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Parallelized Implementation of Reachability Analysis
Using Partitioned-ROBDDs on PC-cluster

Y osHIHISA KoJiMAt and MASAHIRO FUJITAt

The reachability analysis algorithm of finite state machines (FSMs) using Partitioned-
reduced Ordered Binary Decision Diagrams (POBDDs) has been proposed to target more
large and complex circuits in sequential circuit verification. It is empirically known that the
computation time of the algorithm drastically changes depending on the POBDD parameters
which decide how and when to decompose the logical space, thus choosing good parameters
is very important in the algorithm. On the other hand, it is expected that parallelization
works well because the computations used in the algorithm (namely, reachability analysis
in each partition and exchanging reached states between partitions) are highly independent.
Consequently, it should be effective to combine both of i) to find and apply the good pa-
rameters for given target circuits and ii) to parallelize computations for each partition. In
this paper, we propose a parallelized method which aims to avoid redundant computations or
communications focusing on the changes of the states in the partitions. We built a PC cluster
environment for experiments of parameter-searching and parallelization by partition, and we
implemented this algorithm on this environment.
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FSM_TRAVERSAL(I(sp), TR(sp, sn,1)){
R(sp) = F(sp) = I(sp)
while(F(sp) # 0){
N(sn) =IMAGE(F(sp), TR(Sp, $n,1))
F(sp) = N(sn < sp) A R(sp)
R(sp) = R(sp) V F(sp)

02 0D00o0O0o0ooOooboOoOooOoooo
Fig.2 Standard reachability algorithm.
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1:POBDD_REACH(I(sp), TR(sp, sn), k){
{W;(sp)} = COMPUTE_-WINDOW S(TR(sp, sn))
foreach(j € k){

TR;j(sp, sn) = Wj(sp) AWj(sn) ATR(sp, sn)

TRjj(sp,sn) = Wi(sp) A (=W;(sn)) ATR(sp, 5n)
}
Queue = INITIALIZE QUEUE({w;(sp),I(sp); TR(sp, sn)})
do{

foreach(j € k){

10: reached_new = false
11: foreach(l € k1 # j)

12: reached_new V = communicate(R;, R;)
13: if(reached-new)

14: Queue+ = j

15: }

16: reached_new = false

17: foreach(j € Queue){

18: reached_new V = computeLFP(R;, TR;;/)
19: }

20: Queue = ¢

21:  }while(reached-new = true)
22:}

23:computeLFP(R;, TR;;/){

24:  Nj(sp) = FSM_TRAVERSAL(R;(sp), TR;j)
25 Fj(sp) = (mR;j(sp)) A Nj(sp)
260 R;(sp) = Rj(sp) V Fj(sp)

27 return (Fj # ¢)

28:}

29:

30:communicate(R;, Ri){

31: Rowa; = R

32:  Cp = updateCommState(R;)
33:  Rj=R;V(Cy ANWj)

34:  return (Roldj # Rj)

35:}

36:

3T:wupdateCommState(R;){

38:  return IMAGE(R;, TRy )
39:}

0 5 POBDD_REACHOOODOO?
Fig.5 POBDD_REACH algorithm 2),
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1: computeLF P(part){

2 (reached_new, success) = FSM_TRAV ERSAL(Rpart, T Rpart,part)
3 if(reached-new)

4: Vegare ++

5: if (success)

6 Liyare = VRpare

7}

8:

9: communicate(part, peer){

10: (reached_new, success) = COMMUNICATE(part, Cpeer)

11: if(reached_new)

12: VRpare ++

13: if(success)

14: Leyart peer = Vopeer
15: }

16:

17: updateCommState(part){

18: oldCommState = part.commState

19: newCommState = IMAGE (part, TRyart pare’)
20: if(oldCommState # newCommState)

21: Vepare ++
22: Ltpare = VRyare
23: }

0 7 computeLF PO communicatel updateCommState
oooo
Fig.7 computeLF P, communicate, updateCommState

routines.
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1: LookupV ersionTable(){

2 taskCandidate = ¢

3 foreach(part € Partitions){

4 if (VRypare > Lipar){

5: taskCandidate «— new Task(LF P,part)

6 }

T if (VRpare > Ltpar){

8: taskCandidate — new Task(UPDATECOM M, part)
9: }

10: foreach(peer € Partitions){

11: if (Veyeer > Lparpeer )

12: taskCandidate —

13: new Task(COMMUNICATE, part, peer.commState)
14: }

15: }

16: }

17: }

08 O00ooooooooooo
Fig.8 Looking up the version table.
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Table 1 An example of computation progress by version management.

