WMW
M Efficient BMC for Multi-Clock Systems
‘y(‘;@ with Clocked Specifications

w

"‘.,ul

Malay K. Ganal
(jjoint work with Aarti Gupta)

NEC Laboratories America,
Princeton, NJ

ASPDAC
Jan 24, 2007



WMW  Introduction and Motivation

r ol
}{?\‘){M d Background and Related Work
A 0 Bounded Model Checking (BMC)
O Clocked Specifications and translation rules

O Uniform Clock Modeling

4 Improving BMC for multi-clock systems
“ Reducing Unrolling and Loop-checks
¥ Dynamic Simplifications of unrolled model

. 0 Customizing BMC for clocked specifications
' O Experiments

d Evaluation on Opencore multi-clock systems
d Summary




Multi-Clock Systems and Specifications

)(ﬁjmkw
}5} ‘l{M d Multi-clock systems
r}} w 4 Multiple clock domains (MCD)

4 Clock with arbitrary frequency ratio
O Gated and phase clocks

O Synchronous: One clock generator, but with MCD

O Advantages over single clock system
¢ Reduce switching activity using gated clock for low power
ve Integration of IPs of multiple clocks

“ “¢ Reduce clock skews, global clock routing not required

}5 d Clocked Specifications

"':: Q Sub-formulas using various clocks

O Express complex interaction between MCD




SAT-based BMC
‘} ;

LTL property, ¢ :=
true | false | p | —p |
oAp | X |FolG ol
[0 U )]

SAT: Improved engineering
Dynamic circuit simplifications
Property-specific customizations
Incremental BMC

Distributed BMC

BMC for embedded memories
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Clocked Specifications using “@”
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O Clocked LTL formulas:
Q P1: F(ctr2[0] * (X(ctr2[0]))@clk2_r_d)
L P2: F( (ctr2[0] * X(ctr2[0]))@clk2_r_d )




General Translation Rules

K“)\ij — Eisner et al , ICLAP 2003
Pc?w?m Recursive Rules: Tek(f) = (f)@clk

IEM 1 Atomic proposition

| { A T(p) =—=clk U (clk A p) //fis AP

ﬁ"j J Negation .

\ 0 Tok(—f) = —Tek(f) Translate clocked property
Tl _ _ to unclocked property and
AYd  Conjunction use standard BMC!

g

0 TKX ) = —clk U (clknX(—clk U (clkn Tek(f)))

Q Until operator

§ DO Tok(f, Uf,) =(clk — TOK(F,)) U (clk A TeK(f,))
| O Nested Rule

| O Tk(f@clkl) = Teki(f)



Translation Example

gk

O P1: F(ctr2[0] A (X(ctr2[0]))@C)

F(ctr[0O]A (-C U (C A
X(=CU(CAh
ctr2[0])))));

Q P2: F( (ctr2[0] * X(ctr2[0])@C)

F(-CU (CAa
ctr2[0] A X (=C U (C A
ctr2[0]))));

Translation leads to large nested un-clocked LTL formula'!




O PIl: Primary Inputs
U L: Latches (2)

O PO: Primary Ou_tpTJts
4 f,-f.: Combination blocks

O FF: Flip-flops (X, Y)
0 C1,C2: Clocks

U GC: Gated Clock
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Clock Modeling

 d
LA

0 ri

a l Ii D Q
Clr T— clk
b_ 0 | D O r2
. T clk
r3

c 0; —b o
/* level-sensitive latch */ C3 f — clk
always @(EN_h) if (EN_h) r5 <=¢; ”

d 0; —b o
GCr T clk

Translation is precise and — 1o 5 r5
cycle accurate —] iQ

[* Multiple clocks */

always @(posedge C1)rl <=a;

always @(posedge C2) r2<=b;

/* negative phase clock */

always @(negedge C3) r3<=c;
[* Gated clock */

always @(posedge GC) r4 <=d ;




Clock-enable Signal Generator

T

O cK | (=1 when CK=0)

{>O AND CK_f (=1 @negedge CK)
DFF
D Q {>Q—AND CK_r (=1 @posedge CK)
CK_d
O CK_h (=1 when CK=1)
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Multi-clock to Single-clock Model

