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Abstract (Master)

Title Data-dependent Hardware for Subgraph Isomorphism Problem

Subgraph isomorphism problems have various important applications, while generally being
NP-complete. Though Ullmann and Konishi proposed the custom circuit designs to accelerate
subgraph isomorphism problem, they require many hardware resources for large problems.

This study describes the design of data-dependent circuits for subgraph isomorphism prob-
lem with evaluation results on an actual FPGA platform. Data-dependent circuits are logic
circuits specialized in specific input data. Such circuits are smaller and faster than the original
circuit, although it is not reusable and involves circuit generation for each input.

In the present study, the circuits were implemented on Xilinx XC2V3000 FPGA, and they
successfully operated at a clock frequency 25MHz. In the case of graphs with 16 vertices,
the average execution times at maximum frequency is about 7.0% of the software executed
on an up-to-date microprocessor (Athlon XP 2600+ of 2.1 GHz clock). Even if the circuit
generation time is included, data-dependent circuits are about 14.4 times faster than the
software (for random graphs with 16 vertices). This performance advantage becomes larger
for larger graphs.

Two algorithms (Ullmann’s and Konishi’s) were examined, and the data-dependent ap-
proach was found to be equally effective for both algorithms. We also examined several types
of input graph sets, and found that the data-dependent approach shows advantage in both
cases.

The original contributions of this study are summarized as follows:

e Data-dependent approach was shown to be superior to the software on a state-of-the-art

microprocessor, even if the circuit generation time is included.

e Data-dependent circuits were actually implemented on Xilinx XC2V FPGA, and suc-
cessfully operated on an FPGA board at 25MHz clock.

e The superiority of data-dependent approach is not specific to an algorithm or an data
set. Two different algorithm and several distinct data sets were examined, and the
superiority of data-dependent approach was sustained in all these cases.
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Step 1. M := M% d:=1; H; := 0;
forall i :==1,--- ,pg set F; := 0;
refine M; if exit FAIL then terminate algorithm;
Step 2. if there is no value of j such that mg =1 and f; = 0 then go to step 7;
My := M,
k:=0;
if d =1 then k := Hj else k := 0;
Step 3. k:=k+1;
if mgr, =0 or fr =1 then go to step 3;
for all j # k set mg; := 0;
refine M; if exit FAIL then go to step 5;
Step 4. if d < p,, then go to step 6 else give output to
indicate that an isomorphism has been found;
Step 5. M := My;
if there is no j > k such that My(d,j) = 1 and f; = 0 then go to step 7;
go to step 3;
Step 6. Hy:=k; Fr,:=1;d:=d+1;
go to step 2;
Step 7. if d =1 then terminate algorithm;
d:=d—1; M := My; k:= Hyg; Fy :=0;
go to step 5;

U3 00boobobooood

MY OOOO MOOOOOOOO
d 00000D000D00000D00000001<d<p, 0000

k0000000000000 Ge0000w; (1<j<p;)00000000000000000
D000 1<k<pg

M; OO Jd000 MOOODODOOODODODOOOODOODODO MOODOODODODODOO
M, 0000000000 0000 MgOOOOOODOD

H O0O0dODOOwOOO0O00w00000(00000000000000AH = {h1,hs,...,hp,}0
H,0:0000000000D0D0ODbObO

F 0O pgO 2DDDDDDDDDDDDDDDDDDDDDDDDDDDDDF:{fl,fg,...,fpﬂ}
000000 w; 00000000d-1000000000000 f;=10000

ooooooobbo «=00000000bb d:=d+104d000000000000000OD
00000 M:=M;,00000000000000000000000D00000O0OC00O00O00O0DOO0O
00000000 “refine M” O refinement procedure 0 000000000 O00OO0OO



2.3.2 Refinement Procedure

Ullmann OO0 00000000000 ODOOOOO “refinement procedure” 000000000
0000000D000000D000 refinement procedure 000000 “0000000O0”0000
Refinement procedure 00 0000000000000 OO0OOOODOOOOOOOOOODOODOO
000000000000 O0D0O00D00O0O0dRefinement procedure0 0000000000000
0000000000000 0000000000000000 40 refinement procedure 0 0 00

