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Abstract

Wepropose hybrid-grain parallel processing where

heavily-loaded situation and lightly-loaded situa-

tion are explicitly distinguished in static optimiza-

tion, and two-version codes are switched dynami-

cally. An evaluation of the method in PIE64 shows

(1) comparable single-processer performance with

the C language, (2) near-linear parallel speedup

under high concurrency, comparing even with se-

quential processing, and (3) the same parallel

speedup under low concurrency as the maximum

speedup by �ne-grain parallel processing.
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LMEM

UNIRED

NIP

MP

Inference Unit

Multi-Stage
Interconnection

Network

Host I/O

UNIRED - Unifier/Reducer
NIP - Network Interface Processo
MP - Management Processor
LMEM - Local Memory
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suspend
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procedure
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clause

END
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fork goal

prepare args.

compiled
predicate

goal frame
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scheduler

dequeue
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queue/stack
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NIP

UNIRED MP
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remote fork
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Entry Point
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dequeue
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Network

NIP

UNIRED MP
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end-
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local fork

remote fork

dispatch

head
unification

fine EP

suspend
or end

END

fork goal

tail call

fork goal

fine EP

heavily
loaded?

dispatch

head
unification

coarse EP

END

call goal

tail call

call goal

coarse EP

suspend
or end

coarse EP

RET

coarse EP

coarse EP

RET

coarse EP

flag check

yes no

load flag

queue
/stack

fine-grain modecoarse-grain mode

lo
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compulsory fork
in coarse-grain mode

load-drop
detection

break

automatic load
balancing / propagation
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fine-grain mode
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fork tail call
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end or
suspend

enqueue call returndequeue

suspend
and return

blank period : IU idle
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FREE

RELEASE

SUSTAIN

JUST

LOW

HIGH

FC

NG
&L  

H

NG
   &H

EQ

ER

EQ

NG
&H   

H

L

SX&EQNG
    &L

! SX&EQ

! SX
&! EQ

ER

H   : High Load
L   : Low Load

ER : End Reduce
NG : New Goal

FC : Full Contexts
EQ : Empty Queue
SX : Sticky Contexts
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: head (done)

: body (done)

: call

: tail call

current : head (not done)

: body (not done)

(a) üº fork��ûªÆ���B}.

break
: executed
  after break

: trapped jump
  instruction

: compulsory
  forked goal

: executed
  before break

(b) break�)+, üº fork�-,ÎDö.

µ 8: !��ïDÜ�þ�,sAx8��y�»s¬.

�, Ï�� /!��ïDÜ0�?
,.

HIGH8�sA�x8
,�, îïõ¨�sAä

ôË0xsA8�â�, SUSTAIN, RELEASE

8��-
,�, !��ïDÜ0v��y���,�

����û. SUSTAIN��, MP� queueS�ÎD

ö0z_��¢+¬��sAw�0Ã�û, ÄsA

8�â-�Ì�HIGH8��-
,.

0�, FREE8�â,��, $�!��ïDÜ0

/��û,ÍùÙÊÒÛ (sticky context)�ú-�,

�ÍùÙÊÒÛ� break0ÿ��üº fork��,.

��üº fork��&�, EP�´�¬���, Ò

õØÛ×ÄØÊr��ÑðùåÝ� (break�ÿÿ,

� trapöD×ù�i�)0�ü. trapöD×ù��,

ÏÒèùÜ��Nî�÷ÑÒÖ¨�2¸0 GF�:

g�� fork�, ´�¬�®�â,. �-0ÒÖØÊ�

���,$�/�,. �$+, µ 8��
)ü�,  Ã

�r�éÚÁDt��+0 � Ã���, Û Ã�

EP �Ñðùå0 trap��ÎDö0 fork��,.

Ö£���ÒÖØÊ0U �����$ü�, 2�

�ÒÖØÊ�0t0 fork��,£�'ú,. �ª

Æ, ÒÖØÊ�{+��� (0e�����3û)0

fork��,!��ú, [9]�, ü
,�ÒÖØÊ�

À*�v���+, call, return��ÆDáæØÜ�

=���,. Ö�ø��, ÄsA8��½�¿¨0

ª��� call, return���0¬ó,³+i�9�,

sA�x8���, ¡V��Z�éë�¸,  �0

fork���y�»00b�¿¨��,��0Î��.

���, Ö�ø�0e»��û�Â�
,. Ö�ø

� (¨ôï��²»�Qt�, ÎDöi(�Ï��

y� Ã��,��, »�V¾�üº fork�=\

������, [¸�²»��2�Ï��y�²»�

Fine (64IU,4ctx.)

