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€39

Modemn IC designs are exposed to a wide range of dynamic variations.
Traditionally, a conservative timing guardband is required to guarantee correct
operations under the worst-case variation, thus leading to performance
degradation. To remove the guardband, resilient circuits are proposed.
However, the short path padding problem in resilient circuits is severer than
conventional integrated circuit design. Therefore, the invention provides an
engineering change order (ECO) hold time fixing method for the short path
padding problem to enable the timing error detection and correction
mechanism of resilient circuits. Unlike prior art, the invention determines the
padding values and locations with a global view. Moreover, the invention
proposes coarse-grained and fine-grained padding allocation methods to
further achieve the derived padding values at physical implementation.
Experimental results show that method of the invention is promising to

validate timing error resilient circuits.
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ZHBHERHS

[(ZHEH ] (PR3O

TREFZAFHHEEES X
ECO hold time fixing method

[ 55 F ]
[0001] A FBHAMPRERBEROKRMHAR - LHE—E
ITEREBFZAFREEBERZXE -

[ 5 AT 5 95 )

[0002] FEEMEBRUELMOFE HE UEHE
BREEFTANVE  USELENENRGTERABLAE
MUAER » THEERERNEEEF FIUNEERLSHE
BEMERNEE  GEREILFEENEL  HENEER -
MR8 - REEER (softerror) AR B AR AYRE » 0 % K
Bf fF LU $5 3R (timing error) - EEENBERRFTEF £
fif Al &% 3 5 L 3¢ 5t (worst-case design) > BRETE G HE K7
{7 7% (timing guardband) » KRR H B (E & F R E R IKRAF
T ERTEEEENRRAANTRER - A  BEREHE
B 7 {7 77 (timing guardband)#YfH (% - NIRRT EEE
B AE

[0003] % T JHBRE 7 (R 3 7% (timing guardband)H &
BRUAENEZE  FEIBAHREANEENTEERENER
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(resilient circuits)# & 7 2K - 401 D. Ernst et al.ff MICRO,
pp. 7-18, 2003 Fi & F{ 3% 3¢ " Razor: a low-power pipeline
based on circuit-level timing speculation; § » £ {{ Razor
IE K 2% (Razor flip-flop) R A LA E I ERAVERE - B 1 B E
M Razor ERBZEAREER EFEFRFIINFEFLTHER
2§ 28 (shadow latch)110 R ER R4 S 120 Y& i > BL
FooF 10 HKBEENIFAR clk_dly FriE# - BREEKR
25 130 B1f2 % 12 $4 8 (shadow latch)110 (& & H —E JF
e (XNOR)140 it ¥ - W RLEHERBJHABHR > 5
TR HEANBERNAT  UIESEKERERNESCEN
ST ERMERELE -

[0004] #R 1 % o] 18 & =X, B/ B& (resilient circuits)[1 & °
GRiFEE(hold time)ZEIFEEEZZREFE - SIMLAE 1 (VTS
BOF R T B E A E 9t & HE B & (short path)ifn 4 i
BNRRAENING  FEXKERNAR RTEER
$E R A BTHY S 4 - B8 (short path)BY JIE B F /) B & B 55 88
{& A &5 #& (error detection window)w - f] @1 — f& B Ak clk 17
BEFAR clk_ dily W Z - —#RENEE w EHERFER
# & (hold time margin) EA N ER EEHECLFER
H T i AT B9 T 48 = & & (resilient circuits)® ©
PN E R T IE R ¥ E (hold time margin) (Y ZHINE XK » (F1F 5] 18
B =, & & (resilient circuits)F & E& #Y 59 #& X E #§ (short path
padding)ff BE 5 hOHY 18 & -

[0005] ¥f A i & A % (delay padding) V& » BRI
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flote 7 ¥ 54 B8 & (short path)3& A 4% & 28 (buffer) 2K & 1 K
EBNFE -

[0006] FHXIE TS - & H ¥ (delay padding) & BB
Ak fm % HF 12 (clock skew scheduling) N A —EEEEBEBHS
% (logic resynthesis) Y FE ER s AR R R B HEEZE R
E 8 {5 B& 1€ (path)BY $H #5 1 2 (padding delay)ifl 3F &% 7 WF {u
B i A I & (insert delay) -

[0007] M&KZTFT B ETNEMEHREZEREM

E #& A I #& (insert delay)e N. V. Shenoy et al.7f ICCAD, pp.

156-161, 1993 Fi1 & £/ 5% ¥ " Minimum padding to satisfy
short path constraints ; fH THEHREHRA BB RE T X -
HREUESRENAERRELEERE  IUAFABEEHANAKE R
o HEKUEBRB S ETEARANKBEKH  —BAMNE
MR TEERESERAERELR HP—EBESE¥NTAESHY
EARBIIEM(setupslack) (W EEBRKHGIES  ENESLT
FEHEF & KRB K EE (longest path delay) - B—E& %
6977 2 3 5 % {7 15 38 #1 B % (hold violating paths)&S 38
NEBRFRBE® BHERT B/ & IEAZE (total
padding delay) o

[0008] B 24— HHBHFHERITREXNER
(timing error resilient circuits) B & FE — it 2 REH - &
% B F R & (timing guardband) » ERRFRF B
#f (conservative clock period)f/ B & RN F % B
R B fF 38 # (target clock period) Ay it $5 3R (M & R w I
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EHEE S K H\RREBENFEHERTEFEHDN
R  -HEERRRKREESBERESEAR Y HFIENIE
& 28 (flip-flop) & %% o] 18 [F = & B& Ay B X - 1IE & 28 (flip-flop)
WO EERAERINAA > R EEHFEK » LT BEFT
SEHIE R 2 (flip-flop) @ EEE —BHEINREEHERE
(hold time margin) L 7 35 & 3% 3% & I & 4E (error detection
window)w £ IE & 88 (flip-flop)# IJ B E X BB BN 1R »
1T [3 & % 4% (placement & routing) - Hy Y B 3 &Y {) #F BF i
¥ FE (hold time margin) & {# #§ 38 # (hold violations) 5] &£ {y A 5
ER—EASRBERARG T Bt BERTEEE
B - |
[0009] MREBAAEMWHARBENBRERX T E BEZE

iy HH #6 BT B 58 B& X (short path) - B 3A £ B 3D A B A EM
HEEERRZAERE EH3ABRZEBR g1' 22 8 E
f% ¥ & #i (hold violations) - MR K F M ¢t HH&E A EILFE
(setup slack) WEB R RXRMEMAUEHHEZRFERABR
(hold violating paths) X B BB RMIEW - 5 FE 3B

ME 3CHER - HE 3B HME 3COUBZHEEM e IR
388 (hold violations) i 3% 2 3% - 8 2 40 % bLE 3D £ #8
FRX o BB AR A/ RFF E M (hold violations) - H It
B DAEE c MRFEMOKERS K IEBE % (local
view) » FIRE E HMABEHNE R - A > BIEHRET —4H
X $E HYE #H 77 & (padding solution) R Z E[ERE /Y E
BEREBEEN DATREGTEER R K (physical
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implementation)fp R B - Bl - FEHWEE R g, 8 fn 0.2

BUNEE MEEHSAEREH] 0.ISEMEERN 0.25 &
ey iE & > HAGEREMBAR HAHEBAZREEEE
BZHMBEDAXEHER -

[(ZHEAE]

[0010] AHFXEMNEIEHERE - THBTE
HEMEE L M2BESREESRE  YEEEE
38 1 78 (coarse-grained delay padding)th & F # F 5T {4 (spare
cell) > Tfi 40 '8 % ¥ 15 % (fine-grained delay padding)th {& i &
% B (dummy metal) > TR MEE —CHERBED
HEg R ISR R -

