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Abstract

Neural lithography simulators are commonly evaluated using global pixel-level
metrics such as IoU and MSE. However, local bridge and break defects may affect only
a small number of pixels while still changing pattern connectivity. This study
investigates the defect-level reliability of neural lithography simulation using
LithoBench and establishes a three-level evaluation framework based on edge-band
fidelity, edge placement error, and matched topology events. Morphologically perturbed
masks are re-simulated with a physics reference to generate near-critical process-stress
cases. To examine whether reliability can be improved through data coverage and
topology-aware modeling, the study compares repeated training, physics-based
perturbation augmentation, and a proposed topology-aware model, TopoNet.
Perturbation augmentation increases DOINN bridge recall from 0.520 to 0.8634, while
TopoNet further improves it to 0.9457 with only a 2.8% increase in parameters. On 571
bridge events, the mean number of missed events decreases from 78 to 31, and F1
improves from 0.9192 to 0.9454, although false alarms also increase. TopoNet achieves
arecall of 0.8747 on 383 break events. On 194 unperturbed samples, however, loU
decreases from 0.9216 to 0.8207, revealing a trade-off between defect sensitivity and
nominal image quality. The method is further extended to an Ibex RISC-V layout, where
DEF/LEF connectivity information is used to relate geometric bridge events to potential
cross-net electrical shorts. Overall, the results show that neural lithography reliability
should be evaluated beyond global image similarity, with both defect sensitivity and
false-alarm cost considered.

Keywords: neural lithography modeling, topology reliability, bridge defects,

process stress, TopoNet, electrical shorts
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4 4. TopoNet e 1 #4]

B4 e

= F# Haar -] & 4 % %% LH/HL/HH m& > i » % ¢ B j358 B
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BT AER ) AR B Al o WBIRRIT R A Y e o 2 (B
err=pred —gt %77 FFRIFFAL - B gap & thin LR F A0 DR -
PAEE A E TR #%irr/@’?n T kg o
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(c) NeurallLT ¥ #50) : P~ FFRIEE ~FREI AR (2% S FHH)
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® 3. RTL I &bk ‘& 4 #7742 > OpenROAD *7 # 22 NeurallLT Ii-%‘ii‘nfr i)
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coverage T39% 85.7% ~ ¢ i=#ci 87.3% > A+ NeurallLT A3k 2T L5
- TRREDEFTHET R R FRITEY P AR R
ILT > 2 & h 7] 8 H p £ 5 %7 ¥ 44 » net-aware gap protection £ topology
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BB EE
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FH A
MetalSet 16,422
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MixSet 19,622
CtrlSet 19,622
LOOSet 18,822
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3 :P~R~SD » %% precision ~recall & A4EHE X o 3 hp A2 i mpd T
E ?»‘I‘*Ef%‘f%%fﬁzé—gm’f-r EE e £ 223 4 24 5'J5?"37’3IE51?D%§4 v R 258 4 32 44
R Y Ibex A plGE o
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It

BT o - B FEFTUNRAZ AFAFEREY 0 F A R Rt
BEHRAEH 2B RF AR E BRI GDREL > 3 ARREREL L
FAEFERT RSP RA TR TR EE SR RN

7R 5 PR T2 DOINN 264 5 28 414 PR ) % MixSet 5 i fif - 4 ' 1
Fle FRAREDTH2 B F R 2T AR AIER 5] o £ TR A L

\\\?{Ir
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3
m

F 36 @DRFr A o b E PR R R - R S AR o 1
BABRIEALBHL > UL IFEE I NFT R GIHFED F S Gk o
42 PR~ AR ERAIET AR

AEHRAEF 2B loU L7 B FR 8- Fd o 7 B i R4f
B8 A ®e ¥ i recall ~ 4845 hotspot £ F = X Axtg R BAS o EIE LRI AT
FUE R RS A R AR D AETE R iR g o
42.1 283 fiFa ¥ & gl

7 ]E; ’}'5.3%&% t_fi,}‘ F\:_:‘J}é] &E’f”%\ m‘lif'%\' 11 HTIR o

211 = BHERE iRk B R

4 23 IoU ik recall ¥7% recall # % recall
DOINN 0.867 0.501 0.830 0.870
DAMOLitho 0.799 0.785 0.729 0.536
CFNOLitho 0.600 0.096 0.292 0.215
LithoGAN 0.226 0.112 0.078 0.873
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(a) F— StressMetal sample SR E TR

(b) Global loU 8 bridge / break recall (c) Edge-band EHREEiE 7 E

14 loU #ZFUMRIRHTMNEE N

¥ 6. B - StressMetal # *¢7% ﬁ:‘i‘]ﬁ] s 238 ToU £ bridge recall i % > 123 edge-band Z_#&

DOINN £ 3 & B 23 IoU > e # bridge recall i7 i< JoU #& it
DAMOLitho » ® % H:4] 7 b 45 Rl ]+ cfp$t 2L 2 - R o - 2% A7 0 3
B ijF 4R 7 X H & lithography verification #73 7 defect-level
reliability - B] 6(a)!? F — B +4 px StressMetal # & E 7 % ﬁ-’i‘]ﬁ?] s H g3k ToU
WIEARLAE 0] 5 BSHEA S 0 & 11 PR RISt 2 B 6(b)enBE % 5 3 o ] 6(c)
Al#%T edge-band 4p % % £ RIHF F Rt o AFTF - 11 Spearman ¥ 5 i4p
MA T &4 iRl 4 0 B ek 12 9 o

% 12. 28 /#%F loU 24 k5 recall &9 Spearman £ %4gh (n=39 #3%H)

i K 3 23 IoU #%¥ IoU LA EE S
T +0.512 +0.771 R T
w2 +0.474 +0.351 P
iy +0.221 —0.013 ESE

