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“logical” threads and adopting the oldest-first work stealing strategy. This pa-
per proposes a “logical thread”-free framework called Tascell, which achieves

|:| D |:| D |:| D |:| D |:| D I:l D I:l D |:| D T2K D D D |:| a higher performance than Cilk and supports a wider range of parallel en-
vironments including clusters without loss of productivity. A Tascell worker
D D D D D D spawns a “real” task only when requested by another idle worker. The worker

performs the spawning by temporarily “backtracking” and restoring its oldest
task-spawnable state. Our approach eliminates the cost of spawning/managing

1 12 logical threads, improves locality of reference for workspaces. Furthermore,
O O O O O O O Tascell enables elegant and highly-efficient backtrack search algorithms with
0 0 0 0 12 0 0 0 0 12 delayed workspace copying. This paper reports performance evaluations of

parallel computation on the T2K open supercomputer, a cluster that consists
of computation nodes with four quad-core processors. Though there are some
problems exposed such as limited scalability in NUMA environments, we can
ensure that we can get sufficient scalability even in environments with compu-
tation nodes with large numbers of cores in many applications.
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int fib (int n) {
if (n <= 2) return 1;

int s1, s2;

sl = fib(n - 1);
s2 = fib(n - 2);
return sl + s2;

01 CO00 Fibonacci 0OOOOODOO
Fig.1 C program for Fibonacci.

int af12]; // O oooooo

int b[701; // O 0ooooo(6+ 00 )x100000
// all 00 joO 0ooooooooooo
// +0004<jo00

// vkl 0000
int search (int k,

[m]
O
O

)
e O

int s=0; // 00000 0O0ODO
for (int p=j0; p<12; p++) {/,/0000000000000
int ap=alpl;
for (each possible direction d of the piece) {
. local variable definitions here ...
if (ap 0000000 d0000O0000O0);
else continue;
ap 000000000 bO0000O0a00O
kk = the next empty cell;

if (no empty cell?) s++; // 000
else s += search (kk, jO+1); // 00000
ap 000000000000 000000000O0O00O0D

}
}

return s;

0 2 Pentomino 00000000 COOO0ODODO

Fig.2 C program for Pentomino.
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// 000000000000 00
struct tfib {

int n; // OO

int r; // 0O

7/ 000000000000
void exec_fib_task (struct tfib *pthis)
{ pthis->r = fib (pthis->n); }

int fib (int n) {
if (n <= 2) return 1;
int s1, s2;
if (choose not to spawn?) {
s1 = fib(n - 1);
s2 = fib(n - 2);
} else {
Allocate a workspace of struct tfib as this.
this.n=n-2; // 0000000
Send this as a newly spawned task.
sl = fib(n - 1);
Wait and receive the result of this.
s2 = this.r; // 000000
) Deallocate this workspace.

return sl + s2;

0 38 Fibonacci J0OODO0O0OO0O0OO0OO00OO0ODDOO
Fig.3 Straightforward task-parallel program for Fibonacci.
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Fig.4 Spawning a task lazily while computing fib(40). When a Tascell worker detects a task request

(at fib(37)), it (1) backtracks to the oldest task-spawnable point, (2) spawns a task for fib(38),
(3) returns from backtracking, and (4) resumes its own computation.
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2. make a copy of the board
and spawn a task
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Fig.5 Spawning a task lazily while performing backtrack search for Pentomino. Unlike in Fig. 4,

(1) the backtracking step includes undo operations (i.e., removing pieces). (2) The spawning-
half-iterations step includes making a copy of the temporarily restored board. (3) The
returning-from-backtracking step includes redo operations (i.e., setting pieces).
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Fig.6 Multistage overview of the Tascell framework.
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// 000 tfib 000
task tfib {
in: int n; // OO
out: int r; // OO

};

// tfiv 000000000

// 000000000 thisOOODOOOOOOO
task_exec tfib

{ this.r = fib (this.n); }

worker int fib (int n) {
if (n <= 2) return 1;

int s1, s2;

do_two // Tascell 00000000
sl = fib(n - 1);
s2 = fib(n - 2);

tfib { // 00000
// put 000000
{ this.n =n - 2
// get0O00O0OD
{ s2 = this.r; }

// end of do_two
return sl + s2;

00 thisOOO0O0O0O0O0O0O0OO
oooo

oo
0o
; ¥

O
ooooo

0 7 Fibonacci O Tascell 00000
Fig.7 Tascell program for Fibonacci.

