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Program Parallelization by Candidate Generation
and Conformity Testing

AKIMASA MORIHATA, ! KIMINORI MATSUZAKI, !
ZHENJIANG Hut? and MasaTo Takercur!

Recently, it has been easy to access parallel computation environments. How-
ever, efficient parallel programs are much harder to develop than sequential
ones. Therefore, automatic parallelization methods, which generate parallel
programs from sequential ones, are called for. The third homomorphism theo-
rem is a folk theorem in the functional programming community. The theorem
states that for a problem to compute a value from an array, there exists a

divide-and-conquer parallel algorithm to solve the problem if and only if the
problem can be solved by both of two programs that respectively scan the array
in leftward and rightward manners. The theorem is useful for developing paral-
lel programs, and automatic parallelization methods have been proposed on it.
In this paper, we propose a new automatic parallelization method. We generate
candidates of parallel programs, and choose one that satisfies the requirement
of parallel programs. We implemented our idea as an automatic parallelization
system, which can parallelize recursive functions defined by arithmetic and con-
ditional expressions.
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for (i = 0; i < N; ++i) {
ali] = al[i] * alil;

}
01 0000O0O0oooooooo
Fig.1 Computing squares of elements.
int m = 0;

for (i = 0; i < N; ++i) {
if (m < ali]l) m = alil;

}
02 00o0oOooooooooo
Fig.2 Finding the maximum number.
int m = 0;

for (i = N-1; i >=0; --i) {
if (m >= 0) m += a[il;
else m = al[il;

03 00000000000o00o0o0D
Fig.3 Computing the maximum prefix sum.

int s = 0;
for (i = 0; i < N; ++i) {

s =s % 10 + (a[i]l - ’0?);
¥

04 O0000O0OO0OO0O0O0O0OCOOOOOOOOO

Fig.4 Converting a string to a number.

0000000000000 00000000000000000ooooooYoon
gboboobooooobooobooooboobOoOoooboOoboobOoOooOobooOoDo
gboboobooooooocoboooobooooboooboOoboOoboOooOoboobooDo
goooboooooooooooboooooooboobooooooboobocoobooooooboo
gbooooooooooooooooooooooobooOoboo 20000000000

goboooooooobooooooooooooboooboooboboooDbboOoobooboOooDoo

gobobooooooooo20000000000000O0O0O000O0OO0c0O0ODboO

000000000 0o0oDOoooO Vol 2 No.2 132-143 (Mar. 2009)

0D0000000D0O0onioe22n
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000 00000000000000000000000000000
000000000000 0000000000000000000000000000
0000000000000 0000000000000000000000000000
0D0000000000000000 9990 quantifier eliminationd0 000000
O00000000000000000000000200M000000000000
00000000003 0MO000000400000000005000000000
00000000000000000000060000000000

2. 0000000

ooooooooOoooOooooooooO0ooOtT0 00000 20000000
gbOooooOooooobooooboobobOooobObOoOoobooobDOoOooOobOOoboDbOobOon
00[80,65,82,65] 000 4000000000000 0OO0O 802000400000
Oe03000000 8000000000 4+ 0000D0O00DOODODOOODOO
[80, 65, 82, 65] 4 [76, 69, 76, 76] = [80, 65,82, 65, 76,69,76,76) 00000000000
goobooooon

2.1 JO00oOO0oOoobobooobboooo

goboooooobooooooooooobooooboooo

gobobooooodooooooboooooooooobooo0oooo 200000000
ooboodob suemOUOO0OO0OO0OO0O0OO

sum([al]) =a
sum([a] # x) = a + sum(x)

1000000 1obo0ooooocooboooo20000000000b0OCOO0bOOO
0000000000200 00000000000O0D0ODOOD sum(z)D0OOODOO
0000 sum(fe] H2) 0OD0OODOUOO0OODOOO0OOO0O0OOOOO0OOOUODOOOOOOOO
goboooooooboooobooooo

obobooooooooboooooooboooooon

sum([a]) =a

(© 2009 Information Processing Society of Japan



134 0O000000OCOO0OO0O0OOCOOOOOCcOOOO

sum(z 4 [a]) = sum(z) + a
pgoooobobobooobboboobobobbobbobboobboobooboo
goboooooooon
goboboooo200000b0000000o0obobc0ooooobooboOoooboooobooObO
gobobodoooooboooobooooooooa
sum([a]) =a
sum(z H y) = sum(z) + sum(y)
20000C000DOCO0OO0OO00Ob0 «c0y0O0O0O0Dz0yDOOO 2wy 0OOOOOO
0000000y O0ODOOOOOOOOOOOOOODOOOOODOCOODOOLOO
gboooob 20000000000 0O000O00O0CO0ODOODOOOOOOCOODOO
gooooboooooooooobooooooooobooooooooboboOoooooboo
goboooooooooooboooobooooooooooo
gooooooooooooooon
0010000000 o0 000000000 OCODOOOOOO0 e00OOO