39 BRLRIEEG RFSHEET B ORCARM o B s Rk B - i
7 [ randomseed > F]M F st AL G R 2 B AR A o £ 12 1B F AR B
#1484 : bridge recall £¢ edge-band IoU 4p B a8k 2 0.771 » B >t 22 global IoU

0512 A2 ARt v S BAPY Gl £ R R AR F LR
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Lo LR BRfaS i - RORRA LA PR PR E o B p
T AR RS AR o Fla o IRk BER R S A
R
4.2.2 A E P15 R B IRL

AP RPHEELEFEWERF > SRk 1I3ER T T o

% 13. kA EFFEH AL 2 HT E3F P recall

#5 (px) )}ﬁ#—‘#ﬁt Jlﬁ#e recall ) R 0 VR 3 #52] recall
-6 0 — 127 0.929
—4 0 — 241 0.850
-3 0 — 223 0.833
-2 0 — 26 0.333
+2 17 0.118 0 —
+3 55 0.345 0 —
+4 157 0.338 0 —
+6 342 0.620 0 —
[ X3 Bz
1.0 1 N 0.850 (833 1
S8 2415485 223
_ ] 0929 i
o 0.8 sHEr 127 0.620
o AL 342
1z 0.6 -
% 333 0.345 0.338
& 04 26 1 8L 55518 15
i
0.118
0.2 1 &##
0_0 T T T T T T T T
-6 -4 -3 -2 2 3 4 6
FHERREEES (px) FERAEREE) (px)

Rl AEFER RO TR BRETRMES S A recall IR E -
W7 REVEEESHT O Sl recall &2 RT3k
AR B iR R AL v B A f % JciE ;) 44T nominal
geometry i g R w gREE R o A recall & +6px & 0.620 0 & +2px 3
0.118 = % 3 &1 MetalSet +2 px & +6.6% dose W ixEr 1§ F 48 > FINL B 7 H

phit * TR YA EIES (px) o foew way BBk A S 167~ 156 ~ 84 -
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19 8¢ 5 @7 a07 3 5 581198418 k4 brk gt - 8P| 5 127 ~ 241 ~
22326 = BB A BHET P X B P ERLFE 0 2T o R4S

it de 617 72 it 5 % 44 &R recall cha* ;) %3 1 TPHFN =
383 BEREHSTEETE o
4.2.3 WA R O R F

AT A R4 EEIE 1080 B IEESRATA S AUk RaE 0 ed R B
A RSB BES S L Cr R B R R 0 it TER RS A S w BARH
B E o EHCAINRRI S ek 14 977 o B 8 #AR R S ik F A snkip A e
ER VIR NEMARTERTLAERRES Ak -

% 14. &k *%& £ 50 hotspot ¥ ] F

i QR S S DOINN  DAMOLitho 3 5 TopoNet
e (A 2) 44 27.3% 56.8% 63.6% 79.5%
B (4 3) 233 86.7% 86.3% 89.3% 95.7%
(R 4) 324 75.3% 61.1% 89.2% 92.0%
(% 6) 479 86.6% 82.3% 89.1% 90.6%

REBHEFHHNUEER SRR

I DOINN mmm DOINN+1838

1.0 Emm DAMOLitho  mmE TopoNet
B 0.8 1
m
m
5 0.6
a
8
2 0.4

0.2

0.0 -

BRHA 2 px BR# 3 px BR#8 4 px >
n=44 n=233 n=324 n=479

W 8. % = % »xif #5445 A Sih hotspot 1 ¥
AR AR B G EaNURIF L T5% 1 87%  futh I F A
$pE 273%  MEEHEAR REF PR GEY o 2R IR ART
topology transition ¥ o

4.2.4 | = L iR PR

SEMHA L TR RA C R FEAL >0 AT M stressset ¥ T F
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EERS

—=

G AR RIGR ) TF G AT 0 X AR APW SIS ST B2
BARASERER L > Ao (7)o 2k APW H 2 L 3EE BE > @ 2L %
Rk HE -

APW =m_fail(pred) — m_fail(gt) (7)
APW 5358 T EATHIFEL oA AT A2 Ty RifH 4
DR EA AR R EAR o v B ERAC AT RS 0 2 AU ERE S
BEGT T cHFRFEFIP 2 2BBOEE > BRI P AL FRE D T A URR
o A IS FBERT 22 RRE: THESE A BT AL REBT 2o

15 Poapad o

#3) EAES S APW (3B # & 3E) BB
DOINN 20 +1.17 53.7%
DAMOLitho 12 +0.42 24.1%
CFNOLitho 75 +2.88 30.6%
LithoGAN 64 +0.43 13.0%

Kh RELEEY > DOINN hT 54 5 +1.17 B aie § Hv» 65
53.7% 0 B IRAE (5B %A skchiie o 8 202 2RRE T CUGE BB B R
A% W E 2% TP~ FP~FN 2 <445 hotspot WM R|IF1F5 1 &7 R #HHR
APW (& {4 84 5 3 o
43 FIRES FTHLGHRKL Y

AT TS P AT R VAT R R LR - i - MAtH
P A CtrlSet & MixSet : & 5 A & g%qum%&ﬁ&wkvﬁﬁﬁﬁ

TAF R 1 ﬁén»hlﬂ'éﬁ_ﬁmﬁﬁv
4.3.1 #A)H3 e R

ARG AR APREEDR - ECRE - PR S R
R B RAck 16 2 B 9 17 o W = B4R IR recall 5 ¢ R iRaE ﬁ Fl =
G RETE S BT mloU> A3 recalle 2 #5772 pHER 2 EH
- R
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£16. » BB E S 2B %