0000200000000000000000D0000000D00 TascellOOODODOO
0000000y 000000000000 DODOODODOO0ODOOODODOO0ODOOODODOO
000000000000000000000000D000000000O0ogooooa
gooooboooooooooood

Doo0ddooooooooooboooddoooooboooooooonoooooono
OO0 Tascel OO0OOOOO0O00O0OODODOOCOOOOOOOOODDODODODOOOOOOO
oooooooooOoUoOooooooUooooooUdUoooooOogUoooooogo
0000000000000 Tascel 000000000000

4.2 Tascell 00O

Tascell 00 COOOOODODODOOO 700 80 TascelDOOOODOOODODODDO
000 CO0OD0O0O0000mMUi000oooo0o0o0o0o0o00000O00O0OOOTascell

x1 Tascell 000000 421 000000000000 in:Oout:000000000000O0O0O0O0OOO
gooo0o0ooooOo0000oOoO0O0O00oOoOO0O00bOOO0O0000O00000O0O0O0O0O00O0BOOO0
goooOooobOooOO0o0OO0OO0O0OO0O0O0OO0O00CDOOO0O0O0O0O0COO0DOOO0OO0O0DOOOOOOOGOO0O0O
gooooO0o0o0o0oooOoOo0o0o0O0booOoO0O0000o0o00

Vol.2009-HPC-121 No.7
2009/8/4

task pentomino {
out: int s; // 00
in: int k, i0, i1, i2;
in: int af12]; // O0OOO
in: int b[70]; // OOOO

(]
[my|
(]
(]

O

yx 100000
}.
task_exec pentomino {
this.s = search (this.k ,this.iO ,this.il ,this.i2,
&this);
}

worker int search (int k, int jO, int j1, int j2,
task pentomino *tsk)

int s=0; // O00OOOOOCO
// Tascell 000 for O
for (int p : j1, j2)
{
int ap=tsk->alpl;
for (each possible direction d of the piece) {
. local variable definitions here ...
if(ap 0000000 a0000000O0ODO);
else continue;
dynamic_wind // 0000000000000 OOOOOO
{ // dynamic_wind 100000000
ap 000000000 tsk->p00000¢tsk->al000

{ // dynamic_wind 00O
kk = the next empty cell;
if (no empty cell?) s++; // 00O
else // 00000
s += search (kk, jO+1, jOo+1, 12, tsk);

}

{ // dynamic_wind 0000 O0DO
ap 00000000000 Otsk->a 00000
goooooooo

} // end of dynamic_wind

pentomino (int i1, int i2) // this 000000
// 000i1-i2000000000000

// put0000000D0O0ODOO
{//00000000000D00COO0DOOCOO
copy_piece_info (this.a, tsk->a);
copy_board (this.b, tsk->b);
this.k=k; this.i0=j0; this.il=il; this.i2=i2;

¥

// getO0000000OOOO
{ s += this.s;

} // end of parallel for

return s;

0 8 Pentomino O Tascell 00000
Fig.8 Tascell Program for Pentomino.
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0000000000000 0000000000000000000000D0dTascell O
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4.2.1 0O0O0O0O

goboooooooooooobooobooooo

task task-name {[in:|out:] struct-declaration ---};

000000 700 “task tfib {in: int n; out: int r};” O0OtfibO00OO00OODOO
O000o00o0oooo0U0ooooo00 coopoooUoUoooooOdU0Oin:00O0
out: 0 0O0DOOO0OOOOOOOOUOOOOUOODOOOUDOOODOOODOOOD
oobOoo0obOoOoOoOoOoOobooOoOobooOoooooDo