Hybrid (64IU,4ctx.)

Fine (1IU,4ctx.)

Hybrid (1IU,4ctx.)

Fine (1IU,1ctx.)

Hybrid (1IU,1ctx.)

gcc -O2 -mflat

gcc -O2

cc -O2

C Lang. (SS1)

0.0x100 5.0x107 1.0x108 1.5x108 2.0x108 2.5x108

Number of Total Execution Cycles

1.10x108

1.01x108

9.78x107

1.24x108

2.21x108

8.20x107

1.18x108

1.06x108

1.40x108

µ 9: N���),' ÃÏÂÊö¸�fR. vÆ�

����, C²»�l~
,q� Ã½�0��, ¨

ó�Ï����)+'½���û.

'Ö£�07ï��,�.ü. $�, àDÜÃÄÀ�

��, ËøDáö�úèÀÜ÷Ò�Z�0Ñ�, �þ

��Ï��y� Ã(M�sAw���&�q=

�Âý*-,�, �MsAw�(sA8�¬�, Õ

äÛÃÄÀ�';ï=\�ú.ü.

6 ùûçE

|&��vÆ�����]�� Ã���	0 (

�, àùÜÍùâÂö�)��o;��. åøËôí

��, N-Queens� Gk�ã>0�û, N�o� 6,

8, 11 (-�-Q6, Q8, Q11�nc)���y�»

0|9���. N=6, 8��� Ã�Z�lB�,�

&, N=6��� 1000H, 8��� 100H,  Gk�0

�+~���. �ï
,UNIRED�ÍùÙÊÒÛ¸

(ctx)�, 1$�� 4���.  ��,z�, 10H,z

��xÿ0���. �þ, ����
 Ã�Z�, �

·����Z�%�, ÈDçÑÍ÷ÊÐóù (GC)0

\$�û. �-�, GC�.�¿¨�ÒDâDõÝÀ

(GCH¸Ó¯� GC1HH�+��Zl«�),)�

ú+, fR�Ô���,ÿ*�ú,.

åøËôí� Ã����,vÆ���� (Hybrid)

�, ¨óNî�Ï���� (Fine)0ï*��. @

�, ¨ó���� Ã�õ�� fork0Ã���û�

�, vÆ�����xsAïDÜ�äÄÀ�fR


,�&�,  Ã�N	�£� fork0Ã�ü)ü��

�. $�, N	ÀöÎõÓí0 C²»�'c�,

SPARCstation 1(SS1)� Ã��fR��. Íùâ

Âô��, cc(SunOS4.1.1)� gcc(version 2.6.3)0�

û, ÆåÐóù -O2�ÍùâÂö��. gcc��, Æ

åÐóù -mat(÷ÑÒÖÃÁùÜÃ0ïû�û)0

r��ªÆ',z��.

µ 9�, N���), Q11�' ÃÏÂÊö¸ ( 
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Hybrid(Q6)
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Hybrid(Q8)

Fine(Q11)

Hybrid(Q11)

µ 10: y����),»\¿¨. ]��, "#q�»

\�I�ûvÆ������i5»\. vÆ����

�, y�»�Äû��q�»\�R!�'Äû<¸½

>0, y�»�xû��Ï�����N	»\0�
.

0

0.1
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0.4
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0.7

0.8
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Number of IUs

Q11, 1ctx.

Q11, 4ctx.

Q8, 1ctx.

Q8, 4ctx.

Q6, 1ctx.

Q6, 4ctx.

µ 11: ÄsA8��ZSÆ�|9. IU<¸,ÍùÙ

ÊÒÛ¸�)ý,�)+3��y�»�ð÷�-, Ä

sA8�SÆ�8�,.

ÃÏÂÊö¸�<¸])�fR0�
. Ý�ÔØÛ�

.û�ú,�&, 0L��ç�0`n¬ó�û��),

UNIRED']Ö��� RISC�ú,��ÿ*, vÆ

������, C²»�l~
,q� Ã½��A¼

��,�Âý*-,. $�, ¨ó�Ï����)+'

½����, y� Ã�½�'Äû.

µ 10��, y����),»\¿¨�î�0�
.

"#q�»\����,vÆ������i5»\

0]��ïû�. ÍùÙÊÒÛ¸� 4. y�»�Äû

ªÆ, vÆ�����, q����R!�'Äû<¸

½>0�
. Ï����'Äû��»0�
�, Ï�

����ÆDáæØÜ�=�û. 0�, y�»�xû

ªÆ, vÆ�����Ï�����N	»\0�
.