¥ 3 25 b R
g 3 : ; 204975 F 2 .
5 p?' lep:0515;16ep: 0497, F PO RE L b R
0.501
FRR- B E 05,704,703 — 0.501,70.525,70.546 B4 45 BE AR
FHAE A g 0.417,70.457,/0.494 T AT EH R 0.578
¢ R L AR mloU 0.216,0.031 ST L AR recall
(a) MR REREIZR (b) &R —{E1CREME

0.6 1 0.6 1
_ 0.515 0.497 0.501 B 0.501 0.525 000
g 0.4 £ 0.4-
& S

0.21 0.2

0.0- 0.0

Hall 1ep Bill 16 ep EARE
(c) REBRIELR 4R (d) REREZHE
0.61 0578

0.494 mloU=0.216/0.031

0.417 0.457
0.4
IE4BFETE recall
0.2 1 FHA recall RIELLE
0.0-
¥ =] EE2

EE3

1B recall

B 9. #2488 scehd p $RE < A ikie #4 mloU

*F % 3" DOINN 3 ik A 8% 1epoch £ 16 epochs » 4% recall &
WA 0515 & 04975 pVREEH T 28 IoU d 0705 #23 0.867 » %74
recall 4 0.426 %+ 3 0.830° F = FF" SIE L i recall 3 0.501 - % p
LithoBench ¥ — =t 2"k » W i¥fh> SR> T 22XV RS = B a2 - 255
AR ET AU EYRA I ABREL] BRI A SR DS - B
{21 & kp bridgesample GhHINEE F K> EF gap BB L B ki
R = YR A R EHERE > ¥ SRAF-like component szfEr it gd  1.21

43 131-1.42 - %% k5 > @A & loss weighting & /2 i}i"‘$ IERE

432 PRFRAERE BT
WAl TREHRS A S P L b A TR R R 6 R
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AP et K> £ AR5 DOINN B2 eE & Fl4 o ot 23 64 ¢ plFpe

oA AT EAFE AR H B YRS e 7%}‘»#“,% o 4rdk 27 0 AR

THHRERGRE EY o R BFH A 35 hE % 1 FAEE 53 ik o

1983 B ~ e st AREI)T 10 Gk ufieh gap t Apds T o 03] iR
GEBFEALL 06941102 g o5 K R LIRS REPRTARS KK
"B G FAT I e RBA Y DT o B 10 B3R T A DB gap &
Bl G A 2 e - R TR P P T RA miak L 0VRR E R -

500 1@ MetalSet ENHE4%4A< 1,983 1@ o4

B/\ERR 35 px FT1IEDIS3px | I 104 px
R R/ VRS 35.0
EPE fE2z 1 1.102
0 5 10 15 20 25 30 35 40

%x= (px)
EPE ¥39{8 -0.694 px ; BEEFBRARERR
B 10. 3~ @ FHEHA EPE L R R
FHERATEGR YRS EAEE G 194 B cell 22 AR Y o AFH T
FH P L RpE o M AR P AT R0 0 G EF R NI A - RE

Wh o AR HEBPEP EAER PR T WAERA e ¥ 44 FiE- HE PR

WAl AR A 2 07 3 AT 2 AF L g4 K5 recall (4]

4.3.3 #ﬂiﬁf"%?ﬂ‘!
b dmbhwis o B¥xack 17977 o

17, #3233 5 choc s

MetalSet i
%"'ﬁ??}:ﬂ‘ etalSet & ¥ )E P ﬁ; TIoU jﬁﬁ- recall ;&
IoU
MetalSet 0.949 0.856 0.520 + 0.052 211.6K
MixSet 0.973 0.911 0.8634 + 0.0063 211.6K

i JoU Zieir i fgdmE RS )}%:}%— recall 5 MetalSet = =& ~ MixSet = =x 'L 5 +
BAEEL - 2 BRRELPEF ToU ABHEL -

B9 18 rﬂa‘ﬁ;iq— recall 7 0.8634+0.0063 » & F3 £A4F " RAE 0.520 & 3
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) 343 BE A~ 8o % 17 ¢ MetalSet & ¥ BlzEP > IoU d 0949 %2 3
0973 ; PREZFNIEPFTH F BT LA BT ASTEHE -5 44
&5 194 B AEH cell 3FF 0 RIELZ TN Y TopoNet 7 IoU T "% 2 3%3F
5 4e o
434 FTHELFEFEFER TP

MixSet ** MetalSet % 11 19% ek & > F]pt A8 732 = CtrlSet 1% 5 %
Pt r 3200 BEAFM RO A > @R AR E B epoch R W HicE
MixSet = 2— R > A H 4 % o L% 4cd 18 %757 o B 11 ARk 2503k T &
MetalSet ~ % £ 4§ “c <1 CtrlSet & ¢ 7 4 2 d 4k & ¢ MixSet ; ¥ F :2 g T A
i 7 MixSet # X P & bridge recall #& 2 o

£ 18. THl# RHEEF epoch HARHEHRE

PRTH FHALE %% epoch Hi#k recall
MetalSet 16,422 3,695 0.520 % 0.052
CtrlSet ( &4 #) 19,622 4,415 0.566
MixSet (47246 ) 19,622 4,415 0.8634 % 0.0063

FEENHRE | RGOt EEMEERER

1.01
0.863

0.8
§ 06 0.520 0.566
g
¥ 0.4

0.2

0.0-

MetalSet CtriSet (FEgmiR) MixSet (¥)I2{BEh)
Bt 16,422 Bkt 19,622 Bt 19,622

REIE | MetalSet 4 X+ MixSet 3 REIERAVIRERE ; CtriSet HERGER ©
W 11. CtrlSet &2 MixSet ¥R (s F AL X K p FTHLAGF > A LEHH 2 E
CtrlSet é‘ﬁ)}@:}& recall 5 0.566 > # A B34 0.046 > & P EITH €42 e
%8 R MixSet (h= BRI F TIHL 08634 PR AFFTL AL kp AT
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Wabboa o A bW AR AN R e B CulSet % 7 (T4 B ¥
Mk SR AHPH TIPS E ki > A3 E 2 LOOSet @ P RIEH HF F