000 task-name DO00ODOOOOOCOO

task_exec task-name { body }

0000000000000 CO00Obody0 0000 700 “this.r =fib(this.n);” O
000 thisO0OODOODOOODOODOOOCODOODOOOOOODODODOOCROO
goooooooOoOOoOoOoDbDoOoOoooOoOOoOoOooDoOooOoO0oDOoOOoOooDOoOOOooDoOooOoog
OObkdy0O0O0DOO0OOOOO0DDOOODOODODOOODOOOODO

4.2.2 00000
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0000 task_exec 10000000000 DOOOODODO CilkD cilkO000000OMD
4.2.3 J000O0OO0OOOOOOOOO

Tascel 0000000 (statement)

do_two statement; statements task-name { statementyu statementget 3
O00Ostatement, D0 000 700 “fib(m-2)’00 statement; 0 “s1=fib(n-1) ;700
o0oo0o0o0ooooooooOoooUOooOoooUooU0oUoOoooooo()ooo
OO00oooooobobobobOOoCOOOO0O0dUstatemenyy OOOOOOODDOOODOOO
000000000000 task-name 00O O O statementyy: 00 70 “this.n=n-2;"0
goooooooOooooooOooooobooOoUoooOoDOoDOooOoUoOoDDoOboOoO
00000000000 000000000000000(2a) statementy 0000000
0000000000 000000O statement, 0000000000 OOODOO
O0D0OO00O000OOstatement, OO0O000OO0OOOCOOOOODOOOOOODOODO
O00000000000000O0D00O0000 statementye; 00 70O “s2=this.r;”’000
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oooboo0booboobobobobobOon statement, JOODOOODOODOODOOO
0o0o0o0oooooooooobooooboooooboooooobooooooooa
000D boooooooboobobooddooooooooooooooo
000000000000000000000000 leapfrogging'® 000000000
goboooooooobooooooooooo
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OO0D000000000000000000000000A00 statementgee 000000
O000OCOO000DOCO00bOO0O0ODOOODbOOd statement, OOOOOOOODOO
oobOooOobDoOooooobobooooo

Tascel OO0O0O0DOOO0O0ODOOOODOODODO ford0DO0d0dbOOOOOoOoOOOOO
oooooooo

for(int identifier : expressionfrom , expressiono)
statementpody

task-name (int identifierfrom , int identifiery,)  { statementyus statementyerd
0 8 0 Pentomino 000000000 for 000 “for (int p: j1, j2) {...}
pentomino (int il,int i2) {{...} {s+=this.s}}.” O00O00O00OO0COCOOO
ooo

00000 expressiongrom OO expression, D0 OOO00O00OOO statementyoq, 0000
oo oooooobooooooooooog
dooddoooooboodooooooooooodooooooooooooooo
00000000 statementy,, OO O identifierrom O identifier,, 0000000000
ooboodgobOod statement,ee OO OO0

Tascell 0 00 OundoOredo0000000000Scheme 0% 0000 dynamic_wind
oobooooboOooooOoooOoOooboboOooooooDo

dynamic_wind statementpefore Statementpoay statementafier.
0000000000 statementefore 10 800000000 “do” OO0 OO statementyody
O statement,ner 000000000000 “undo” OO0O0O0O0O0OOODOOOOOCOODOD
statementqper U statementyoqy 00O 000000000000 O0COOOCOOOOO
O00“ndo” O00O0O0O00DOO0O0O0DODO statementserore 1000000000000
000000 “edo” OO0DOOOODOOOOOO
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do_twoll 0 0 forl dynamic_wind U 00O 0O statement; U statementyoqy, U 0 0O 0O OO
goboooobobooooobo0ob0 400 500b00oDO0ODU0O0DDbODODODUOODOD
undoOredo 000000000000 0OOODO do_twoOODO ford00O0O0O0DODOOO
gooooboooooooooboooooooooboooooboobooOoooboOoOooDobOoo
goooobooooooooooboooooooboOo0oooboooooooooDoOobOoo
0000 undoOredoODO0OO0OO0OO0OO0O0ODOOwdoO0O0DOOO0OOODOOOOODDOO
OO00OO000DOO00DOOO0 redod00OOooooOooboboOoO