4 N
Step 1. elim :=0; ¢ :=1;
Step 2. k:=1;sc:= 2pa=1). = 1;
Step 3. if sc & A; = 0 then go to step 4;
Isty :==h; k:=k+1;
Step 4. sc :=sc x27
h:=h+1;
if k # deg; + 1 then go to step 3;
Step 5. j:=1;
sc = 2@s—1).
Step 6. if M; & sc = 0 then go to step 9;
h:=1;
Step 7. 1z := Isty;
it M, & B; = 0 then go to step 8;
h:=h+1;
if h # deg; + 1 then go to step 7 else go to step 9;
Step 8. M; := M; & NOT sc;
elim := elim +1;
Step 9. sc :=sc x271;
J=7+1L
if j # pg + 1 then go to step 6;
Step 10. if M; = 0 then go to FAIL exit;
1:=14 1;
if i # po + 1 then go to step 2;
if elim # 0 then go to step 1;
go to SUCCEED exit;
\ /

000000 (04)000000000000AOO 000000000000

A G, 0000000004 Q00000 A0000DOO0ODOOODOODDODOOOOOD

B GgOOOOOOO0OO0O0pB, 00000 pO:000000000O0O0O0O0OC0O0O0O0O0O0OO

0 4: Refinement procedure
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D, a,
0 5: Refinement procedure 0 O O 0O O

elim Refinement procedure 00 0’1’0 0000000 MOOOOOOOO

deg GgOOOOO0O0O000O00O000D0O0OOdeg; 0 deg(w;) D000

Ist G, 0:000000000DO00DO0DOODODOODODbOOD

sc 100000000 20000000MO0C00O0O00O0O0O0OY000000000O00O00O0O0O0O0

O00000000&OO0D0000 ANDOODODOO (O: 1100 & 1010 = 1000)0 NOT OO O O
0000 NOTODODODOO (O: NOT 1100 = 0011)0
0002.3.3000 refinement procedure 1 000000000000 DOO0OOOOOOOO
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Refinement procedure 01000 MOOODD00000000 m; 0000000000000
000000000000000000 1000000m;;=10000 4000 »;000000
00000000000 Refinement procedure 10000 0000000000000000000
00 (0405 0000000000000000 [6]0

Toj = 3Y(May - byj) (4)
mij = mij - (Va2 (@ig V ry;)) (5)

ooor,; 000000000000 -000000v0O0000000000000004@;z0 a;,
00000 00 Refinement procedure O mij:m%(DDD)DDDDDDDDDmijDDDDDDD
O0000UImann 0000000000000 COOOOOOOOOODO [6]0

Ullmann OO0 0000000000000 0O0O0DODODO0O0ODDODOQODODO refinement procedure O
0000000000000 0000UIImann 00000000 O0ODD OO Orefinement procedure
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24.1 0OO0O0O0DOOODOOO

00000000000 000 7000000000000 00000000O0000 Ullmann
gboboboboobooboobooboobobobobobobooboboboobennDOoO

e ™
M =M% IM =M d:=1; used :=1;
while (1) {
current := My & used;
while (current # 0) {
current(i)=1000:000;
p(d) :=1; current(i) := 0; flag := 0;
“Dod00ooooooroono;
if (000 =O0K){
if (d=pa) {
ooooo;
} else {
used(i) :=0; My := current; d :=d+ 1;
flag := 1; break;

}

if (flag) continue;

if (d = 1) terminate algorithm;

Mgy :=1My; d:=d—1; used(p(d)) := 1;
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~ N
n = etsa(d); i :=0; a:=eta(n); b:= etb(n);
while (a # 0 or b # 0) {
if (B(p(a),p(b)) = 0) return(NG);
i:=1i+4+1; a:=eta(n+1); b:= ethb(n +1i);
}
return (OK);
N /
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