {'A":0,'B":0,'C":0,'E":0})

passed: bool = False
exited: bool = False
had_fp: bool = False
bad pass: bool = False
def advance after abc pass(self):
if self.plan_1<2:
self.plan_1+=1
self.stage = self.plan[self.plan_i]

else:
self.stage ='E'
#=———= BB EEEN A/B/IC PR ——

def'load orders(csv_path: str, N: int) -> Dict[int, List[str]]:

df =pd.read _csv(csv_path)
df.columns = [c.strip().lower() for ¢ in df.columns]

assert 'device' in df.columns and 'order' in df.columns, "CSV 5% device,order %]

mp = {}
for , row in df.iterrows():
1= int(row['device'])
ord_str = str(row['order']).strip().upper()
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#:

assert set(ord_str) == set('ABC") and len(ord_str) == 3, f"IELIF: {ord str}"
mp[i] = list(ord_str)
return {k: v for k, v in mp.items() if 0 <=k <N}

—— RTE CRARIHER) ——

def run one(N devices=100, K=10.0, seed=2025, order map: Optional[Dict[int,

List[str]]] = None, disable Y 1=False, disable Y2=False, disable Y3=False) -> Dict:

rng = random.Random(seed)
stations = {s: Station(s, DUR[s], CALIB[s], ERR[s], Equipment(s)) for s in'ABCE'}

# B Y1, Y2, Y3, NMBHAHREE
if disable Y1:

FAIL P12 = {s: (float('inf"), float('inf")) for s in 'ABCE'} # ZEHF] ¥
if disable Y2:

PROB.update({'A": 0.0, 'B": 0.0, 'C': 0.0, 'E': 0.0}) # 2 F RS0
if disable Y3:

ERR.update({'A": 0.0, B 0.0,'C": 0.0, 'E': 0.0}) # ZEHIMFi%zE

# WIURAL B AN A 5
for st in stations.values():
st.equip.reset(rng, 0.0); st.ensure cal(rng, K); st.free = 0.0

devices = [Device(i) for 1 in range(N_devices)]
order map = order_map or {}
for d in devices:
if d.idx in order map: d.plan = order map[d.idx]
d.stage = d.plan[0]
d.defects = {
'A": rng.random() < PROB['A"],
'B": rng.random() < PROBJ['B'],
'C": rng.random() < PROBJ['C'],
'E'": mg.random() < PROB['E'], # Z&& kB« [E 4 n) i

active, next idx, completed =0, 0, 0

for _in range(min(HALL CAP, N devices)): # Wi & 2217
devices[next idx].ready = 0.0
active += 1; next_idx +=1

while completed <N _devices:
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st = min(stations.values(), key=lambda x: x.free)
t = st.free

cand = [d for d in devices if (not d.exited) and (not d.passed) and d.stage ==
st.name and d.ready <=t + le-9]

if not cand:

waiting = [d.ready for d in devices if (not d.exited) and (not d.passed) and
d.stage == st.name]

st.free = max(st.free, min(waiting)) if waiting else (st.free + 0.01)
continue

dev = min(cand, key=lambda x: (x.ready, x.idx))
f, interrupted = st.run_attempt(rng, max(dev.ready, st.free), K)
if interrupted:

dev.ready = f; continue

err = (rng.random() < st.p_err)

if st.name in '"ABC":
has_bad = dev.defects[st.name]
if has bad:
if err:
# RHA — R (R EAED
dev.advance after abc pass(); dev.ready = f
else:
# krth — R CCEN, AMEED
dev.fails[st.name] += 1; dev.ready =
if dev.fails[st.name] >= 2:
dev.exited = True; active -= 1; completed += 1

else:
if err:
# iR — RIK
dev.had fp = True; dev.fails[st.name] += 1; dev.ready = f
if dev.fails[st.name] >= 2:
dev.exited = True; active -= 1; completed += 1
else:

# 1EffIE
dev.advance after abc pass(); dev.ready = f
else:
#E: 4 A/B/C 7B Bl E RIS — HHHM
has_bad = any(dev.defects[k] for k in '"ABC") or dev.defects['E']
if has bad:
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if err:
# WA — A
dev.passed = True; dev.bad pass = True; dev.ready = f
completed += 1; active = 1
else:
# K — RIMC CICED
dev.fails['E'] += 1; dev.ready =
if dev.fails['E'] >= 2:
dev.exited = True; completed += 1; active -= 1

else:
if err:
# RHA — KW
dev.had fp = True; dev.fails['E'] += 1; dev.ready = f
if dev.fails['E'] >= 2:
dev.exited = True; completed += 1; active -= 1
else:

dev.passed = True; dev.ready = f; completed += 1; active -= 1

# EALAMA

while active < HALL CAP and next_idx <N_devices:
earliest = min(s.free for s in stations.values())
devices[next idx].ready = earliest + T IN
active += 1; next_idx +=1

t end = max(d.ready for d in devices)

shifts = count_ windows(t_end, K)

num_pass = sum(d.passed for d in devices)

num_bad pass = sum(d.bad_pass for d in devices)
num_fp dev =sum(d.had_fp for d in devices)

yxb = {s: stations[s].busy/(K*shifts) for s in stations}

return dict(K=K, T days=t end/24.0, S=num_pass,
PL=(num_bad pass/num_pass if num_pass>0 else 0.0),
PW=num fp dev/float(N_devices),
YXB1=yxb['A'], YXB2=yxb['B'], YXB3=yxb['C'], YXB4=yxb['E'])

#=—==== i ([HE K=9..12, $£K 0.5) ====

def sweep K(N devices=100, rep=100, seed=2025, order map: Optional[Dict[int,
List[str]]] = None, disable Y1=False, disable Y2=False, disable Y3=False) -> pd.Data-
Frame:

Ks =19.0 + 0.5*i for i in range(int((12.0-9.0)/0.5)+1)]
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rows =[]
for K in Ks:

reps = [run_one(N_devices, K, seed + r, order map, disable Y1, disable Y2,
disable Y3) for r in range(rep)]

keys = reps[0].keys()
rows.append({k: statistics.mean(r[k] for r in reps) for k in keys})

return pd.DataFrame(rows).sort values(['T days','PL','PW']).reset in-
dex(drop=True)

# == ﬁ@‘l‘iﬁ*ﬁ@ 5 ]
def run_sensitivity analysis(N_devices=100, rep=100, seed=2025, order map: Op-
tional[Dict[int, List[str]]] = None):

# ZEHARKREER, BT 2 KL%
results = {

"No Y1 (No Failure)": sweep K(N_devices, rep, seed, order map=order map,
disable Y 1=True),

"No Y2 (No Device Defects)": sweep K(N_devices, rep, seed, order map=or-
der map, disable Y2=True),

"No Y3 (No Human Error)": sweep K(N_devices, rep, seed, order map=or-
der map, disable Y3=True),

}

return results

# 84T REEAE M
analysis_results = run_sensitivity analysis(N_devices=100, rep=100, seed=2025)

# e R

for key, result in analysis_results.items():
print(f"'--- {key} ---")
print(result)
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