5. Tascell DOOOOODOO

5.1 00000000 stack walk 000
0000000000000 Tascel 000000 COOOOOOO0O0O0O0OO0OOOOODO
O000000Tascel 000000000 00000000000OO “stack walk’0 O
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int fib(void (*_bk0) (void), struct thread_data *_thr,
int n)

if (n <= 2)
return 1;

else {
int s1, s2;
{ /= do_two --———---—————--- */
struct tfib pthis[1]; // 0000
gooo

i{nt spawned = 0; //statementy, 00000
:Eoid _bkl_do_two (void) // 0ODODOO

if (spawned) return;

_bk0(); // 00000

if (task request exwists?) {
pthis->n = n - 2; //statementyy;
spawned = 1;
// 00000000
make_and_send_task(_thr, 0, pthis);

¥
if (_thr->req) // 00000

_bkl do_two (O; // 00000000
gooooooooooo

sl = fib(_bkl_do_two, _thr, n-1); //statement,

if (spawned) {
// 000000000o0OoOOoO
wait_rslt(_thr);
s2 = pthis->r;
} else {
s2 = fib(_bk0, _thr, n - 2); // statements

// statementge;

return sl + s2;

09 070 fib00000000deotwo DO OODOODOO
Fig.9 Translation result from the worker function fib in Fig. 7, including translation of a do_two
statement.
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Table 1 Evaluation environment.
CPU AMD Quad Core Opteron 8350 Barcelona
2.2GHzx400O 16 00O
oS Redhat Enterprise Linux AS V4
ooooo GCC 34.30-020000
+ LW-SC (Tascell)O Cilk 5.4.6 (Cilk)
ooo pthread_create 000
O PTHREAD_SCOPE_SYSTEM 0 OO O OOOOO
ooo Allegro Common Lisp 8.1 0000 (speed 3) (safety 1) (space 1) 00000000
oooo0oooOoOoOo0oooobOooOooooDoooo
oooooo InfiniBand0 OO 000000000000 TCP/IPOODO

*1 Nqueens 0 Pentomino 00 SYNCHED 000000000000 D0O0O0O0O0O0O0300000000000O0
oo
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Nqueens [0 PentominoO 00000000000 OO00OOOONqueensOO0O00O0O0O0O
0000000000000 0000000D0Tascell OO CilkOO LUODOOOOOOO
0000000000ooooooooooooooooooooooooooog
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DDDDDDDDDDDDDDDDD(b)THEDDDDD2)DDDDDDDDDDDDD
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Table 2 Execution time (and relative time to sequential C programs) with one worker. In000000
(“w/ copying”) of Tascell, we performed artificial workspace allocation and copying between
workspaces for each spawnable task.

Elapsed time in seconds
(relative time to plain C)

C Cilk Tascell Tascell

I Tl Ml e

Fib 0.596 5.71 1.52 —
(40) (1.00) (9.59) (2.54)

Nqueens 8.10 22.2 11.9 17.2

(15) (1.00) (2.74) (1.46) (2.13)

Pentomino 1.14 1.69 1.64 2.04

(12) (1.00) (1.47) (1.43) (1.78)
LU 9.21 9.30 9.24
(2000) (1.00) (1.01) (1.00)

Comp 3.32 6.02 3.99 —
(30000) (1.00) (2.08) (1.20)

Grav 2.85 5.80 4.29 —
(200) (1.00) (2.03) (1.50)
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Fig. 10 Efficiency with multiple workers in a shared memory environment within one node. Effi-

ciency is defined as S/n,, where S is a speedup to a sequential C program and n,, is the
number of workers. (Efficiency = 1 means an ideal speedup.) The number above each group
of bars shows the execution time in C.
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Fig.11 Speedups with multiple computation nodes relative to sequential C (one worker running in
each node). The numbers on the right side of each graph show execution time with 8 nodes.
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Fig.12 Speedups with multiple computation nodes relative to sequential C (16 workers running in
each node). The numbers on the right side of each graph show execution time with the

maximum number of nodes. The graph shown below is the results for larger problems.
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