Py
last referred
Lows  Lu,

current
Ve, Ve,

current

step task Vi,

&
=~
&

1 Loy

Py

last referred

v Lo,

Leas

Ps
last referred
Ley, Lig

current

Luy | Vey Vo result

Init 1
LFP(1)
UPC(1)

Comm 2-1, 3-1
LFP(2)
UPC(2)

Comm 1-2

Comm 3-2

e e e m ool
-

I R R R
o oo

0
0
2
2
2
2
2
2

[ C ORI
MMM N R OOO
— m koo o

N o G e W= O

0
0

[N

0 0
0 0

0 0 0
0 0 0
0 0 0

Only R, has states.
Ry got new states.
Cyr changed.

e o oo
o o
o o

Only R» got new states.
0 0 0

R got new states.
Cy changed.
No new states.

N
[

0
0 0 0
1 0 0

[N
o oo
o oo

No new states.

02 DO000O0DoOOooDOoOooOooo
Table 2 Dependencies between tasks and versions.

task condition may affect | post-process
LFP(j) Vr; > L R; Li; < Vg,
UPC(j) Vr; > Lu; Cy LR; < Vu,
COMM(5,1) | Vo, > Lcj’l R; Lcj,l — Vg,
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N
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o
o
3
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step3 ---
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Fig.9 An example for the trace result.
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Fig.10 Controller and PEs
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1: Controller_main(){

2 PE = initializePEs()

3 terminate = false

4 while(—terminate){

5: if(isAnyTaskNotInvokedYet() AisAnyVacantPE()){
6 pe = takeOneV acantPE()

k¢ task = takeOneTask()

8 sendTask(pe, task)

9

: }
10: if(isAnyTaskInProgress())
11: receive Result()
12: if (misAnyTaskInProgress() A —isAnyTaskN otInvoked())
13: terminate = true
14: sendTerminate(PE)
15: }
16: }
17: }

011 0000000oo0o
Fig.11 The behavior of Controller.
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1: PE_main(){
2 terminate = false
3 while(—terminate){
4 task = receiveTaskFromController()
5 switch(task.type){
6: case LFP :
7 computeLF P(task.partition); break
8 case UPDATECOMM :
9: updateCommState(task.partition); break

10: case COMMUNICATE :

11: communicate(task.partition, task.commState); break

12: case TERMINATE :

13: terminate = true; break

14: }

15: }

16: }

012 0000000 OOOOOPEOOOO
Fig.12 The behavior of PE.
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Table 3 The sizes of the example circuits.

# of

other reachable
circuit inputs outputs D-FFs inverters gates states
51238 14 14 18 80 428 2616
$1269 18 10 37 132 437 1.1313e9
s1512 29 21 57 367 413 1.6573el2
s3271 26 14 116 537 1035 | 1.3176e31
s3330 40 73 132 974 815 7.2778el7
prolog 36 73 136 623 978 7.2778el7
54863 49 16 104 742 1600 | 2.1904e19
s5378 35 49 179 1775 1004 -
s6669 83 55 239 1009 2071
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0 4 pcppvis0OOOOO10s1269
Table 4 Result of pcppvis (1) s1269.
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0 6 pcppvis 00O OOO30s1269
Table 6 Result of pcppvis (3) s1269.

#of #of | cputime

exp# | procs | I | n t parts (sec)
original vis 1 - - - - 7735
1 1 1 2 50000 5 114
2 1 1 2 80000 5 125
3 1 1 1 30000 9 177
4 1 1 2 30000 10 209
5 1 0 2 80000 4 231
6 1 0 1 50000 5 272
7 1 0 2 30000 9 280
8 1 0 1 80000 4 296
9 1 0 1 30000 9 311
10 1 1 1 50000 9 413
11 1 0 2 50000 4 466
12 1 1 1 80000 7 499
13 1 2 1 30000 25 1188
14 1 2 1 50000 20 1257
15 1 2 1 80000 27 4357
16 1 2 2 80000 27 7109
17 1 2 2 50000 34 7256
18 1 2 2 30000 >56 >8000

peppuis straight forward

#of # of | cputime #of cputime

exp# | procs | I | n t | parts (sec) | parts (sec)
1 4 1 2 | 80000 11 427 9 503

2 3 1 2 | 80000 9 363 9 524

3 2 1 2 | 80000 5 110 5 118

4 1 1 2 | 80000 5 124 5 136

5 2 1 2 50000 7 115 7 155

6 1 1 2 50000 5 114 5 130
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Table 7 Result of pcppvis (4) s3330.
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Table 8 Result of pcppvis (5) prolog.
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