] ~E3 26 0 FATPIEY AW 42 44 B A H R e o MixSet ¢ ¢ § 2
S A 9 E BT R R R WLEG - 2L TARE -

310, s 1 Rl

A/ PRE 244 +2 /+4 recall H 435 recall
DOINN _MixSet A 0.753 0.902
DOINN_“LOOSet E 0.770 0.927
TopoNet,”MixSet = 0.902 0.970
TopoNet,”LOOSet 2 0.833 0.950

DOINN %A +2 744 = ¢ > LOOSet 7 recall % 0.770 > % 3 *> MixSet
0.753 ; TopoNet Fld MixSet 7 0.902 *# 5 LOOSet =7 0.833 > 46 £ 69 Bx
LBk oo A=t DOINN A BLZF|# f¢ﬁLi§§vﬁ ¥ 2 T > 2 TopoNet #F3"4t
BERRURE  BE 7 ES TPRLE REHS R BP0 AR

P H LB AR SRR AR RS AT SRR TR B G dod 20
O

£ 20. ‘T8 R 2

R B :BAEBAET MR recall Lo+ RAFEL
MetalSet (4 =% ) 0.497,70.578,70.545 /0.461 0.520 £ 0.052
MixSet (3 =) 0.8687,70.8564,70.8651 0.8634 + 0.0063
TopoNet (3 =) 0.9492,70.9335,70.9545 0.9457 +£0.0109

A SRPVRER M R F E A E o 85 DOINN Siffide recall 3
0.8634 = 0.0063 > TopoNet % 0.9457 +£0.0109 - MetalSet = =x 2" ek & %
0.520+£0.052; F > 2L R 5 E=x 05009 c &= & WikT £AF P RT I98 H
TRk WALEAREERRILIF- T -

44 P 3 4= TopoNet chic g v % i

X F MixSet 2" it T > A &5 TopoNet H_F #% &2 ﬁ Pl F
PoPFAR A AR BT B F AR AR Y Z BEAS 0 I F R A 2 e
FR* NAEL D Lp T EFLA 10
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4.4.1 TopoNet 7 j+" &
AT ARG HRETHEERF LT DT B 12 77 o

LL3 £ avg_pool8 BIEEE MEN FHIRE M EENEE ([RRER 2 px)

[RpG e avg_pool 8x Haar LL3 AR5
10242 BRE ERE [LH+ [HL] +[HH]

555

W 12.8 T35 it Haar /] A HnERZRFTANFFTLR

BlPd 232+4%5RipxE 8 BL328 t2 8RR %% ~ Haar /] MOE

FTHFRRLES S NE wE I A PEHER o MAFF F B T30 Lok < LB

F_k

107 £ > A F 2lc® 7% § 5 Haar # R R Do &3 4 B 0

4

T 32 i Ak 3 enF 4E T3 o TopoNet efE 48 £ RAr i 21 #75F o

£ 21 FH R (83 MixSet 3130)

B4 Jlﬁ#z"é- recall (3 =) % recall 2% IoU % E
DOINN + 3 3 0.8634 + 0.0063 0.953 0.914 211.6K
WRD-Net ( &) ) 0.848 +0.039 0.960 0.915 213.3K
TopoNet 0.9457 +0.0109 0.966 0.9124 217.6K

N )}ﬁ:}z‘%—f&“ I PRTES £ HRAEREL A2 rE JoU 5 AL E S - WRD-Net
W) AR e A recall 5 0.854; Rk ~ 33 TopoNet chx FErH feddy 7% 23 -

TopoNet 1= i %E#48+F L 394 4% recall #33 DOINN 4% 0.0823 (8.23
B A2 B MIE 445 hotspot MRS R d Rikin 27.3% #2 3 79.5% - 14
TAf ¥ 2 precision ¥2 Flo 1 E AP AP iRt o Recd £ U
B S TARERED -

442 HRE PR EREEE

£22:%- 70 571 BARERSS F R E % o DOINN Rz | > 2B
BEDE AR D H e TopoNet & 7= BEEIAEF o # £ 0 0.5009 % B~k
AT PR T S 05200 3 K AHEE RRERE TR o
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222 HRICEERE (57571 B3y e)

w3/ TP FP FN Precision Recall F1

DOINN 2 5% 286 0 285 1.0000 0.5009 0.6674
# % seed 1 496 13 75 0.9745 0.8687 0.9185
# % seed 2 489 2 82 0.9959 0.8564 0.9209
# % seed 3 494 11 77 0.9782 0.8651 0.9182
TopoNet seed 1 542 36 29 0.9377 0.9492 0.9434
TopoNet seed 2 533 23 38 0.9586 0.9335 0.9459
TopoNet seed 3 545 35 26 0.9397 0.9545 0.9470

&7 TPHEN=571; hx@ FP 27 A fpplE 2 b et s > 2 &7 193 £ 12 o

d A daT » g sdpihit & 0 A58 DOINN 0 precision ~ recall ~ F1 T 35
+ HRAERELZEE L 0.9829+0.0115 ~ 0.8634 +0.0063 ~ 0.9192 +0.0015 ;
TopoNet % 0.9453 +0.0116 ~ 0.9457 +0.0109 ~ 0.9454 +0.0018 - TopoNet
recall #3¥3% % 823 BF A8 Fl % 2.62 7 A~ 8 > £ precision X 3.75 i
oA B P R PR SRR -
443 A F 2R ERIES