[0011) mEMR>EHE ASHBH —BIEEE
REHMEES:  EGN -CHERBEBHBHEA
£ /) 9 B % (capacitance) R M B R R CMHi B R B RBH 10
4 8 1% (short path) » ZH A B A —HHBERECH B
(Padding Value Determination) st —E H/EEHE E X B
(load/buffer allocation) - ZIEFHRHELAET BHEWZEHKD
R4 R o RIS — 5T 4 (cell library) + — B% FF IR &1
(timing constraints)k — B F§ 43 #7 $ %4 (timing analysis
report): A E LM LA CHBRBEBH 25— BEHA B
B (padding) UM BHME - ZAR/EHERESBKE —
# F 7T £ (spare cells)& iR -+ — M2 ## & /B & 3 (dummy metal
information) - RRXEMBREGBH S —AMFBIER
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(padding) VB EHNE r MIEMEZZCHERERTTH
50 B& 1€ (short path) -

(B X i EHERE )
[0012]
B 1%EH Razor ERBZEHAREHR -
B2 —BARRFERTERAERESE —&)it2
MAEHE -
BAZEIDHAENEMEMEBRRZRER -
B4GEARH-EBEIREE2RARGHEEE T EORE
B SA KB 5B 1% 4 & BH 1% il 48 B& 7R (short path)#Y L &
~EE -
H ANE BHAEBZBHE —CHERESITAHITESRS
BEZTREHR -
B 7 A% H—FH R E F (bounding box)F I ¥ FEMH A
THZTRER - o
B3 AABHUHEHREBRESMEBBENRB IR
EH -
B OGAEAZHBREIEENHEATHEZREHR -
10 A AR HEFH/ ELEBESTENREANMER >
TEHE -
B 1 AAZHEREFRH/ER2ERSBENREE -
B I2EXSHAFEASAREEZHEAZREER -

in
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B I3 AABHEERANERZREH -
B 14ARE 14BAASHN A AE AW EBESHE
Lt Z ~EH -
B 15 AEAFHEN T EAAZGORTNENBIIERENRE
B £7 ¥ $ 3tt (negative setup slack/negative hold slack)k:
BZTEHE -

[BHEHR]

[0013] B4 ARH - BIRET > GEBHERES
ENREE  RIREFECRARBEEE N AGY —CF
FRBRBFEHE AR DI E S (capacitance) K I 7 52
% © i /5 R 48 48 3% 51 19 45 B8 % (short path) -

[0014] 7 %% 87 Ft 85 A B9 7T {4 0% /5 45 &Y (cell timing
model)Z fR # Synopsys /A T #Y liberty library - [ iE ¥E (gate
delay) Bl Z % (lookup table)dy J5 =X 5% » LL# A ¥ 8 (input
slew)#1 & t{ % 7 (output capacitance) 5 & 5| % & R 0 7 15
%) [ JE 38 (gate delay) * %5 6 48 48 (net)H9 & 4 JE 3B (wire delay)
& fin 7E % 8 #9 B8 B B (driving gate) | - [ #9 &) 1} B & (output
capacitance)f & & 48 & & (wire loading) - & H & (fanout
gate)a’ﬂ%A%ﬁ(input capacitance)fl &y 1 # Ml & & (output
pin capacitance) - G. D. Hachtel and F. Somenzi 7f & 2006

H R B " Logic Synthesis and Verification Algorithms | — &

b 2 4 & # R F B £ (loading dominance phenomenon) -
JRB - & & (output loading) ¥ i ZE 3E (gate delay)
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NEEBRPEEH ALE(nput slew) - RIf > XFHFE
EH 1% /0 A B9 & ) & A (output capacitance) 2R 5 I ZE & - IR
FEREED - B oAy EE K% &R R E S (capacitance) -
t4h - R Y & B & (output capacitance) R fE K JC
(cell library)f Fr E E A = K & # T & (maximum load
capacitance) e

[0015] 4G B% fR SE %8 (short path padding) ¥ K HI BB
sxst B2 MEEM - I H#E 7T1E R EE (resilient circuits)
MEEESTEREHREMYE - BT ETERNXEE (resilient
circuits) IS REAMEB ERL B ERENF FTEHBINE
% 54 P& {8 4K 6 (short path padding)#y i B » 55 B 7 HH # (short
path padding) WA TR : EE—HEMH B KRRkt
(placed and routed design) * T {4 & (cell library) ~ % A 7T &
(spare cells) & il - FE 8t & B & sA (dummy metal
information) ~ B F BB & (timing constraints) -~ K §& FF 47 1T 3
% (timing analysis report)f% * A HEHEAKIHNES
(capacitance) » R iE i 52 Bt A B9 5 B% 8 (short path)i H 7 &
B FF BB & (timing constraints)

[0016] EHHRERIT RENFEHRBE » I F (timing) &
B #2 & A (physical information){3 A %A - R A X HE
1 #i /5 B& Ex (post-layout stage) ¥4 17 2 B8 1€ $H i (short path
padding) - B S5A KB 5B {4 7 % 55 1 ji0 58 #% € (short path)
MEBZ ~EE - W8 SAFi~ A8 HEHBAEZE S -
2 5 i 54 B% 78 (short path)RY JEE - M E SB Fim > AR FE

i»
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/1 i 4 %8 41 19 % %K T 2 (load capacitance) & 2 1% I 2 B¢ 1
(short path) B ZEE - FH It » T (cel ) S BELR BN A
RN AR R (short path) N ER - BE SRR TEHRE
(placement)f E% 78 4c 77 B # A JT {F (spare cell, redundant
cell) - fE ## & & (dummy meta )R A I EE - AL EXE
B9 o > [ # & B (dummy metal) T DL 3§ % & % (capacitance)
SN R B RN A e - Bt > ERGD KR
(post-layout stage)®] Bl 35 i #f # FJ 5T {4 (spare cell) B iR #F
& /B (dummy meta DI EHF B LK ZRIEF - B Synopsys
/\ Bl #J Liberty library ¥ % > 2 5 8 7% (short path)F7 # i &9
ZE 3 BT E R R 1 D9 & 8K B 5 (load capacitance) R iE B &
8 25 (inset buffer) W B » AT UEHERFEE -

[0017) WHE 4FiR ERP-—BIREET 2 FIEEHMN
EE T EEE —EHE % ERES B (Padding Value
Determination)fr — & # /45 & fc B ¥ B2 (load/buffer
allocation) °

[0018) & s #§ & (& £ & & BZ (Padding Value
Determination) B Z EHB R ERKRH  RB—THE
(cell library) * B% & R &l (timing constraints) & — B% & 43 #fr &
% (timing analysis report) L3 52 3 8 th 2 4 5 B 48 42 32
st G — EE AT R IE# (padding) WHBEME - REMH
{H £ € 25 B2 (Padding Value Determination){k DL £ 5 8 &k
(global view)ZE 2 4 Ff 7 # (padding )M B E -

[0019) 3% & & /48 & AL B 5 BB AR 38 — # F 7T f4 (spare
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cells) & -~ —fEE £ B E i (dummy metal information) ~ K&
2 B S R G 9 5 5 2 5 — {8 B AT 9 ML 9 (padding ) Y B4
BE G E o DU %O S R 6 AR5 5 09 B /R (short
path) » 3% £ i} /48 8 Bc B 5 B2 86 by % JU 48 41 00 &2 8 B 4 (load
capacitance)El {5 B 48 1 23 (inset buffer) R EH - & T # ik %
S0 B (35 T 45 BB BT 5 4 09U BU{E (padding value) » % &
/48 % I B 4 BB 43 B ¥ JE 3B ML (coarse-grained delay
padding) Bl 41 & % ¥F 34 ¥ (fine-grained delay padding)®® &
£33 B o fE ¥ JE 3B M % (coarse-grained delay padding)
b > F £ F 7T 4 (spare cell)» 7 40 H JE ¥ # ¥ (fine-grained
delay padding)f# F & #f € /B (dummy metal) «