f(al #+z)=ao f(z)y D0DODOOODOOO O
0020000000 OO0 fO00000OO0ODDODDOOOODODOD oODODODOO
f(z+a) = f(z) «000000000DO O
00 3000000020 00 fO000000OO00OO0O0ODOOOODOODO eOOOOO
fz4y)=f(z)0 f(y) 00DO0000O0O0D o

000000 sumO0O00D00O0D0 30000000000000O0000O00O0sum OO0
goboboodbdsemUdO0ooboooobooob0 sumOO00oobooobooooo
goooooa

godobobooobobooobbooobooobbuooobboooboboooo

004 OO0 fO0 fz+#y) =f(z)0f(y) 0000000p00000OOOOOOODO
0000000000000 0U0O0UD0UO0UOOexclusive-read/exclusive-write parallel
random access machine0 OO0 f 000 nO000000 T¢(n/p)+TelogpO00O00
O000O0o0oTy(k)O fOO0D0 KODOUOUOOUOUOUOUOUOUOUOOT,O G
goobooooobooon O

0040000000000 00O0DODO0O0O0O0ODOODODOO0O0OOOOOOODODbDOOOn
OO0Ty(k)O kOOODOOO0ODOOT, 00100000000 O0O00 nOOO0OOOO
0000 40000000000000000000 O(n/logn)000O0OOOOOODOO

000000000 0o0oDOoooO Vol 2 No.2 132-143 (Mar. 2009)

gobobooboboobboobboobboobpbobbobboboobbooboboboboo
goboobobboooboboooboobobbobobbooboobooboobooo
gboboboobooboooboboboboboboobooogoon

22 0O00O0OODOO
O00oO0oo0'YoO000000000000000000000000000000
gboboooboooooooboboboboboboooooooob
005000000000 OO0 fO000000000OO0OO00OOOOO0OOOOOo
oooooofooooooooood O
goobobooooboobobooobooboboboooooobOob1IobooboooDoOoD
obi1ooboobooboobooboooboobooboooboobooobboobooooo
goooooboboooo 20000b0obDo0obobo100bobooobobOoo
goooooooooobooobooooDoboooboooDoboooobooboUobo
oooooooo

gooodooooodoooooo0 fO0DDOO0OOCODOODOODOODOOODOO
00000000000 fiz+y) =f(z)0f(y) 0000000 6000000000
gbobooobooooooobobobobOobobDooobooooobUobo
gooobooboboooboboooooobobOoooobobD 7"Obobobooobo
0000o00000oooooo®™®ooo0o0ooo

OO0 e000D0OD0O0ODO DOOOAN,...,.O0000000000O000O0OM0O1L
i < 0000 fi(la] 4 2) = Aila, fi(2), f2(2),..., fu(2)) OO0 fiz + [a]) =
pi(fi(@), f2(2), ..., fa(z),a) 000000 A, 000 p; 000000000000 O
07 0000 {fi,f,...,f»}0000000000000000000000 g(z) =
(Ai(z), f2(z),..., fu(z) 00000000000 a)
23 O

gooooog

goooo0oooboobobO0 mex 0000000 OODODODODOOOODOO

maz([a]) =a

maz([a] # z) = if a > maz(z) then a else maz(x)

maz(x H [a]) = if a > maz(z) then a else maz(x)
gooboooooooooboooo mezO0O00O0OD0OOOOOO