%23 AT EREEE (55383 BRITER)

-3 TP FP FN Precision Recall F1
DOINN & 5x 318 72 65 0.8154 0.8303 0.8228
DOINN + 3 5 314 35 69 0.8997 0.8198 0.8579
TopoNet 335 35 48 0.9054 0.8747 0.8898
AL L AEAEESEERE & 5 TPHEN =383 - TopoNet recall = 335/(335+48) =0.8747 > =»
#¥17 ~% 0875

35 DOINN %74 recall z 0.8198 > v i+t s 0.8303 » it precision
d 08154 % 1 0.8997 - F1 4 0.8228 # % 1 0.8579 - TopoNet
precision ~ recall 22 F1 A %] 5 0.9054 ~ 0.8747 ~ 0.8898 » 4 B3 A 4 ¥ ¢+ & _%z o
FI G PEdE A TR 5 B P recall FRE{ e o A BIRP & IF B
# o
4.4.4 FAEF A QST 8 FER

PR B KREE S 194 B cell 2 AFHELE > UppR PR L BT @
PETAR AN LT AL G AT PR BT e LR R #5

L=
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R A 05 & 244F 2 AR R RS RO N o B A S R 1T
MetalSet & ¥ Rl:&% F > 3 2 loU 7 2 & @ & o

% 24.194 B RIS cell e G5 FH A

w3l IoU TR EREH YA AR J FAR P
DOINN i 5% 0.9216 0 1 0 6 1/194
DOINN + 3 5 0.8935 1 3 0 17 4/194
TopoNet 0.8207 2 14 0 471 14/194
EEp TN T T ‘%friéﬁ;ufif."/-’lfiﬁi? D g AR S R 0 PR R
o ATH A2 B E S B H a4 o

v

Bt ~ #5622 TopoNet ¢f Fag*7 5 vt b2 B 5 0.52% ~ 2.06% ~ 7.22% >
@m IoU i A % 0.9216 ~ 0.8935 ~ 0.8207 - TopoNet ¥ & # 471 BATH ~ 2 » &
AR A R - Hdrdl e BEA 22423 Ay RHLEY BT
Bl A FIARAFLEARALFRAE  PASEF AL FIHE 2
BRI AR o

~

4.4.5 ¥ =3 A
PRELBFAET > AEE- BRE - BT EATVI BRdok 252

B 13 #7577 o =& TopoNet & * dev topo ¥ =t %% (7}%«}‘& 0.949 ~ %74
0.875~ 23 IoU0.9124 ~ F4%+ [0U0.6379) & & H S jf st g5 2 B % e
ZBRERAES T 0.9457+£0.0109 # (Tt & chjp i AOE

225 YRR %S*

A #ﬁa‘%— recall #r4 recall 23 IoU #4%¥ IoU
% % TopoNet ( H =% ) 0.949 0.875 0.9124 0.6379
vz ZEAT AR & 0.907 0.896 0.924 0.690
f A
R e R 0.923 0.875 0.897 0.567
i
# “f %’f#i%} 0.939 0.843 0.906 0.637
# “,/T\ IFHE mit B 0.947 0.877 0.907 0.623
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FERIRE AR KR IR ARV B R LE#R

52¥ TopoNet 0.949
BRRIELTBIaL 0.907
R INE DR 0.923
HRRaEBTER 0.939
HbRintEM{CER 0.947
0.0 0.2 0.4 0.6 0.8 1.0

1835 recall (BBRFI4R)
FEEIERE dev_topo : 0.949 ; =ZBETFF1 0.9457 BHIFLER -
Bl 13. TopoNet & ##]:h¥ - seed i pi %

MR ERCA E AR recall 0949 5 AR 0 B “ﬁ% PEEAEAR A LR B
LB mivEF {8 > A BT E 0.042 ~0.026 ~ 0.010 £ 0.002 - £ ",lrt PLAHALR A
o 21 ToU 23 0924~ #%%3 ToU 23 0.690 > f&)}ﬁ#& recall *%# %

0.907 » B% ok FERABRAE AT I REE 3w o mitggeni =t L 1
5 0002 % 3 X AREITHE LT HFIXT TE‘)]% o) P R B R HEARE
P T Rl R T TR

4.5Ibex # ¥ RFH TR BRE &

AR R LR W B D & LithoBench %= = Ui A a F A
P RARRY el e o T net FREFABFPRLOBREER - LS
SA Loy B B &Yy 0 7 & LithoBench thE 242 £ 8 o
451 R L E R A

AEARS - PERPRR AR RE LR TR RE BT 7 ik

7 AT o LRI B PR AR 26 H1F o

29



% 26. BT B

TR Lt A 3 LEE S & ¥ T DRC
13199 (DEF 239.8 x 239.

Tbex RISC-V /g2 = 17220 398X 2398 ) Violations
components ) pum

ged 986 759 35.8 x 35.8 um 0 violations

i 14. OpenROAD # # 2. Ibex RISC-V routed layout 2 & % iR

OpenROAD detailed-routing report ¥+ Ibex w 3¢ 0 i routing DRC
violation ~ 0 i# antenna violation > * routing completion s 100% o F]* > ¥ 5%
3% K A =t Nangated45,OpenROAD routing rule check & 5 clean o %7 3
A # {7 Calibre ~ KLayout # Magic = # foundry sign-off DRC » » & = =
LVS - [B] 14 4% i — Ibex routed layout tH2 % ¥ ARLE] > 174 (5 F gy » &
net-level electrical-short 4 47 i< B k/h - WAZE & L 4 £ ¥ 1 nominal
topology © F 45~ & ILT & 1200 % Ibex metal2 *» % ¢ & # 8 . nominal
electrical short » * » #-H AR 5 7 %k ¥ 4 & artifact » K7 & el fedf b st
“,f o ¥ 12 gap protection & * topology-constrained #y#/] > ¢ nominal short *% %
Oc e FAREPEPALPIE BHINEBEA LD R 2R EERAT EH S
- #+F ¢ o topology-constrained ILT 47+ % 1200 B Ibex metal2 *» 5 ¢ +1,/