[0020] — R 2R3 » A% 494 5 IE 3B (padding delay)fR
ZEBEFSHARANERE - Bt ABHEEHEA
B 19 %8 2E 3B (padding delay) » A 1% 36 15 @ R /& 48
(gate/wire)J £ 5 E ¥ (padding delay)# #ft i & /48 6 25
(load/buffers) « 4T - H Y HES MEME S —EHER
T 3% 12 075 4 48 A K S I B (padding delay) » %5 = {9 &
EREEEFACHERE SR b R > I
(setup time) |

[0021] % - EHENEBEER NEHELITHA
(primary input)dJ A E B EEE > TURE S WHT S
R MR & (timing constraints) » {8 £ 2 #7 3 # % & (padding
value) &l & 1§ 1 - 4052 % 8 % 55 §& /% (short paths)Ff & B )
gate Pl 3¢ f S 48 6 5E T LA B M6 2 B 5 R MO MM

10
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(padding value) > {B /2 &l °] € 12 X ¥ /¥ [R %l (timing
constraints) - FEE 2A J - MR YR g, LR g; KIEF 0.3
BENEE S8 —XEARAHEEFREH (timing
constraints) » {8 48 3£ 5 F 0.6 &Y 1K ¥ B {4 (padding value)
MRE ¢ KIEFH 03 EMMEE FBWEHM e, 8 o, 19
ERAEE (short path)& &2 - NIt > B 7T & H & E N
B > R EH B {E (padding value) BT ENEB L EERF 2
15, # B (global view) o

[0022] % 5 %5 8 & 3£ & & B8 (Padding Value
Determination)fl & — 1 % & JB Uz £ % B¥ (Padding resource
collection) ~FHIEHBEF T E/BEH R E S B (fanout
padding flexibility calculation/flexibility checking) - — & ¥
{8 3 £ # B¥ (padding value decision) ~ — ¥|Bi s B8 « & — i
# {8 H % 8 %5 B2 (padding value refinement) -

[0023] HRAFFHENITEBEFCREBHEBETE
AR ER M D FE B (post-layout stage) # & 5% 55 ¥ T S 8
HAREGTHE - TARNSHEMETARONEREERD
fiRkGERRTZ—EEEBS L E% (fanout net) I —F 7
& T (bounding box) ™ #y #f FE 4 F JT {4 (spare cells)& 3 & ¥
FE FE Bt & /& & A (dummy metal information) > A ZIE B L
JR g £ 4 B¥ (padding resource collection)d » 38 % & F 7T
fF (spare cells)& 3 K& % [ #t & /B & s (dummy metal
information) » LN EZEMBERERRFZ—HEHEELREE
48 4% (fanout net)fy — 7 L & F (bounding box) 1 i & FE 5 FH

11
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e {4 (spare cells) B K Y EE # & B & s (dummy metal

information) ° ‘

[0024] EHERE g NWHEAKEFER Cou(Dr B ITHFE
(cell library)PFrEBE AWMU EBESANE/INERKETAHZ
HMER HE—ERBZ@MAN—TITEHmE N R KIEF
BEEConax()B 0 —BUNEEER ¢ HBEMN ¢ ZHNE
BLZERKEMER Conx(LD)ITFA MR RKEMEZS Cou(D)E
B ATFTER BAREMBEE Cox(i)R Caux(i,j)RF LR -
B0 &8 B JE % (flexibilities) Rx BEEH R HHE -

[0025)] ZBUHEBETHHE/BENERES R
(fanout padding flexibility calculation/flexibility checking)
SR ZCHBERESERTTz—ERNBHESESRN
(fanout padding flexibility)Pr(i) « & T B Ll £ 15 8 % (global
view) R AEEHMBBRERUE EAYRERFESAEBE

* (hold violating gate)ly S Hi $& (fanout cone)sl B R HE B B
5E ¥ (fanout padding flexibility)Pg(i) -

[0026] HFERIANAEBRES BESRIRAEE
(directed graph)K = (GE) - ZEHE K = (GE)Y4AERE H
KGHF GRBEMER -ZARE KNESEEH g <
GRT—EBHEE - WEH LI DG)FRTHEIEE (gate
delay) e @ —fk#E e(i,j) e ERTEZWMNER - §F g Y
& i W 2 B O7 B 2 B R (setup arrival time) AR T HI A
XRR
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A7) = max;{A(j)le(4,7) € E} + D(3),

B & gi B9 B i 0 2 3 07 78 % 0% [ (setup required time)R(i)
HBUTHARXRR

R(i) = ming {R(3, k)|R(i, k) = R(k) — D(k),e(i, k) € E},
Bl &S g B9 &t 0 69 R ¥ B 2 BF R (hold arrival time)a(i)fk IX

THAKERR

a(i) = min;{a(j)le(s,?) € E} + D(3),

G B g KV B i 2 fR 5 58 E 0% 8] (hold required time)r(i){%

VSRR I/ -7 N

r(i) = maxg{r (i, k)|r(i, k) = r(k) — D(k),e(i, k) € E},
[0027] # e(i,j) e E4HIEI B 5 A g £H X

B e(i,j)HY B 1L B8 & % 5tr (setup edge slack)S(i,j) R L T34

AR

5(4,9) = R(i,5) — A(3).

Bi®: gi € G BT sC #% 69 B 17 €7 B 52 9t (setup node slack)S(i)f&
LTI AT :

S(4) = min; {S(¢, j)|e(s, j) € E} = R(3) — A(3),
Be(i,j) cELSHHBEB g iEEE B g VR FE G Kt (hold
edge slack)H(i,j) % LTI AKX TR -

H(3,5) = a(i) — r(i,5).

BiE: gi e G FT 0 $ 19 {R £ 61 B % 5t (hold node slack)H(i)f4&
LRI A FTAR

13
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H(i) = min;{H(z, j)|e(z, j) € E} = a(d) - r(3),

DUE 3A MBI T ETEFE Y H(2,1)=0.1-0.4=-0.3>H(2,0/)
=0.1-0.3=-0.2>H(2)=-0.3-
[0028) 45 B &7 % g 19 % £ HE i B {H (safe padding
value)P ()T I T3 A K F T
Pyas () = min{S(7), | min{0, H (1) }|, Pmax(2)] .

Ho » Pux(I)RETEEKEBHEE g V& K IE# Z E (maximum
padding delay) ° 3% Ex A 3H ff§ ZE # (maximum padding delay)
Prnax(DNRBHBRAREMES Con(DEBEBRMAK - RE—EKSBZ
A — ¥ B YA R AEREE (maximum padding delay)
Pmax(i)z% 0-

[0029] fMREBU LA EE > ¥ HE K (short path) T K@
HIGHBE gi MMt B H t=Pooe()BF > MB LGEEFEHNBERT
EAEENRIFEFRE (timing constraints)

[0030] &%t gi e GFisd MR B E # 8 /St (fanout
padding flexibility)Pr(iM& A FTHIAXFT R

N 0, giEPOOTH(i)ZO;
P F(’)—{ min{0, mineg ez {H'(i,3)}} — H(i), otherwise.
’éj’ EFJ ’ Hl(Z,J) — H(’L,j) + PF(]) +Psaf(j) °
S'(1) = min; {S(3,7) — (S'(§) — S(F)) — Psay(3)le(s,j) € E},
HOR SOR~EREHEFZ AT AFNEFER LA THE
FRZRHM - Pa.()Vh EBEEH BB EFH -
[0031] A RHHE—EHMA s EcERLERFEEYS