µ 11��,ÄsA8��ZSÆ�, IU<¸���

)ü�|9
,ÿ0�
. ©��, N IUS��Äs

A8�Z�Æ�0, ' Ã�Z�S��o. IU<¸

�)ý,�)+3��y�»�ð÷�-, ÄsA8

�SÆ�x8
,. $�, �ï
,ÍùÙÊÒÛ¸�

)ý,�, ÄsA8�SÆ��*�x8
,.

1

10

100

1x103

10x103
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C
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cy

Number of IUs

Fine(Q6)

Hybrid(Q6)

Fine(Q8)

Hybrid(Q8)

Fine(Q11)

Hybrid(Q11)

µ 12:  Ã��P*-�y�»��Zxÿ. Ï���

�� Ã��, y�»�Äû� (Q11)�, B©�y�

»�s¬�-�û,.

µ 12�,  Ã��P*-�y�»��Zxÿo0�

��û,. y�»�, MP�ïû,sAo, 
�/

�, ?Lr�ÍùÙÊÒÛ¸ +  Ã7�ÎDö¸�

,z��. �ï��ÍùÙÊÒÛ¸� 4. Ï����

��, y�»�Äû��B©�y�»�s¬�-�û

,. fork��£0 Ã�õ��
-��-0òý,�

����,�, �ªÆxsA��»\�%9
,.

7 fã��

Lazy Task Creation(LTC)[9, 5, 20]��, ÖÒÊ

¾¼��� fork��j�%0Ã�û,  Ð�ö�å

øÔØÏ�¾	���, ÒÖØÊ�{+ÿ* fork�

�,£��|&�-�. LTC�, ëÐù���8�

�,$�uç�, �¸�°�ç�� Ã�, h��

8�â,�ð÷�M�� fork
,�ûü�(, Ä

sA8��q�9�),½�¿¨�sAx8��

?L�¿¨�����, Ö�ø�úw��h«�3

û. �ÿ�, xsA8�Ï�� Ã��K�-�û

�û�(, ÒÖØÊ�{ÿ* fork��,�&�ÆD

áæØÜ�=�û��Ö�ø�,�,.

StackThreads[17]��, block�d��û³+ãD

å¨�ä÷Dí0P���, w«� stack� Ã
,

���)+, N0ßDÜS�hN_£/�´�¬��

Ä.90�ÿ��. StackThreads' LTC�Nî�

ÒÖØÊ0ïû�q�9�),½�¿¨�ûü��

Ö�ø�úw��û,�, xsA8��y�»s¬

��, sA8�[
,�K�Ã�/-�û�û.

øþ�Ï�� Ã0á���Ý�÷çöÚDÖä

øD��`�wä��, y�»�^_�),îïõ�

°�¶T0Hg
,�&�, Throttle Mechanism[12],

k-bounded loops[3]���y�»º¹��ø�Ã�



/-���. Q�, [12]��, LTC�Nî�uç�

/°�ç�0 Ã��sA8��+9ý,����

K�-�þ+, Ö�ø�h«�[��°û�, ÚDÖ

äøD��`�=��)0��û,��, von Neu-

mann���`0çDÒ�
,Ö�ø�,�,.

0�, �Y�ÚDÖäøD��`�, Ý�)+'

���!û threadi(�N_0�+, �� thread0

von Neumann�åøÔØÏ�q� Ã
,Multi-

threaded Architecture �|9���� [1, 8, 14].

$�, Threaded Abstract Machine[4]��, ÚDÖä

øD��`¿��[¸�²» Id0, w«�åøÔØ

Ï�½��� Ã
,£�0���. �-*��ø�

þ�, threadwS�, Ö�ø�þ�,xsA8�

�Ï�� Ã�Í�9����0���, ÄsA8

�'Ï�� Ã0/�,�ûü��,���û,.

8 
rpk

ÖÁ��, Ï�� Ã�þ�,½��I��, Ò

ÖØÊ0ïû�)+ü��q�90#%Æ/�,  Ã

��sA8�7	��+9ý,, vÆ�� Ã��

�|&0Ã���. PIE64� Fleng0ïû� (, o

;0Ã����>, (1) i5åøÔØÏ�� Ã��,

Ï��y���²»�þû�', N	ÀöÎõÓí�

C²»�¢ÿ-�åøËôí�R!�1®��û»

\�A¼��,��, (2) y�»�§w�ÄûªÆ�

�, !���y� Ã�)��Äû<¸½>�P*-

,��, (3)y�»�xûªÆ��, i5»\�6
,

<¸½>�xû'��, Ï���y� Ã�),³J

�N	.�¿¨�P*-,��0PX��.
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