+2px &4 T 5 200 4L electrical-short event » J i< ~ 3 32 ¢ TopoNet
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recall # % % 0.770 ~0.910~0910° F1 & %] 5 0.830~0.873~0.892 - ¥ - =%
i3 R EPIHFEEKRH200 > B¥ 2px F 27 176 ¥ 2 0 = #074] recall 3
0.761 ~ 0.909 ~ 0.915 ; 200 = &3+t %c> 176 5 & eit#ic = —‘F'{ F I bty
Be A B R R4s ILT 14 04 7 28 457 §ik 4 a3 58
B o
452 A E * » hd 3ThAp

’&_#“,ﬁi 8 1 nominal mask artifact (& » AT s A B dhL 10 B AEATHE (TR
#F¥# 1200 B Ibex metal2 *» % » X B3| 740 A A2 T L electrical-
short site © 5 i *t it g > AR F 10 5%~ 11% £ 20% (5 A 474 &M i s
AL A2 b &~ 20 2 2 4% 04 2 foundry 0 sign-off
specification o % % 4r# 27 #7577 o

% 27.Ibex AR E 3 » A A (740 &)

B R -5 3 | Hp

o MRS (<5%) 1 0.1% 1o B E A TR Ak
s (5-11%) 23 3.1% R ;i ;%ﬁ
¢ % i (>11-20%) 71 9.6% LA %'J:M’ 1
3 s (520%) 645 87.2% hABEERN S

A E

%28 BES » QR E ] Dt

B;MR A #sm B A “THhE A

rf reg[399] net2384 3.0% Wi BAhE
09158 09768 _ 5.0% L1
alu_i.adder in b[12] net2085 7.0% ALU “4ui2 %313?] »
08958 if reg[847] 7.0% LR P
03744 net1763 7.0% L1
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4. 158 +6 WIESEE

] L]

n_regfile ffregister file irf reg[350] — gen_regfile_ffregister file irf reg[382] ibex metal2 1&&) +6px

 15. Ibex metal2 # % 4% electrical-short % ] : design,/net ~ $ 123, ©.97 = 4 KHHFH

F 28 #fFRN A MR TE E R T BAREE ALU 4B UEL o Blde
rf reg[399] ¥ adder in b[12] #f =¥ ~ % & 3.0% ¥ 7.0% & & kh# T IR
short o % net ¢Al&r B S 4aip] > Tk F 2T AR F RS B
d 3 A7 & AT Ibex gate-level fault injection £ instruction-level simulation »
A WRHBRELEAA LS o B 157 - B metal2 & % X ¥R design,/
net~ I E mE 5 BA KL st—a‘%aﬂiﬂ BT A R A H R - &%“?J&ﬁ»‘é#ﬁ;#%fiﬁ ¥ R
AL HE o

453 43P PEH K
PRHAOTLT LG BEERL AR B

Fhe B RE » &% Aok 29 91T o

M-
e
A
K3
\MF
3.7‘
ik
\8
bl
@'ﬂ
)
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% 29, R FIEL e g ank

® e (nm) Bl % sl % o
<140 1044 91 8.7%
140-200 373 39 10.5%
200-280 455 44 9.7%
280-400 1264 22 1.7%
400-600 1301 10 0.8%
600-800 1081 1 0.1%

e R R I E AR % 0 <140 ~ 140-200 ~ 200280 2 3}k = e H A
8.7% ~10.5% ¥ 9.7% : % RA-FFEM 4 3 280 z F P ie > A xR AETE D
1.7% 1™ o 23MAestan@ ey 8 346 7 o > A sxfedtand ks 142 3
Foo X EmH g 40.9% o gtk > 84.1% X s 4 & 280 F K M ¥t @
REACH IR 230k A e 33.9% o Flt > 280 2 A FARG AFRE Y R E
TR P AETPESPESRM ZHE RFEH 5 Nangated5 ¥ 2K
£ 4F T routing-track 3% o AR ¥ i HE 32 B & sufe it A BEATR £ B}

sl

AR RSTRIFFIPN 0 FE- LR AN ARG L HEAPE T A
BRA Yo - R FE TRED R ER RS | PV R
FE R RE R
454 ¥ - P )

oA 2 e EER 5 P RER B > A &2 H = H - spacing threshold
LF A ERRGEE o AFLHH SR 65 & A EHRTT 400
%K B%4r& 30 #7F o Nangated5 metal2 § %45 * context-dependent
SPACINGTABLE » F]p* pt 9 5 i i¥ 5 single-threshold baseline » # % % % & DRC
deck -
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430 - BrriganE oo (86 B3 EE)

4 nm 2% 3 TP FP FN & EF AR b
65 0 0 0 86 0.00% —
80 10 1 9 85 1.16% 90.00%
100 28 4 24 82 4.65% 85.71%
130 2,980 35 2,945 51 40.70% 98.83%
160 3,804 56 3,748 30 65.12% 98.53%
200 4,302 60 4,242 26 69.77% 98.61%
280 5,680 78 5,602 8 90.70% 98.63%
400 9,504 83 9,421 3 96.51% 99.13%