14
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(fanout padding flexibility)Pr(i) > KFTRH g B H &
(fanout cone)” HF A HF MW B AE MY E - BN EFHE 09
fd (hold satisfying gate)3X & F % & 1} (primary output)> E
HEBESE PFONEER - ¥EHREBRAT AR
BB R T 0 B R 55 38 59 88 B (hold violating
gate)g ' HBHEBE SR PONBETEM ¢ AN RE
&7 85 2 3th (hold node slack)H(i) A1 & 4 i8 £ (fanout edge) & /1
B 5 1% 09 7 55 38 5 % 7t (hold edge slack)Z 2% & -

[0032] MREFRBBAR  BLEBESHE PFO)E
%€ X F 8 i (primary output)#1E ¥ E#j A (primary input_3
BEE - GIOME AN T BEHEAXTUSIUT
B
Pr(ol) = 0.0, PF(FF2) = 0.0 ;
Pr(1) = min{0, (-0.3+0.0+0.0)}-(-0.3) = 0.0 ;
H'(1) = -0.3, S'(1) = 0.4 ;
P¢(2) = min{0, (-0.2+0.0+0.0), (-0.3+0.0+0.3)}-(-0.3) = 0.1 ;
H'(2) = min{(-0.3+0.0+0.3), (-0.2+0.0+0.0)} = -0.2 ;
S'(2) = min{(0.4-0.0-0.3), (0.3-0.0-0.0)} =0.1 ;
P(3) = min{(-0.3+0.0+0.3), 0.0}-(-0.3) = 0.3 ;
H'(3) = min{(-0.3+0.0+0.3)} = 0.0 ;
S'(3) = min{(1.0-0.0-0.3)} = 0.7 -

[0033] fREL FMBSBAR AR HTh M FHRTF
I8 S %8 B JE ¥ (fanout padding flexibility)Ps(i) %I
5 | min{0, H(¢)}| > Pr(i),9: € PI,P1 5 ¥ E# A (primary
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input) » R fR ¥ i # (hold violations)# % ¥ ¥ &8 R 5K
Wk @EE - mgSE ) <|min{0, H(z,j)}|,e(?,5) € Ex
T % 15 38 # (hold violations)ff % i ¥ & @ U W K MR H -
[0034) = iH # 1 £ & & B¥ (padding value decision) » ki
— BN E EE A EE M (fanout padding flexibility)Pg(i)
MEtEZ—EREe—EEE PO -ER RS RB %01
BT BT 5T B 15 B 53 8 45 #8 B F 1% (fanout padding
flexibility)Pe(i) » M TR ETHER AT HBHME - $#HE
8 {7 £ 3 #1 ¥ 48 4 (hold violating gate)g; LU B K ¥
(topological order) K3t B H HE MK E - RHUEBEEHS
(fanout padding flexibility)Pr()EREB g WE L
(fanout cone)” AT A FHI B/ A HBHME - HIt - BRI &
413 #8 Bl (hold violating gate)g; FT M MW A B E 2 B UK
& 4 88 (fanout cone) W E Y RH A TR BTN AN ER
8% 9t (negative hold slack)- #i| 4 » ¢ £ 5 % 8 {4 (safe padding
value)fl & H E # & /5 M (fanout padding flexibility)Pr(i)&y
2R Fit AAENEBAXNERRER X —HE 09
HBEEGUTIHARER

P(i) = max{Psqef(i) — Pr(i),0},

[0035] Po«()RREBERM o #YF A M (fanin gates)
LI Z 18 % 2 HH ¥ B {H (safe padding value) - ERE
TEEEER ¢ WEHEMREZR HIINZEESHERH
i (fanout gate)Hy E 2 B [ (arrival time) ENE & - At -
FHEMOESRR ¢ (I E LB &%t (fanout edge slack)E ¢

16
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oo BB %R (fanout edge slack) EH o] LA T 51 & =K
TR

S(i,5) = R(i,7) — A(3) — P(3),

H(i,7) = P(2) + a(i) — (4, 5).

[0036] HEMWEER ¢ VB L B & %5t ((fanout
edge slack)iil EE#r Z 1% /& 4 B (fanout gates) W B 1L &1 Bh 5
o (setup node slack) Fz ff ¥ €7 B %% 5t (hold node slack)t &
BREEHTHE -

[0037] 6A B 6B A HHH —EMBTRERKR
ABRTEGBEZTAEEH DB ABAEAEEBREN B
T fREX Pnax(2) = 0.5, Prax(3) = 0.4, Pnax(1) = 0.4 - fRIZR
$H 8 )5 M (fanout padding flexibility)Pg(i) » B L& F] LA
T&E :

P.ar(2) = min{0.3, |-0.3], 0.5} = 0.3, P(2) = 0.3-0.1 =0.2 ;
S(2,1) = 1.1-0.7-0.2 = 0.2, H(2,1) = 0.2+0.1-0.4 = -0.1 ;
P..(3) = min{0.3, |-0.3], 0.4} = 0.3, P(3) = 0.3-0.3 =0.0 :
S(3,1) =1.1-0.1-0.0 = 1.0, H(3,1) = 0.0+0.1-0.4 = -0.3;

S(1) = min{1.0, 0.2} = 0.2, H(1) = min{-0.3, -0.1} = -0.3 ;

Peor(1) = min{0.2, |-0.3|, 0.4} = 0.2, P(1) = 0.2-0.0 = 0.2 »
[0038] ERAECHEHMBMBEZR H HHEH 6A TR

W EHEBBER o 2EEE g 095 R (short path) (T A FH

-0.1 Y PR 7F 22 # (hold violations) - EREH N &4 B K EH#

17
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2 % % (fanout padding flexibility)Pr(i)fy & i - & By & 7
TZEHEMEBENYTE/EE MR END B (fanout padding
flexibility calculation/flexibility checking)Bi &% 1% #§ {5 2 &
% B% (padding value decision) » GBI AV E M E -
AL EE 6B HI4 R - Br A & B X (short path)# 15 DL ##
Fo-HE ZBRUEMEBEENEST E/E/EMHKRES B (fanout
padding flexibility calculation/flexibility checking)¥d % i
i {2 /R € & 5% (padding value decision) iy 20 B& & it & # #9 5t
HHFIRFF 2 M (hold violations)F G U RANE WA H E
—FHERIEE FAEEZHAGETES  HIABZACHER
SRt 2 —E RSB K (short path)Z & i K (hold
violation)Z& & 9 B B R B & # K (violation) B #& X FF il 5K
(eliminated) * 5 & > MENFHEMBEEHT BE/BEER
# % ¥ (fanout padding flexibility calculation/flexibility
checking)

[0039] A BEFEEHAFTE -SRI EEERD L
M5 W BE - LR YA R AR A B 4R 18 8 (hold
violations) » A & BH & {f A K ff§ & & (padding wires)¥ & &8
g MmEEE -

[0040] 7£ & & 65 09 HE ¥ {E R € & 58 (padding value
decision)® - JH #H {iL & (padding location) F HFEEE LK F
i X B % H (primary output, PO)I 1 J7 - HEEH N X HE
% 1% (forked short paths) » L FFEBHAEHANEFBEEAXRK
Mg ME AR~ MREBRAIMANTBERSENGERE KL

18
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FE 0.5 HYH i & (padding delay) HHNEER g« 25
X & & (forked paths) & DA [E 6B #Y i #f & ¥ (padding delay)
AR TUE-—FRIVELFEANEFRER 0.4 -

[0041] ABAFLEWEHHEBHEBFITMRK &
HABEREBRRAENNE SR A RS MK K (short paths)ff
CPNEER Rt ERFELTRAETLZCHEIRER
i 5t Z & — B [ #9 52 B& ¥ (short path)Z {& £ i K (hold
violation)$g E ## /R 5 & & KK (violation) & #& A F M K
(eliminated)B¥ » 3% 1 ¥ (1 B &5 8% & B (padding value
refinement) L [Z [5] #6 B 2K ¥ (reverse topological order)if &
ZEMBEREGRTZ — BRI HE P K IEH E (refined
padding value) B EZEMBE KGR Z2—EREN
HFEE -

[0042] FHHEBUTHEBREZ2ARN > KERRE
BEMABRENEN - — R EEHFE (reverse padding
value)P. (i) R L THI A XTI -

Proy (i) = P(i), if g; has only one hold violating fanin;
rev\t)= 0, otherwise.