Y YA
IS Il Y
$ PO

I J1L|GcC

Multiple-clock Model

<

gclk

C1

Single-clock Model

NEXT(X) = (C1_r) ? f,(Z,P]) : X;

HEQ% f ggé—?)"i,ff((é)):.xz;_ gclk frequency equals LCM of frequencies!
) — . Tig\lL) - &,

i PO =15(2); 11



Clock schedules: Reduce BMC Unrolling

mmw

‘){M Conﬂguratlon

‘y(- =<t!, c !, c,/>
W §

* R 0 S0=<t9=0,1,1>
.” W O Si=<t1=4,1,0>
MY O S2=<t2=5 0.0>
- 'r Q S3=<t3=10,1,0>
ir 0 S4=<t4=121,1>
' O S5=<t5=15,0,1>
| O S6=<t6=20,1,0>
| O S7=<t7=25,0,0>
A O s8=<t8=28.0,1>
1| 0 S9=<t°=30,1,1>

<1 i
freq=62.5M C2 | ¥r—ed | —
SR
G T 1" | |l

—— | L S
[ | Lo | [ |
Lo L | [ |
oot 1t 111 t 1t 1
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ns 0 45 1012 5 25 2830 35

O Global state unchanged between S
and Si*t

A gclk ticks correspond to S
d BMC unrolling at gclk ticks
d Clock C, is constrained to c/'value
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Recurring Configurations: BMC loop checks

T

S' =<ti,c,,...,.c,/>is equivalent to Sl =<t], c/,...,c 1>
(i.e., recur after every R ticks of gclk)

Y 0<k<R

vV 0<m<n (c,,'**=cJ*¥)
itk - titk=T

R: Recurrence Length
T: Repetition Period (=LCM of time periods)

i i+k j j+k
c, 0|1 ]o |1 |of1|. |. o101 |o|1
c, 0|1 |1 |1 |ojlo|. |. o1 |1]|1 |o]o

“Global Clock states St and S"*R are equivalent”

BMC loop-check using SAT solver between unrolling i and j if
(i-) % R=0
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Unrolling using Dynamic Simplification

T

k | Pix|c1 ] c2 | ce hk XK Yk ZK POX
POO=

olpo| 1 0 0 NG YO 70
T T - f<(Z°)
1lpee| o 1 0 X'= YO 70 POO
f,(Z°PI1°) — = —
2 | PI? 0 0 1 X! Y2=f,(X?) Z0 PQO
73= PO3=
3lpe| 1 0 1 X1 Y2 £ =
. =] e | e
alper] o 0 1 X'= Y2 73 PO3
f,(Z3,P13) - = —
51| PP 0 X4 Y? Z3 POs3
6 | PI° 1 1 X4 Y? Z3 PQO3

X7=

7 - 7= 6 3 3
gs|lp7| o 0 0 X7 Y? Z3 PO3

Simplification of unrolling using clock schedules:

Re-use of combinational blocks in unrolling !
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Customization of Clocked Property: (F(f))@clk
A
}?ﬁﬁl{;ﬂ Q (F(f))@clk

O Prop_tree node f

Y¢ Boolean combination of nested X operators with propositional
atoms

0 Sub expression clocks C (specified with @)

Bk o Y« Boolean combination of input clocks

AXd O Nested rules

| a (—Xf)@clk == (X f)@clk)

Q X(f A X(g))@clkl)@clk = (Xf@clkl)@clk A(X(Xg)@clkl)@clk

b
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Example: Clocked Property

(g
M*M}m A Example: F(pa=X(gaX(r))@clkl)@clk

' Yﬁ( A Prop _tree node f@clk
Wi A ckt_node
)“J“'.wa'*l *-'fl Qp,q,r
j Q uckt_node (it" unroll node)
' Qp,q,r

\ 1 Q Clk ticks (i: unroll depths)
b QAclk: 1, i+2, 1+4
Qclkl: i+1,i+3,i+5
) O Prop_node (f,i,clk)
QpiA = (g3 A ri*D)
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BMC_solve F@: (F(f))@clk

xv y-.w Abort l
Prop_tree nodef, N
ckt_node clk, k=i+1
k=0, C4,=T v

iI=Get_clk_tick_depth(clk,k)

v

fi=Prop_node(f,i,clk)

N _ Cap = Cap Al

j=4
Is_SAT(C,,)
?