Bim Pt 86 BHRE AT T AL L RAS o130 24 PR
35/86 (40.70%) > 2980 B3z 3 2945 B AL 54 ¥ 2pe > 24 5
98.83% ; *xH 3 400 % K PFimE 83/86 (96.51% ) mikH- 3 BE > IR ¢
5 99.13% e gt 5 5 FP/TP+FP)» % 2% & TN 1 FPR 65 % 3 kit i
e R HEAF LV R TE o BRE T RE - FIEPS Ak E e Een
m@yﬁazﬁ%&ﬁ%ﬁngMZ‘%ﬁ%@%%ﬁgﬁo
455 LEVRBEE

AR - FROBR FLEEEAE RSN o WA R
benchmark 2"3{s » 7 4%t Ibex £ 3T M » B E* T 2 F routed-

layout *» % » 2% 4odk 31 #757 °

# 31.LithoBench £ Ibex B +45 ILT i lif:h recall

#-4) LithoBench ( % % X 39) Ibex metal2 (X% £ )
DOINN Jix 0.520 0.726
DOINN + 3 3 0.8634 0.892
TopoNet 0.9457 0.915

= B H-3) & benchmark £ Ibex 1 iRl:#® MiFipl ity = v o 24 4 G 5
#E? ¥ 2 4% & o LithoBench ek sx iz %5 v " T 32> #3227 TopoNet
a2 T Ibex fF 5T RAEE TEH TR o -g*,a_-ﬂk,'g EE D dp RS %
Bl o 19‘% d  routed DEF %g{#%34 B~ 1200 % 2048 nm x 2048 nm *» 5 » & i& #7p|

WHEE AT AL LT BEERFH > TR RS EEREL 2N T ER

4 .
i

A
o



456 THHFA- ELRE
FTERERMEE 34 A (recall) 227 (E4F (precision) o ~F1 3 o #7355 B #h

Brdd B~ electrical-short site » £ ¥ 4p e L § (52 T ed» M B B {7 event
matching » 12 53+ TP~ FP ¥2 FN o % 32 2 Bds ILT v dynf2™ 1200 % Ibex
metal2 7 3 ch% % 5 % 4.5.1 & 0 topology-constrained ILT R i® 5 fb 2 4541 -

% 32. precision ¥ recall (1200 *» %)

-3 TP FP FN precision recall F1

DOINN 4% 249 29 94 0.896 0.726 0.802
+ 5 306 79 37 0.795 0.892 0.841
TopoNet 314 75 29 0.807 0.915 0.858

Fo W< Hi4% B eh precision 2% (0.896) @ recall &M (0.726) ° 5 FEidt £
PEAFHS TR EAERE TR AFTHFHEE 03 1 0.7 Bh4cik 3397

7F o
4 33 YR EHFH (200 > %)

TopoNet  TopoNet  TopoNet

RE R P R R R F1

P R F1
0.3 0.815 0.830 0.822 0.586 0.962 0.729
0.4 0.857 0.792 0.824 0.646 0.962 0.773
0.5 0.857 0.792 0.824 0.729 0.962 0.829
0.6 0.857 0.792 0.824 0.803 0.925 0.860
0.7 0.891 0.774 0.828 0.842 0.906 0.873

ripdt 200 B P EfFR Y 0 RARECA] FL 543 0.822 & 0.828
TopoNet Ad 0.729 *+ 2 3 0.873 > * @ & 0.7 PFE~{¥ precision 0.842 ~ recall
0.906 - iz % 7= TopoNet =ifdf & ifte™ LR EA K - & Rk Rl RPN i
L3 P EAERERRELIRRE > AP RFEERINFREE > 77
A 0.7 A9y TR AR AR e
457 BEHBRP VR

5 R 3= F Ibex metall /metal2 /metal3 £ ged metall » 3 % 40& 34 o
Tbex metal2 & * ilt3 > HAR= fe i * ilt: - 5chz BREAR T gk X E A o
PRA G £BRERERAT R 2R 0 FIU A N RE BN gL
w0 3 R recall B MEFFCE - FF o
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£ 34. B 2R 0 recall (7 X FR%)

TR R kR R A ROR e TopoNet
Ibex metal2 ilt3 0.759 0.897 0914
Ibex metall ilt 0.661 0.857 0.894
Ibex metal3 ilt 0.513 0.827 0.868
gcd metall ilt 0.702 0.885 0.890

2 e Rk recall /3t 0.513 22 0.759 0 #1843 0.827 &7 0.897 >
TopoNet 4 >t 0.868 ¥ 0914 - & %% 5 TopoNet> # 3 > Rix > LiFici >
w S RITORY - R P RAEAERNLL RO ATEETLKR T B 16
AP F e e iy o

BERERTIER | RERERERCE

EEE DOINNERk ™= DOINN+1i£3%  mmm TopoNet

1.0 1

0.897 0914 0.894

0.857 0.885 0.890

0.868

0.8

0.6

0.4

Electrical-short recall

0.2

0.0

Ibex metal2 Ibex metall Ibex metal3 gcd metall
ilt3 ilt ilt ilt

ilt/ilt3 B EBAERRA ; BEREEHBEREREAEEE

W 16. B/ 21 B3k 34 ¢h electrical-short recall &

metal3 kA% recall &K (0.513) e pm ARBA R A~ KE BFEEIS
Bl A wulgrdl o Fpad LR E ik E 2o o SV AL R RE A A
FEAEEET > A4 K B ELR KR o
458 F I} TR R ‘s

AR it o4 P X BB 1246 % electrical-short event o H i 2 g 7] sLit
B 201246 BEE S H? I BELFHAEETALTHREFT 2 L0 £2

FREFF R AN T AH R AR s TP HEE o # 35 Bt H A 1135

f[;;?*‘ LEG g AR E
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%35 v oA dg2 A (1135 £#)

4 27 i LR S s
F 1035 91.2%
By~ 38 3.3%
R 35 3.1%
R 18 1.6%
g 9 0.8%
&3 1135 100.0%