K 5] H # {H (reverse padding value)P...(i)R 7/~ & {E 3K # #7 &
BE g ASZONEMEHNHERA(fanin) FRIEER - B 7T
BRI S (oined path)WIHHHE r REAFEHA
R F — B A R & M (fanin hold violation)# % &8
KRB E - WREBER ¢ BRI E % 5t (hold edge slack)
MNREFBER  REER ¢ H R &M (hold violation)
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MERSE W —RKETUNEBZEAMEHRNERK
4 [ A B9 45 5 32 8 (hold violation) °
[0043) — &7 8 % & 15 48 8% & (added safe padding

value)Paa(D)R U FTH AR TR ¢

Poada(i) = min{S(2), Pmax () — P(7)}.
1Y 2 2 3H # B {H (added safe padding value)P,q(I) 2 E &
R ¢ R i (setup constraint)# & K #H #§ & & (maximum
padding delay) Pnax(i) * st E R B GEEEFHEE SIS
%Z/VIEFH o % B B IH % {H (refined padding value)P,.s(i){%
LTI ARMR
Pres(i) = P(i) + min{ Paga (i), min; { Pre. ()| H (1, ) < P(i)} ,

[0044] FRIBLL EHIE 3 - LUK 136 4 K ¥ (reverse
topological order) T L 55 1 45 { B 48 i &9 T 05 S L ¥ (6
(refined padding value)P (i) » H NG REH T & — & 19K
L& W EERE - |

[0045] 401 5% 6 B 9 B2 7 %2 3t (setup slack) R ERE B
A #i 4 % %5 (maximum output capacitance)t [§ &1 - % 5 ¥ &
58 R HE R 7% 0 (0 2R 4B 0% MR F (9 1R 5% 18 #8 (hold violation)
B3 AR BEGEDRE S efinement) 2 % - BBEBNE
4 I (padding on wires)Z 8 3 ¥ T &9 % 5 12 # (hold
violation) - JRE[ » 3% I %8 & 55 4% 8 & B (padding value
refinement) ¥ B & — F & IE § {f (wire padding value)$ EZ -

[0046] 3% & 4 ¥4 {8 (wire padding value)sH B (o3t &

20
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— 7 e(i,j)# — 7 4 U (8 (wire padding value) » L5
REUEHEREQRBH Y — B/ eSO RE - %t G
# {8 (wire padding value)P(i,j)f LU T 51 /4 % % 7% :
P(z,j) = min{S(s, 5), | min{0, H(3, 5) }|} .

[0047] 3% 7& 48 4E % {8 (wire padding value)P(i,j) & B/
6 H K FF (topological order) ¥ {4 & - #% 98 B% /¥ i (timing
library) » % % ¥ % 45 {8 ¥ 45 ) & 50 ¥ 38 I (padding delay)
# ¥ 1 5 H0 % 2 B (padding load) 3k 404 48 58 (padding
buffer) -

[0048) ZERM/BHEEESBEE %S EHTHER
3 2 (finding spare cell candidates)s B} - — % F 7T {4 12 4=
(spare cell selection) B + —E & B & (dummy metal
allocation)’ BF -

[0049) % T 2 Ak % 4 6 B 6 31 52 55 BB P 4 40 L0
8 {8 (padding value)» ¥ % 4 /48 1 &0 B & 5% 57 £ ¥ I 38 X
¥ (coarse-grained delay padding)Bl 41 & 7E ¥ 15 8
(fine-grained delay padding) i i EX 2k & 52 -

[0050] ¢ 2 % B (cell Tibrary) ™ 1L 18 EI 45 8 T £ (cell)
BB R GE O T 2 - A8 6 O 78 I 4 B T £ (cell) T BE 4R Bt 19

EE - HEHRZRITH (cel DBEBREIRE 4 - £15 5 A T & (spare

cell) ] A& 7K 7 &2 el /7 48 BT E /Y I 7 & # (padding load)E
H #H 4% & 23 (padding buffer) - At - EHE EEIEF
(coarse-grained delay padding)t - {f I ## F 7C {4 (spare
cell) i 4H & %E ¥ 5 ¥ (fine-grained delay padding){# f i ¢
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£ /B (dummy metal) ©

[0051] 3% +& & # A JT {4 {& & & (finding spare cell
candidates) P ER - H R EME R EERTCFEETHEN
Bl /7 4% (gate/wire) E 4 # I JT {4 {& ] % (spare cell
candidates) » HAKHBEFTEZETHENRNBH QL
(fanout net)#y —H 5 & F (bounding box) ¥ &Y ¥ JE & A JT 4
(spare cells) B B EETHBENFHEHNFERANER - H
THEHH—FF & T (bounding box) PIKNEFERTHZ
FEE - B THR ERUHEBLETHEEN NEHERAT
& (spare cell) By sy > s, B s; » REIRBLIE WA IR 2.
gy L ERNHE R TTH (sparecel )Ry s T RERENM
fif F i85 & 5 A JT fF (spare cel )R B /E RBVIE M - # A T
fF (spare cells)SR E i E &R (rewiring) FT IR UtV EE - B Z F
B fE Hh 32 3T 15 (8 A BT ¥ 6V 3K §8 i€ & (padding delay) » HEF
HE & 5 HH 18 2L ¥ (padding delay) - # % % 4 0F /¥ 2 M (timing
violation) o

[0052] A HBHH - EM/ERNINECBENHEHTHER
#E & (spare cell candidate) RIE AV E - AU XRE SO
4% f# (subset sum solution)3R & ¥ - X &£ & H1 44 fi# (subset sum
solution) ] Ll & 18 Bf R& A & (dynamic programming)?k 15 %
B (=7 - {5 £ 5 & (dynamic programming)id i 5 F& A /I
(stepsize) AN E TR BN REEREE - fl0EH 7
o FIE R g, AYIE fl I (padding delay)E 0.25 SE#{E
Fl B9 % F 7T fF (spare cells) By sy » s, B s; - [ 8 {44 %% 99 DA

22
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#) & Hl & (dynamic programming)f# X £ & il 48 ## (subset
sum solution)lF MY R & Z R E B - I B 2 E 895 F& K/ (step
size)& 0.05 - o] DL 4% IR & H # i€ ¥ (padding delay)E 0.25
B s B ssNECERERER  RES 2B ;s L#HE e
9 # F JT 14 (% 3 % (spare cell candidates) - [E B #Y DA It th &
LUR € S 8 7€ 4% (padding wire)#Y f#§ A JT {4 {& 2 & (spare
cell candidates) -

[0053] 4R » B K K [E 49 %8 B /& 48 (padding
gate/wire)Hy X £ & 0 48 % (subset sum solution) » B fE & 5
FHE B H T 4 (spare cel DAVE T - B 9 (4 A £ 9935 F 1
EWEATHEZREE - OB 9B~ > g1 8 g BBLL s3 3K
WEE RTEREEFRBRFNEE  AEHHEHMEEAE
B/ & (padding gate/wire) LB FEHEEB AT TEZA
MY % 4 K 5 & fi0 48 #% (subset sum solution) - X E 8 Frow »
E K ¥ B {E (padding value)B 0.25 0 - IR EEEE R
0.05: R {si}5d {s, s3} 5 L % K A JT 4 & & & (spare
cell candidates) - T » AFHEH G EEMER/ER
(padding gate/wire) 3K R & A BB & 4 A 7T 4 (spare cell) K i
SHAH -