N

S_SAT(Cy, AT

cm

0 J i
Loop-free path: L,
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Experiment: VGA/LCD Controller

(g
}Q)N{ﬂ Q OpenCore Design: Provides VGA capabilities
r ’W 0 Wishbone clock (Freq=416.66 Mhz) (wb_clIK)
' Q Pixel clock (Freq = 33.33Mhz) (px_clk)
0 Recurrence length=55 (Repeatition period = 83.33ns)
0 162 FFs on pixel clock, 2340 FFs on wishbone clock
P O 87 primary input, 44K 2-input
F9°] O 13 clocked properties P1-P13
' Q P1-P12: (F(pAX(Q)))@px_clk_r

; 0 Customization, Dynamic simplification, clock schedules
| O BestBMC (previous best so far)

Q Dynamic simplification, clock schedules

| 1 Platform

O 2.8 Ghz intel processor Xeon, 4 GB, Linux 2.4.21-27
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Result: VGA/LCD Controller

WIT BMC®@ BestBMC
Prp #U

#D F? sec F2(U") Sec
Pl 2 1 Y <1 Y <1
P2 50 27 Y 1 Y 19
P3 101 55 Y 3 Y 186
P4 151 82 Y 5 Y 694
P5 351 190 Y 16 N(160) TO
P6 101 55 Y 3 Y 186
P7 401 217 Y 18 N(161) TO
P8 600 324 Y 32 N(162) TO
P9 800 432 Y 52 N(162) TO
P10 1000 540 Y 78 N(162) TO
P11 800 432 Y 54 N(162) TO
P12 850 459 Y 61 N(61) TO
P13 906 489 Y 2.1k N(81) TO

Time limit; 2 hours
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Experiment: Ethernet MAC Controller

XHMW 0 OpenCore Design: Tri-mode Ethernet MAC Controller

ﬂ Q Clk_125M (F=125Mhz), Clk_user(F=100Mhz), Clk_reg(F=50Mhz)
Q Rx_clk(F=125/25/2.5Mhz), Tx_clk(F=125/25/12.5Mhz)

O Recurrence length=19

O 815 FFs on Clk_reg, 835 FFs @ Clk_user, 764 FFs @ Rx_clk
O 775 FFs @ Tx_clk, 1772 FFs @ gated clocks
O 142 primary input, 33K 2-input

\ U 16 clocked properties E1-E16
| Q E2,E11: (F(p))@CIK_user r
O EO: (F(pAaX(g)@Clk_user_r))@Rx_clk_gated r
O Rest: (F(paX(q)))@clk_user_r
BMC@ (Our method)
O Customization, Dynamic simplification, clock schedules
BestBMC (best so far)
O Dynmaic simplification, clock schedules
Platform
0 2.8 Ghz Xeon, 4 GB, Linux 2.4.21-27 20

O O O



Result: Ethernet MAC Controller

){HW}( o WIT U BMC@ BestBMC

g #D F? sec F 2(U%) sec
E1 299 149 Y 41 N(143) TO
E2 269 134 Y 16 Y 4.4k
E3 279 139 Y 14 Y 5.3k
E4 463 232 Y 1.6k N(145) TO
ES5 289 144 Y 21 144 5.9k
E6 309 154 Y 25 N(148) TO
E7 299 149 Y 19 Y 6.7k
ES 319 159 Y 48 N(149) TO
EQ 434 216 Y 126 N(127) TO
E10 299 159 Y 2 Y 3.1k
E11 2110 1235 Y 202 N(224) TO
E12 2120 1240 Y 261 N(221) TO
E13 2130 1247 Y 314 N(221) TO
E14 2150 1259 Y 277 N(213) TO
E15 2140 1252 Y 240 N(221) TO
E16 2160 1264 Y 268 N(220) TO I




wv

A Integrated scalable solution for verifying multi-
}cﬂ{ clock system with clock specification

‘;( O Uniform modeling scheme for multi-clock design with
multiple, non-integral frequency rations, gated clocks,
latches, multiple phases

1 Reducing BMC unrolling using event queue semantics

O Dynamic simplification of BMC instances using clock
constraints

O Customization of clock specifications

| O Experimental results show 1-2 orders of magnitude
. improvement due to customization
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