RN 1246 BE EFandAREFEA| A 5 0 1190 B (95.5%) 5 signal-signal
bridge > 56 # (4.5%) # % signal-power ; &= F ¥ ABLET| power-power
bridge » 3 W F e > FRETIHEAGLER D F AR L TER

R AT A2 R AT ook 1135 B2 Y o B4R ik
B WA DT P T 0 B EE AR BRI d RT RS 2y~ B Tk ee
B o P AP short A WD A d KBl ELE P ETchH R g o £ 368
—H A e KA R AR A R T R 9 BEE AR
PR & At e

F 36, R & 2 b A SR F

4 3 ¥ DOINN W% TopoNet
R 18 0.778 1.000 1.000
U 35 0.971 0.971 1.000
F 1 1035 0.958 0.974 0.996
By b 38 1.000 1.000 1.000

AERA A TH S A 0 recall 20778 12 AND4 X1 % 6] 5
# #k short abstraction T > ﬁ%l >R R g R 313?] 1B IR
#FOREFREAPEIEY A AR SHEIRE ATFRIIHE bridge o

VEF R g pELT gz;—] » fav,f mask-only -3 GVR 4 & b] o & &2
2
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461 VG EFRFHERALNLR
ARG AR B IEE IT A S B 2% 9 process-stress proxy © & 16 &
o328 direct-dose sweep B ko A&k B | E SRR G i TRk

PefT A 4 ak Al 0 B R Aok 37 A1 o

%37 GEREYURERS A BRINEFH R

Bt g E';{:"%ﬁ&%q #E R EF HERESF i*% Jaccard

+1 px 1.070 11.56% 11.42% 0.353

+2 px 1.165 17.95% 17.60% 0.140

+3 px 1.260 25.63% 25.26% 0.166
AR D BEFLE 1 04 'ﬁﬂév\ﬂé’ gk i B AR A

TE AT E Bk Y ¥ o directdose Plicg S ifie RER Bt 3 0F

oo TP A g R E X APITIE B IV s E ok o Argx ILT k¥ ey EPE
(=799 z &) " A3k (101 34 ) Bgor =8 F BT 72 35- - oG X pA
EHEBmEBEIELELY 28R dose R FIL AT HEAGLEETRA i%ﬁ?gi.;—lx =g
BEFE N % 463 &5 ERIT Y dose failure d F R (R 0 gt R
$lo 2L RARLEL BFSRE A B FRED LT &2 IoU 443 0.66
2 0.78 » ¥ cross-layer,/cross-design 2 ¥ el 2w FiF- R B P w %
W PR T AARE - Ptk § B F AT o mask-generation quality 5 F i B2
FERTEEE o F A RE AT ]
4.6.2 e IR EAR R

FAELE AT Z=mgm01d[s><(aerial—t)] I Z2>05 @it s He g i
THAEt FENEEd sigmoidx)>05© x>0 ¥ A B jt’!%ﬁi%i“v? aerial
>t;fi3i%i“£)§is7r§?'%%§ﬂ° ¥ A s=25~50~100 == 5& 8%

* 0 Flet s R HFdw 7 175 b2 Rty 0 £ 38 WKy
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% 38 e I RB ERET 0 recall (500 B 4)

pRETH R T8 RS ] R B TopoNet
ARREE 82 0.744 0.890 0.902
& & x0.85 213 0.286 0.347 0.366
g x1.15 19 0.947 1.000 1.000

A EE x0.85 A ¥ §F I TopoNet> # 3% > RiK; B x1.15 &1
19 B %% % > #52 TopoNet I 5 1.000 » ¥yt % - 7 iFsg Lt &
o BE'FMPFLYE I 82 HI 2130 = #74] recall FPFTE o d 3R ST
il']#\@?]” REEE 2 AP RTED ok R LT 0 e P
B2 HGPAET R RBE 2 LTS Jafgds .

4.63 & R4 WA 2 E
% 4.6.1 &% -7 morphology #2 direct dose A& # trdkfaiz &

e
=
4
Py
Ry
N
W
>L.

& :2 12 failure coverage & i* 7 ?{ B> TIIBEFHh T Plendk e 5 50
AL L IR R E 0 B R dod 39 r A o

£39. ABBBE SR EM G (300 B y)

) HMEREF D
o F 545 3 HE 45 7] 2§ . ’,mjf
+1 FA A 7%

px (BES % 7 3 3 100.0%
dose)
+2 A

px (RES 51 18 15 83.3%

+16.5% dose )
505§ B4 direct-dose failure £ § B & F 5 ¢ MIFR AT HH TR +1 px

v‘v

p

i E 3/3 (100%) > +2 px i E 15/18 (83.3% ) +1px A h FALd (hdim ¥ 2
direct-dose failure ; +2 px | X ;= §& + 7 superset o A L F4fd ¥ ¢F A 4 0
T (Flpx PF 4 e~ +2px ¥ 36 ) BHE P P FREHRE BT AT S E
42z 23 e FAR 5 direct-dose failure » ¥ 22 f% 5 ¥+ mask geometry
critical-dimension #f % & AT PB4 Kb o Pt U AT o VEF RS T
AL PR AR ek b 0 w3 §_ direct-dose failure ez BEAZ R & o T IR A

AR T RS AR E R A BP9 dose failure v F b iE T

—\

-

o Bl 17(a—d) % @ A8 £ 5 9% &) > B 17(e-h) = morphology-only % & > *

RS g
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Morphology stress vs direct-dose stress: real lithography examples

(a) Nominal ILT Mask (b) Morphology Mask (+2px) (c) Morphology Printed (d) Direct-dose Printed (1.165)

A Tt Tl o

(e) Nominal ILT Mask () Morphology Mask (+2px) (g) Morphology Printed (h) Direct-dose Printed (1.165)
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