[0054] &% 4 F 7T {4 #E #¥ (spare cell selection)# BE H {h
REEREETHEHHENH/EREESENRESMER
(subset sum solution) » IHH TAXCH B R E R XTI HEE
& (short path) - ¥ 35 5 [ /7€ 48 (padding gate/wire) 3t & F§ B
L 5 FH 7T {4 (spare cel )R BUH M BB (% - K B 89 fE /& &
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(gate/wire) @ HFE RS EFMEE - Bt » A ZHHEFER/
7 4% (padding gate/wire)sC 8% T % 41 ff§ B JT {F % 28 & (spare
cell candidates) o {F % 8 F T {4 3% 8 (spare cell selection)%
B ALK ATEHMR/ELH (padding gate/wire)Ft B {#
Fl 89 #5 F 7T % (spare cell) - ff§ F 7T {4 3 ¥ (spare cell
selection) [ 88 & % B 3% & 40 4E [ 5 (set packing problem)
B NP-hard WIE - A EHR TERENEE A EBEEHEHE
# [ /7 & (padding gate/wire) BERENRESMERE
(subset sum solution) - MR HFEFHFRENFER  FHEHRE
L BY S 6 B /7 @R (padding gate/wire) B SR > W H U H X
5= G N 48 #% (subset sum solution)Hy B 8 K # 1& / Bl K &9 HE
Fre BB LLIE @ B S [ EH# F/E 48 (padding gate/wire)
R E WY KK S 04 & (subset sum solution) - [ 10 (&K
ZHEHR/ETRERRENRESNERAEEH - 0w E
10T W e HEZEHERTTHE {s4) - FHEZEHMHTH (s
s3} > [ g B FEZ B T4 {55, 56} -

[0055] 7£ 2 A1 49 #H & iC ¥ HH ¥ (coarse-grained delay
padding) - 7 & B { &7 (& JK #H [ (padding gate) % £ (f A 7T 1
(spare cells) - ¥R BEF % 09 A JT 1 (spare cells){h A &%
w e B K HY I ¥ 2 (padding delay) » AIF T A & &Y i &
(delay)4X 8 5t B ¥ Jy ¥ & (capacitance) » I H £ 4l 'E it & K
ffi (fine-grained delay padding)lEER I E RS BHEE
(dummy metal insertion)’RZEWK - Rt » X EREBELE
(dummy metal allocation)s5 52 F| i &t & B #& B (dummy

24



201435629

metal insertion) > HHE T ZEMBE R BERRTHEBEE
(short path) -

[0056] EMRRFAEFEANERSBE R (dummy
metal resource)A AN H B H $ 4% (fanout net) N R & F
(bounding box)A K #% (& F 7Y 48 48 & JF (routing resource)- 4l
R A EHIF/E R (gate/wire)fJ F L & F (bounding box)H &
BN FRLETCHFEANERSBEROERE - B 11
% 7 % B &7 28 3 1l el /£ % (padding gate/wire) X B8 & &
(dummy meta)fy ;R BB - K B IL A 7 & F (independent
bounding box)[ BJ I #F < /& % /£ /5 17 /& £F © /B (independent
virtual metal) » & Z T8 & #H fik i #f € J& (dependent virtual
metal) s AFHELEABUEHRESBRBEMA ORBE
H AR RRE/E R (gate/wire)lI5E » BUR KA EHE
(maximum flow network)J57% » DECHEKEHREE -

[0057] B 12 AR HEEFEHKKKE % (maximum
flow network) /A Z R EHE - & KK 2 f 4 (maximum flow
network)J7 7% £ & JF & B (source node) s J bE % & B (sink
node) t- FEE M/ ERH AR ¢ M i RAAHEK
EREE - HEEOE s BEE g VB KA JI (edge capacity)
R B %L g B9 &R 77 32 #§ B B (remaining padding
capacitance) ¥ T B d; BEA G L t BV B & BE JJ (edge capacity)
Fo 6l & d; B AE $2 Bt 89 & & (capacitance)  MI R i & gi BV H 7
& T (bounding box) E B EFIGE 0 VEE - RIE B R g
BIEN & di #Y 38 & fE JJ (edge capacity) R HER X - WHE 11 Ff

25
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R 4 D52 B 3L B #F £ /B (independent virtual metal)> 7% -
MEXBAEGE)e B . NEG W NAERBLEBE
% (unfixed padding capacitance) £ 5% 0.15 0.2 f
0.1 i #% & /6 @9 & & & 15 (overlapping region) ™ DL 2 £ 17 &
B AR 0.25 8 0.2 - ¥ FEM R & 4945 (flow network) B £
A Fi & (maximum flow)N B 12 Fiow - MBHEZNRE -
AUMERAEABEERSBRERE THHBES -
40 R 5 4R K BE 5 ¥ B & (unfixed padding
capacitance) R X R AEFRERMEEMUER - |
BEOIEBBEAES BESFATHBEE BT EL
BONEMFECBBZBFEAFNEBEE -

[0058) & 13 {4 & &% BH A& # 4% 51 (benchmark statistics)
HERYRER » £ - Circuit $s R B &7 » #Gate
ENRASBEME > FFENRFER SN EE  #SFF i5
HNE2EARFRERENIE KB E & Conservative clock period
(ns) 5 H#I 2 % [ 0% /¥ {7 3 %5 (timing guardband)WY F§ FF 3B
B THS EMEXEEARFRENERBZ 28 B2 8Y
{# ¥ ¥ 9t (total negative hold slack)- 45 {H B & &= B Synopsys
B Cadence ATMIBEB R T EME 55-nm WiZk s
RofiE HGER FARtEASETAXBRBERERE -
S P P Sa=T5%5E Hy=25%M R KA RESE
BB EANRE -

[0059] [E 14A K (8 14B {4 4 & B9 #9 J5 0% 81 8 &0 5% 15
MEHBELE REE - B 14A R B 14B P19 Padding
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delay 75 89 & £ &8 B 7& %€ 89 1H # #( { (padding value)%& 1 -
LP #5892 N. V. Shenoy et al.#f ICCAD, pp. 156-161, 1993
Fr & 895 3L " Minimum padding to satisfy short path
constraints | 2 {4 42 4% #1 &l (linear programming)J5 }& L. IBM
7\ T #J ILOG CPLEX Optimizer B Bl - Greedy 1 {5 2 Y. Sun
et al. 7E 35 B{ E #] US Patent 7,278,126 P IE HEFEREBEE KX
2 1L 32 it (setup slack)BY R R A W #9 77 X - Greedy 2 f5 89
EHRXEERDREE SRR (hold violations path)4X i #Y
RRMERS - 5B 4A KRB 14BFrRod > BAAREE
TREREEREBHE  HUXSHN T EAEHABAE—EHERSY
fr 7 &2 # (hold violations)  GH R B (LP) F A EE B KB E
B SRR/ EMKEEER - Greedy 1 B Greedy 2
ERABRRG EAEEENREFRES (hold violations)if
HRABEREBENGE  FIURENXLBERSEH -

[0060] [E 15 hAJHNF AR GTHNEMNENET
ot Br & B R #F 52 9t (negative setup slack/negative hold

slack)IEB Z REE LB TAZHNEH/EEHREEHE N. V.