(© 2009 Information Processing Society of Japan



135 0OO0O0O000O0oooooboooOoooooooooo

oooobooo
goooooooboobobOob aetee DODOODOODO ate: OOOOODOODO
atoi([a]) =a—‘0
atoi(z H [a]) = atoi(z) x 10+ (a —‘0")
goboboooboooooooooooooboooOoooobooOobooooooooooboo
oobo powioOOOOOOO
atoi([a] # z) = (a — ‘0°) x powl0(z) + atoi(x)
powl10([a]) =10
powl0([a] H x) = 10 x pow10(x)
powl0(x H [a]) = powl0(z) x 10
000 ato: DO000O0O0O00DO0OO0O0UDOOOO0OODOOOOO {atos,pow10} 0000
goboboooooooooooboobo vO00200 ate: 000 powzoOOOOODOOO
goboooobooooooobooooobooooboooooo
00 ate: OO0O0OO0O0OOO0OODOOOOCDOOOOOOO0ODOatee 0OOODOOOO
00o0o0oooo0o0oo0ooo0o0o0oo0oo0o0o00n [ae,ar,-..,a,) 000 00000
Flao) xb°+ f(a1) xb' +-- -+ f(a,) xb" 00 0000000000000 0OOOOOO
00000000000 et 0000000000000 0O0O0O00OOO0O f(a)=a—‘00
b=100000
ogooobooo
00000000 oDooo00oD000D0D0000D00NoN0noononooonon
goboobooooobooboboobodoooobooobooobooooOonDg mps
00000 mps([—6,9,1,—4,6,—7,4]) = (—6) + 9+ 1+ (—4)+6=600000000
goboodooooobooooobooboooobooooooobooOooon
OO0 mps 000000000000 DOOUOODOOOO {mps,sum} 00000000

mps(la)  =a
mps([a] 4 ) = a 1 (a+ mps(x))
mps(x 4 [a]) = mps(x) T (sum() + a)

U0 semUO0000000O0O00OO0O0O0OCOOODOOOOOOODOCO 7YOOO200 mps
oobsemO000000O0COOOOOOOOODOOOOOOOOOOOOOOOOO

000000000 0o0oDOoooO Vol 2 No.2 132-143 (Mar. 2009)

3. DOgbooobooobooboobon

0000000000000000000000000000000000000000
00000000000000000000000000000000000000 f0
000000 20000000000000000000000000
(1) f(al+#y)=f(la)of(y)OOOOOOO 6000000
(2) 0O0D0OO0O02000y0000 flz+y)=f(z)of(y) 0000000000000

0000000000000000000000000000000000000f(z+vy) =
fz)ef(y)y 0000000 600000000000000000000000000OO
00000000000 200000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000

0000000000000000000000000023000000000000
0000000 mps 00000

3.1 O 0

000000000000000000000000000 mpsO0000 mpsO000
000000 swn 000000000000 0sum 0000000000000000O
mps0 sum 0000000000000000000000000O0O0O0O000000O0
000000000230000000000000000mps0 sum00000000
00000000000000000

3.2 0000000000

0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000 00MO0000000000 mps0000000 {sum}
00000000000000000000 {mps,sum}00000000000000
ooo

0000000000000000000000000000000000000000
0000000000000000000000000 f00000000000000
000000000000 000000000 ;000000000

3.21 0000

ooooooo {fi,f,....fk,y 00000 /000000000000 e, 000

(© 2009 Information Processing Society of Japan



136 ODO0O0O0O0000O0O0OO0COOOO0O000O0O0O0O00O0

e}, 000000000
filla] +y) =ep[fi([a]) /Ly, ... fulla)) /Ly, f1(y)/ Ry fo(y) /Ry, )
000000 «000 yOOOOOO e, 000000000 Ly,,..., Ly, Rys ..., Ry,
D000000000000000000000 {ef,,ep,...,e;,} 0100000000
gobobooooooooooboobo
oooOd{mps,sum} 0000000000000 0O0O0O0 sum 000000000
€ um = Lown + Reun 00000000 mps 0000000000000 000 emps 00
ooooooooo
mps([a] 4 2) = mps({a]) T (swn((a]) + mps(z))
oobooobooboben 0000O0O0OO0O0OO
€mps = Lmps T (Lsum + Rmps)
0000 {emps; et} 0 100000000
3.2.2 O00O0O0ODO
00 {ep,efs,...,e,3 0000
Ves, € {ef,€pp,.. €5}
file 4 y) = e [fr(x)/ Ly @)/ Ly, f1(y)/Rypys - fe(y)/ Ry
0000000000000 f,00000000000e,, 0000000000000
ooo
Ood00oo0ooooooooooooobooooo fiDDDDDDDDeZD er, OO
do0oo0obOO0o0oo0D@obobOo0oooboboooDbo0ooboooooooooOoooon
gbobobooooooobooboboboboboboooo
0000000000 {emps, 5 0000000000000000 mpsOOO0OO
000 enps 000 emps 00 O0O00OO
3.3 O g
gooboooooooooooboooboobobobobobobobu oobob
000D0000D00000000000 {fi,f,...,fx}000000000
(Lyyy-oiLp) ©(Rpyy .-, Ry ) = (€455 €F,)
0700000 g(x) = (fi(z), f2(x),..., fu(x)) DOODD0OODO0O0ODOODOOOOOO
OU000060g9(zHy) =gx)0g(y)DDODOD0DODODO0ODOODODODOOOOOOOOOO
00000000000 mps000000e5um = Lsum + Reum 000 €35 = Limps 1
(Lsum + Rmps) 0000000000 DO0O0OOOOOOOOOODOOO