Shenoy et al. JT/ABVSE R - WEIAT M TR E] > BIGEFE N. V.
Shenoy et al G B T R {ENER » BERKKEE R &H

(mapping)i® & 1 22 7] B B £/ 7 & M (hold violations) >k £t fi#
A o DL E FE ¥ 3K % (coarse-grained delay padding)S 40 &
ZE ¥ # % (fine-grained delay padding) P R R R H » A &
BH B DU RR T B 3R &% s ¥ 80 {8 & € 4 B% (Padding Value

Determination)Ffr 7R & #Y E i B({H - % A JT {4 (spare cell)Ed
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E#t & B (dummy meta )FVH SRR E T A FHBE MM KM E
%5 Bit B (capacitance allocation) » [ }A B 5% 42 % 58 % 3 1 [
% (discrete buffer delay problem) » & §t 4 & (dummy metal)
BEEATTHFENHE -

[0061] HAI#MREATH - AHHNERE :

(MW ERERELESARE : BIRWTPNEHES
AHEETEHRUEHEEES  REERABIRGHELER
B B o By P 5 OR #F 8 # (hold violations) - fii > A& 85 & 5t
FOEESRFL S E (fanout cone)FT K H ¥ AV 5E 1+ &
 REMEBESINGER L2BBEEN IR KXKAEHEHME
®HE -

(2) %1 'H JE ¥ 5 %8 (coarse-grained delay padding)8d 41 &
%k 3E 3% % (fine-grained delay padding) : By} 7T # FE (cell
library) TEERREENEE R EEN  NE A S HRLEEHRE
%E ¥ % (coarse-grained delay padding)t - {& B & fH ot #
(spare cell) » T 4l & JE ¥ 3% % (fine-grained delay padding)
fiE H B 5 & B (dummy metal) - B % & # & /& (dummy metal)
AU IKEBEERBERN -

(3) & 5P B (post-layout stage)¥h 1T 40 % X 1H 4§
(short path padding) * BEAKMEEZHE EEHMEER  BEE
HENOCHAERACEMEE EHIAETHNRFRE
(timing report) A fE A — A IEHE > AR UUFEFANERFE
BEAHE REAZHERHN SRS B (post-layout stage)
EEEREEER -
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[0062] % EFfit > ML FOBEE  ARHELE—
$H ¥ 80 {8 1t £ % B (Padding Value Determination)th 3% % &%
VEBHHELEATENE - BEEAR/EERES B
(load/buffer allocation)fi N EE R M EBHELAET B
EHEBEE  FEHEBREAESET  AZHULERE
25 5+ 5 45 1 4 48 i 69 S 1 §8 (fanout cone) F7 A5 1 48 49 38 &
W CREACSEEEMNNEERE - CAR/EHE
BSRG ATEREABERESBEATOEBRE
A IR T /E M H I B M5 4 B (coarse-grained delay
padding) & 40 '8 IiF ¥ 4 %8 % B2 (fine-grained delay
padding) - B8 & 7T 4 B (cell library)fE $2 #t 19 JE 38 2 B = 19
4 » Bt DA ¥ & 4 3% 1E & (coarse-grained delay padding)d »
F A #6 F 7T # (spare cell) - TR S » N EES B
(dummy metal) T MU RN EFL E TURALE - F7
DL > 7 40 & %E ¥ 45 % (fine-grained delay padding){# FH & %
£ B (dummy metal) o

[0063] Lt WHHEHRAET FERATBEATME » &
SEMIERAAEEAEL R EAEEA A% -
3E {8 IR 1 b it 2 3 B -

(oA ]

[0064)
BRI 8HEE 110 HEEBE120

FIER2:130
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(&£t EF]
BT FEN (GAHE R - Bl - seiblEAsac]

ElSb AR [EAREFEER - B8 - B - SREBIEFEsC)

[FFiR] GERREERECH)
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iR B EE

. " BEIREFEZAFRBEAECEALS HAGH —BEHB
FRERHEFTHBHEARD B E S (capacitance) KIEF R % B
i J5 K %% 4R 5 51 HY 9 #% X (short path) » Z AR & -

— L ff 8 {H & &V BZ (Padding Value Determination) » &
BWZEMBE KERKT » KB — T E (cell library) ~ — B fF
FR & (timing constraints) }z — B FF 43 #7 # & (timing analysis
report)  MAEVHHEZCHBERERR AT 2T —EHMEFRE
H i (padding) BB HUE ' DK

—EBR/EELETR > k8 —# FH T (spare cells)&
i~ —E & & B E N (dummy metal information) s REZ B 5
kGGt —E R FBEHME (padding) W EHAME - UL
HFE ST X O B K 8R4 52 5T 19 56 B& ® (short path) °

2HHFEMNGEESIENIEEBF  AREEEBES
A Ho o ZIEFRE AR E Y B (Padding Value Determination)
(A=

—HH & JR W % &5 BE (Padding resource collection)’ ki
Z t# B JT % (spare cells) & &l & &% & # £ B & A (dummy metal
information) I EZEHRBEREKRA I —EHNEBSEE
4% (fanout net)E’\J—“ﬁﬁ;’%‘:F(bounding box) P HY B FE(F FH 7T
{f (spare cells) ER KR H FE £ §t &€ B & A (dummy metal
information)

—RUEMBEEYE/EE MR E S B (fanout padding
flexibility calculation/flexibility checking) ' 5T EZ EM B X
HRRRTFTZ—EHENE L EH E 'S 4 (fanout padding
flexibility)Ps(i) ;
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— i H ;€ & B& (padding value decision) {K#E % — &

R B9 3% &8 4 E # 2 )& M (fanout padding flexibility)Pe(i) LA 5T
Bz — Ry —EHFEE

—HES R HAGZCHBERERRTZ
5 B& X (short path)Z R FF IE K (hold violati 15
5 & # K (violation) & & 74 H fl X (eliminated) » I & » B
BEEEMEEYTE/EE M E Y B (fanout padding
flexibility calculation/flexibility checking) : B K&

— E # (H B ¥ # b B¢ (padding value refinement) » 35 #l &
ZUMBRERT ZE— BB E KR (short path) Z {R#F
## [ (hold violation)3g E i A K 2 & & (violation) &2 & X H
#& (eliminated)RF » LL &2 |5 $6 £ K FF (reverse topological order)
ST EZEMBAERERR[TZ —ERH S S IE % (E (refined
padding value) * I BZ B REFHiTZ —ERNVE
HE -

SHHBHFEFMEEBFE2EN IREF CRAFFEEBES
% HY  ZER/EERESRES

| — % 5 F JT {4 (% ¥ & (finding spare cell candidates)s
B HZOCHBEKRESRFTIFEETEANRE/ESR
(gate/wire)EE 4  FH JT {4 (& 3 3& (spare cell candidates) * H {4
RHEEEEETEMANRNRE .S (fanout net) N—F R &
T (bounding box) 1 #Y ¥f F& 5 I JT {4 (spare cells)iH &l R/ F =
ETEHANFEEHAERNER

— % FH 7C {4 3 ¥ (spare cell selection)F B » H&4& B S HE
FEETHMSNR/ ERBEEZELENRXES ML ME (subset
sum solution) » H # 58 8% T i & & 4% 43 3% 51 A9 54 B& 1¥ (short
path) ;5 DL K

o &l
|
(U =
® &
F

}HHBQH

0
2
Gill

tn
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—E & BEE (dummy metal allocation)F B - F|FHE
& B 15 B (dummy metal insertion) ' T X EMH B RER
8¢ 51 HY 5 B& f€ (short path) -

4. R FENREEIFEN IEEF Z2RFHREEES
A Ho o ZEMERERTHU—FAREK{K = (G,E)}
Znc ZFAENEEE K c ORRAERRBRERR
TP — B M EZE B EUD)R B ERZE AT
& (gate delay) » & —fRBe(i,j){e(i,j) e E}RTEZHFAIE
& o 67 Bhg MY & L I 2 B 1L B 3 K i (setup arrival time) A(i)
B TIAAER -

A(i) = max;{A(j)le(4. %) € E} + D(3),
EiBhg A& i 2 B 17 55 E #¥ [ (setup required time)R(i){h
LTI ARKBRR
R(2) = ming{R(¢, k)|R(i, k) = R(k) — D(k),e(i, k) € E},

6B g M9 40 69 R 5 B0 2 0% R (hold arrival time)a(i)fh B
FTHARER
a(i) = min;{a(j)le(j,?) € E} + D(7),
676 g B0 B 0 > {7 55 95 B 6% 8 (hold required time)r(i) {4 B
FTHARER
r(i) = maxg{r(s, k)|r(i, k) = r(k) — D(k),e(i, k) € E},
5. EFEAGEES ¢« AN TREEAREMEES
%o Hd o B e(ij)le(ij) € E}YO SR BETE g fo A mitig VR
T7 8 4 B2 5t (setup edge slack)S(i,j)fk ML FHI A KRR
S(t,5) = R(2,5) — A7),
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BiBhg: € GFTEC 8% AV 22 1L &1 B 82 5t (setup node slack)S(i)f& EA
TFTal X &F

S(i) = min; {S(i, j)e(3,7) € E} = R(z) — A(7)
Be(i,j) e ELHEI Bl Mgl RFHESL R (hold
edge slack)H(i,j)f% L F I AR -

H(i,3) = a(t) — (4,5)
§iBhg: e GFfiC 8% #Y {7 K €7 B B 5t (hold node slack)H(i)f4k A
THAARNR
H(i) = min;{H (3, j)|e(i, j) € E} = a(i) — (i),

6. WHFHFBWESE 5 BN IEEE L AFREEET
Ao HD o EEEE g B9 % £ H# B {E (safe padding
value)P, ()R L T ARARR ¢

Pyo(i) = min{S(i), | min{0, H(0)}|, Pmax (7)),

7. M FEMAEEENIEEEZRFNMEEES
A Hg o> Hifhe ¢ GRT BN B HE®E RS M (fanout

padding flexibility)Pr(i) 2L FHI AR TR ¢

Pr(i)= 0, g: € PO or H(i) > 0
Fu min{0, min.; yeg{H'(3,5)}} — H(i), otherwise.

wwm , H'(6,7) = H(i,J) + Pr(3) + Peas (5) .

BB FEFGHEFTEN ILEEE AEREEERN
EoEf > Z—ERNZREMEGRUTIIAART

P(i) = max{Puas (i) — Pr(3),0} -

SMBFEMAEEEIENIEEEFZRFREEESR
& B o — R @ E#H{E (reverse padding value)P., ()R A T
5] ARET
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Proy(i)= P(3), if g; has only one hold violating fanin;
revAt T 0, otherwise.

— ¥ Y % £ 1H f 8 {H (added safe padding value)P,qq(i){% LA

TIAARA

Paua(i) = min{S(i), Prax(i) — P()}

&% 3 15 SR 4H #f {H (refined padding value)P..«(i)A L T 32

B

Pres(i) = P(i) + min{Paga(7), min; { Prev ()| H (i, ) < P(3)} °

10U FEEMNREFIENIREE 2 ARFNEEBER
Eo BHo o ZIHEHBEE BB B (padding value refinement)
FERE

— & 4P HE # {H (wire padding value)F B » 5T EH — FE R e(i,j)
i) — E QIE ¥ (wire padding value)r LEMKRZEHBE R
Btz —ERA/ESNWEFE » & E R EHMEHE (vire
padding value)P(i,j), ML T HI AR ¢

P(i,j) = min{S(s, j), | min{0, H (¢, j) }|} .

INNOFFEMNEEFIVENILEBE 2 ARFREEE
HA o Ho o & AT H % # (spare cell selection)F Eg th -
0 5% % 4 0 2 O 103 » 6 7 07 2 1 S 0 o 1 S8 O /7 R
& LHUZETEMORE/EEN XES 0% (subset sum
solutions) B ERME /NI KOHEF r ZKEBEHUKIERF - #
BEZETEMOM/EFEERENKE S I (subset
sum solution) °

RAUFFEMEERFINENIEEEZAFEHEEE
FHEHdb » RZEES B E(dummy metal allocation)F
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Bd O URBEFHENEBR  UERXAEH L (maximum flow
network) A AT EERESE -
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120

11S0 :3?._’ Error
g X

130

I WY s
|}
clk x :
1
_____l
ck_dy W

=i

sassie
(short path)
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## 45mk(logic synthesis)

Y

85 A »-4 (timing analysis)

Y

Sth/HtniE 3# (Sth/Htn
selection)

Y

A4 m(resynthesis)

Y

B A 4 # (timing analysis)

Y

BEMHETHK Fi(resilient
circuit replacement)

Y

By B 4 4% (placement &
routing

Y

%3 ¥4 48 3 #8 (short path
padding)

B 2
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:gate — :wire D: PYPO []: Flip-Flop

iD 1 2 3
Delay | 01| 0.1 | 01
AP FFqh (100703, (RAS,
a=0.0 0.40.1/-0.3)  r/als)
A=0.6 >
a=0.3 D

A=0.0

a=0.0
(1.1/0.111.0, (1.2/0.8/0.4,
0.4/0.1/-0.3)  0.5/0.2/-0.3)
=X
=l
FF . (0.8/0.8/0.0,
0.30.2/ -0.1

R:3& 3. & & &5 4 (setup required time)
A 3 %] ig 8% R (setup arival time)
S:3# 3 R 7b(setup slack)

R=1.0 r4%3% & & 9% & (hold required time)
r=0.:'3 a:4% 4% 2| 1k 8% R (hold amival time)

s:4% 3% £ 7t.(hold slack)

R=1.2
r=0.5

FF2

3A

)

(0.8/0.4/0.4,
0.1/0.4/0.3 )

(=]

=

by

padding

N
+03

FF,

(1.211.2/0.0,
0.5/0.6/0.1)

3B
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FF, N\ (080800,
0.3/0.2 /-0.1)

( 0.8/0.1/0.7,
0.1/0.1/0.0)

=

=l

FF,\ (090900,
0.3/0.3/0.0)

( 1.271.1/0.1,
0.5/0.5/0.0)

3C

( 0.9/0.2/0.7,
0.2/0.2/0.0)

[==]

=]

( 1.211.2/0.0,
0.5/0.5/0.0)

3D
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5
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(uoisioap anje Buipped) 4 ¢ ¥ By ¥

]

1
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‘oly 434S/43Q Isipsu




201435629

- AR R R UAF
2 5B
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(0.9/0.9/0.0,
0.3/0.3/0.0)

(0.9/0.1/0.8,
0.2/0.1/-0.1)

=4
=]

(0.9/0.9/0.0,
0.3/0.3/0.0)

(1.211.2/0.0,
0.5/0.4/-0.1

0A

(0.9/0.2/0.7
0.2/0.2/0.0)

=]
=]

FF

(1.211.210.0,
0.5/0.5/0.0)

6B

)
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3 I REEN4E
# A T
(spare cells)

92HRES ISR

W3HIREES 4R
& 9
# A T
(spare cells)
A R E & 7{®\
(padding gate/wire) SN
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S D S DA SD NS S s G X

5 +0.1 E
| +%§ w3 |
N 0.2 ;
AR d | |
i \ 0.25 o
A N
{mmmimmmmmj"mmmm' AREF
(bounding box)
ml 1]
4% ]/ % 8% (padding E#eA
gate/wire) (dummy metal)
0.15/c0

0.15/0.15 0.25/0.25

flow/capacity

N
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