000000000 0o0oDOoooO Vol 2 No.2 132-143 (Mar. 2009)

(Linpss Dsun) © (Runps, Roum) =

3.4 0O 0
gOo0o0ooboooooboooobdoooboooooooooboooooooooog
gododoobooooooooobooooooooooooooooooooooonog
godooobooooobodoooboooooogoobooooooooboooooog
go0oooooobooobooooa
gOod0ooooooooooooooooooooooooooooooooooooo
go0odoododoo0oooooooooooooofobooooooooooooboooog
Og00odooooo0oooooooooobooooooooooooooooobooooa
0000000000 000o00o0o0oo0o0o0ooooOo0o0oooooooooOooooo
ooo0oooaoao

000000000000 000O00000b0000o0o0O0b00o0o0oo0oooOoooonoo
000000000000 00b00000000oO0o000o0o0o0oo0ooOoo00ooobooooo
0000000000000 00b00O00o0o0o0o0oooon

(L’mps T (LsunL + RTVL[)S), LsunL + Rsu"b)

4. OO00OO0OOO0OOOO

00000000000000000000000000000000000 Haskell'?
goboooooooo

4.1 00O 0O
os000ooooooboooooooooooobooooboooDboboboOoDboDoo
goooboooooooooooboooobooooooooooooooooooobooo
gooobobooooooooboooooooooooooooboobooooobooooooboo

prog = decl--- decl {0ooooo }
decl == f—(f,....f); f(la]) =€ f(la] H2)=¢ {0000}
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Fig.5 The syntax of the language for describing inputs of our system, where ¢ denotes a constant
integer and a denotes an integer-valued variable.
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mps <- (sum);

mps([a]) = a;

mps ([a]++x) = max(a, a + mps(x));

sum <- ();

sum([a]) = a;

sum([a]++x) = a + sum(x);

06 D0DOODOOOOODOOOOOOOOOOOOODOOOOO

Fig.6 An input program for our automatic parallelizer, where the

function mps solves the maximum prefix sum problem.

Omps -~ squ

07 000DOOOOOODOOOOOO0O mps O sumO
Fig.7 The dependency graph of the functions mps and sum.
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a1 (a+ (mps(z) 1 (sum(z) + mps(y))))
— (a1 (a+mps(2))) 1 ((a+ sum(z)) + mps(y))
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00000000000000000000000%Y00000000000000000
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000000000000 000000000000000 SkeTo'® 00000000
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func 000 10000000000000000000O0 cdetO0O0O0O0O0O0O0O0DODDODO
O000000000000000000 mpsO0O0O0 swmO00000000O0O0OOO
O0000000000000000 my_tuple_tOOOOOOOOO

4.3 O O
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struct my_tuple_t {
int mis, sum;
my_tuple_t(int mis, int sum) : mis(mis), sum(sum){}
my_tuple_t () {}

};

struct func_t : public sketo::functions::base<my_tuple_t(int)> {

my_tuple_t operator() (const int a) const {
const int mis = a;
const int sum = a;
return my_tuple_t(mis, sum);

}

} func;

struct odot_t : public sketo::functions::base<my_tuple_t (my_tuple_t,my_tuple_t)> {
my_tuple_t operator() (const my_tuple_t &x, const my_tuple_t &y) const {
const int mis = std::max(x.mis, (x.sum+y.mis));
const int sum = (x.sum+y.sum);
return my_tuple_t(mis, sum);
}
} odot;
08 OO00O0O0O0OeD0OO0O0OOO0ODODOOOOODODOOOO
Fig.8 The output of our system obtained by inputting the program in Fig. 6.
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01 0000OO0O0oooooo
Table 1 The number of candidates generated for each problem.

length max mps mss atoi
ooo 2 1 5 24 3

02 0000000000O0O000000O0O0O0O0O0000

Table 2 Comparison of parallelization systems by their feasibility and speed (unit: second)
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Fig.9 Speedups with respect to the numbers of processors

against sequential implementations.
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