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P and Q K Our Scheme Bipartite Matching Scheme [5]

P = 16
Q = 16

4  30.114 866.386

8 50.866 2389.655

12 77.692 3959.604

P = 32
Q = 32

8 51.539 7453.028

16 94.923 16761.141

24 146.758 25613.034

P = 64
Q = 64

16 94.245 62443.372

32 178.569 133212.592

48 276.587 207762.816

P = 128
Q = 128

32 175.960 534768.000

64 345.812 1167586.304

96 576.755 1842415.104

����� ���
	���
����������������������
�������
�����

?cq#.¦19���8.5;w0��	&=0��87#~#19���#H�12q#.R!2&"q#.F�-~-)3.¦����12q#.%y@��12.(�27-�{){)+���8�*)�H�0��9��12q#����! ¨c.=)a)���!���� 0�~#�8�*)�H�0N�9��12q#�¥�+!
�#.(H�){��H���,-)�.�&=0��87����2.F� ¨c��12q812q#.}1"0�1 �*)#�2.F�N�+!912�9��,#~#19��0��¦19���8.��IsDC�.(�	12q#0�~#H�q512q#.}!2&2q#.F�-~-)�.p���812q#. y@��12.(�27-�{){)+���
�*)�H�0����31"q#���+!R!G���87-)�.(�R12q���� 0�~#� !(jc1"q#.§y@��1".(�27-�{)a)+���/�r)3HN0��9��12q#� �#.(.F�#!¦19���8.%;w0�� �3���-. � &=0��87#~#1 ��19��0��¼120
�+�-.(�'1��a;UzR12q#.<,-)�0#&2x#!c120	,�.:7���&"x�.F�	�����¤&=0N�8�	~#�-�d&(��19��0��¿!91".(7°�u?¸q-�d!h19���8.p�+!}��7#7#�"0 � ���B��12.=)�z¦12q#.�!2���5.���!
0�~#��!"&2q#.F�-~-)�.8&=0��87#~#1 ��19��0��R19���8.��

?¸q#.¸!"&2q#.F�-~-)�.<&=0��87#~#1 ��1��30N�¤1��3�5.@0�;�12q#.c,-��7����219��12.h�B��1 &"q-���#H�!2&2q#.(�5.���¢*�-�+!��	~�&2q	q-��H�q#.(�e12q����	12q���1�0�;
12q#.:y@��12.(�"7-�a){)+�����r)3HN0��9��12q#�³�����50�~#�}�*)�H�0����31"q#�/��461e�+!e���R12q#.p� ���#H�.p0�;�q-~#���-�2.F�#!c0�;@f:�XT=�(��¨}q-�+&"q¦�d! #�~-��12.
!G��H��-�! �&(���-1F�	?cq#.8!2&2q#.F�-~-)�.R&=0��87#~#1 ��19��0��§&=0'!91p0�;@12q#.	,-��7����21��31".8�B��1 &"q-���#H/!2&"q#.(�8.:�3��&=�".F��!9.F!<�=��7-�+�N)3z§��!
12q#.c�-~#�¤,�.(��0�;�7#�20#&=.F!2!90��=!^�3��&=�".F��!9.F!(�c�}�	12q#.c0�1"q#.(��q�������jN0�~#���*)�H�0��9��12q#� &=0��57#~#12.F!�12q#.}&=0��8�	~#�-�+&(��19��0��
!2&"q#.F�-~-)�.<.=tv&"��.(�'19)�z��csI��&"q¦7#�20E&=.F!"!90��@&=0N�87#~#12.F!D��1 !e.(�'12���3.F!D���¦12q#.�!�.(���B&=0��5�¤~#�-�+&(��1��30N�v!2&"q#.F�-~-)�.�1 ��,-)3.��
?cq-~�!(j�12q#.R!2&"q#.F�-~-)�.R�+!8&=0��87#~#1".F� �3�¼���N�+!912���3,#~#1".F��¨}�*z��§?cq#./!2&"q#.F�-~-)3.�&=0��87#~#1 ��19��0�� 1��3�5.¦�d! ���¼1"q#.
� ���#HN.¤0�;�k
���#"�!}0�;����(T=�(�(��?cq#.B&=0��57����9�+!90���,�.(19¨c.(.(�§0�~#��!"&2q#.(�8.8�����Á12q#.	,-�37����219��12.8�B��1 &2q-���#H/!2&"q#.(�8.
¨c��12qR�2.F!�7�.F&=1p120	12q#.�!2&"q#.F�-~-)3.8&=0��57#~#1 ��19��0��R19���8.p�+!}!�q#0r¨h�¦�3��?���,-)3.	n#��·}.(�".�j#12q#.<19���8.p;U0��}0�~#�}!2&"q#.(�8.
����&")�~��-.F!	12q#.	�����-. � &=0��87#~#1 ��1��30N�§19���8.�� �º0���1"q#.8,-��7����219��12.8�¦��1 &"q-�3�#H�!2&"q#.(�8.�j�12q#.819���8.R!9q#0�¨}�%�+!�1"q#.
!2&"q#.F�-~-)�. &=0N�87#~#1 ��19��0��R1��3�5.<0��-)�z��

���



0 5x106 10x106 15x106

Total Array Size

0.0

50.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 28, K = 6, Q = 36 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 5x106 10x106

Total Array Size

0.0

50.0

100.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 18, K = 8, Q = 78 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 10x106 20x106

Total Array Size

0.0

50.0

100.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 30, K = 8, Q = 66 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 10x106 20x106

Total Array Size

0.0

50.0

100.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 40, K = 18, Q = 56 on the IBM SP2

Our algorithm
Caterpillar algorithm

(a) ℜ4(28,6,36) (b) ℜ16(18,8,78)

(d) ℜ8(40,18,56)(c) ℜ16(30,8,66)
�^��H�~#�2.¦kF¢����<��1 �:12� ����!G;w.(�c19���8. ;w0N�¸�r)a)�>U120N>6�*){)D&=0��5�¤~#�-�+&(��1��30N�¿&(��!9.F!¸¨c��12q¿�N� @°.(�2.(�-1}�8.F!2!2��H�.�!G���(.F!(�

�-À



0 5x106 10x106 15x106

Total Array Size

0.0

50.0

100.0

150.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 18, K = 6, Q = 78 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 5x106 10x106 15x106

Total Array Size

0.0

50.0

100.0

150.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 18, K = 9, Q = 78 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 5x106 10x106 15x106

Total Array Size

0.0

50.0

100.0

150.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 18, K = 12, Q = 78 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 10x106 20x106 30x106

Total Array Size

0.0

50.0

100.0

150.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 30, K = 15, Q = 66 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 10x106 20x106

Total Array Size

0.0

50.0

100.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 40, K = 20, Q = 56 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 5x106 10x106 15x106

Total Array Size

0.0

50.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 40, K = 25, Q = 56 on the IBM SP2

Our algorithm
Caterpillar algorithm

(a) ℜ16(18,6,78) (b) ℜ16(18,9,78)

(c) ℜ16(18,12,78) (d) ℜ16(30,15,66)

(e) ℜ16(40,20,56) (f) ℜ16(40,25,56)

�^��H�~#�2.8k(���e�<��1 �:12� ����!¹;w.(�c19���8. ;w0��c�#0����*){)�>U120�>6�*){)u&=0��5�¤~#�-�+&(��1��30N�¿&(��!9.F!\�

��m



�2.(7�0��212.F����?¸q#.¤. � 7�.(���3�5.(�'1 !p¨c.(�2.	7�.(�9;w0N�2�8.F�%0��/1"q#.¤49oc´ $'�e�#� �^�3HN~#�2.RkFn&�¹�&�c�2.(7�0��21 !h12q#.	�B� � ���¤~#�
�#��1 ��12� ����!¹;w.(�:19���8.����������%��� �^��H�~#�2./k*�&� �RA�)+���"H�.BC����9�+��19��0�� ����12q#.8�8.F�N!9~#�2.F� Cr�*)�~#.F!	¨}��! 0�,�!9.(�2C�.F���
�^��H�~#�2.§kFn �6,
������� �¹&A��!9q#0�¨�12q#.R�FCN.(� ��H�.81��3�5.������
	��/��� �^��H�~#�2.§k*�&������� 12q#.R�8.F�N�+����1��3�5.�������
��R���
�^��H�~#�2.8kF� �I0�;�12q#.��#��1 �:12� ����!G;w.(�h19���8.�j#�2.F!97�.F&=19��C�.=)�z��}?cq#.F!9.:Cr�*)�~#.F!p���2.�&=0��87#~#1".F�R~�!G���#H¦12q#.<�B� � ���¤~#�
19���8.0���
����� � � �^��H�~#�2.�kFn �¹� � !�q#0r¨p!812q#. �	���-�3�	~#� �#��1 � 12� ����!G;U.(�¦19���8.0���
����� �=� ?cq-�+!R7-)�0�1¦�+!R���80��".
��&(&=~#� ��12.}0�,�!9.(�"Cr��19��0��50�;°12q#.��#��1 �p12� ����!¹;w.(�e19���8.�!G����&=.p12q#.�� �3�-���	~#��19���8.pq���!�12q#.p!9�B�*){)�.F!91}&=0��87�0��#.(�'1
�-~#.c120	�<$p���'12.(��;w.(�2.(��&=.p�����:0�12q#.(��.)@i.F&=1=!��2.=)+��12.F�:120p12q#.c.(�'CN���20��#�8.(�-1F��?cq#.(�2.=;U0��2.�j*��1��+!��p�80��2.c��&(&=~#� ��1".
&=0��87����9�+!90���0�;I12q#.	�2.=)+��19��C�.	7�.(�9;w0N�2�B����&=.	0�;I12q#.	�2.F�N�+!91"�9��,#~#19��0�� �*)�H�0����31"q#�B!(�<4G�¿1"q#.¤�".(�B�*�����-.(�<0�;I12q-�+!
!9.F&=19��0��°jº¨@.�!�q#0r¨ 7-)30N1 !}&=0��2�".F!97�0����N���#H¦120��
�����R0��-)�z��

?¸q#.��2.F�N�+!912���3,#~#1��30N�����A�¹��� '*k(� ' n�m&���+!<�	�#0N�¿�*){)�>U120�>6�*){)@&=0��5�¤~#�-�+&(��1��30N�¿&(��!9.��}?¸q#.��8.F!2!"��H�.F!e����.F��&"q
&=0��8�	~#�-�+&(��19��0��R!912.(7¦���2.}0�;°12q#.p!2���8.�!¹���(.��c?cq#.}1"0�1 �*)��-~#�	,�.(�I0�;^&=0N�8�	~#�-�d&(��19��0��v!�12.(7�!D�d!hk
�<~�!¹�3�#H	0�~#�
�*)�H�0����31"q#�/j-¨}q#.(�2.<��!e12q#.�1"0�1 �*)��-~#�	,�.(�c0�;u!91".(7�!��+!cn�m:~�!G���#H812q#.:y@��1".(�27-�{)a)+���}�*)�H�0N�9��12q#�/�I?cq#.(�".=;w0��".�j'1"q#.
�#��1 � 12� ����!¹;w.(��19���8.p0�;°0�~#�c�*)�H�0��9��12q#� �+!e12q#.(0��2.(19�+&(�*){)�zB¢���� 0�;°12q���1e0�;°12q#.<y@��12.(�27-�{){)d���¸�r)3HN0��9��12q#�/��4G�B1"q#.
. � 7�.(�9���8.(�-1 �*)��2.F!9~-)�1 ! �9!9.(. �^��H�~#�2.8kFn&�9� ��� j-12q#.<�2.F�N�+!912���3,#~#1��30N�¿1��3�5.<0�;u0N~#���*)�H�0��9��12q#� �d!h,�.(19¨c.(.(�R�'l#�����
�����	¢�n#�3À�� 0�;�12q���1�0�;�12q#.py@��1".(�27-�{)a)+���c�*)�H�0��9��12q#�%� �^��H�~#�".�k(�<!9q#0�¨�!�!9.(C�.(� �r)�. � 7�.(�9���8.(�'1=�*)��2.F!9~-)�1 !u;w0���1"q#.
�#0��/�*){)�>U120�>6�r)a)I&=0��8�	~#�-�+&(��19��0���&(��!9.��c$����	�{)+���<�2.F�-~�&=1��30N��!c���/1��3�5.<¨@.(�".���&2q-��.(C�.F�v���/12q#.F!9.:. � 7�.(�9���8.(�-1 !(�

�^��H�~#�".BkF¢5�2.(7�0N�21 !h12q#.�. � 7�.(�9���8.(�-1 �*)I�".F!9~-)�1 !h;w0N�}12q#.8�*){)�>U120�>6�*){)@&=0��8�	~#�-�+&(��19��0��§&(��!�.�¨c��12q§�N� @°.(�2.(�'1
�8.F!2!"��H�.¿!¹���(.F!\� ?cq#.§�#��1 �Á12� ����!G;U.(�¦19���8.R���µ12q#.¿�r)a)�>U120N>6�*){)¤&=0��8�	~#�-�+&(��19��0��¶&(��!9.��d!R!�.(��!G��19��C�.�120 �#.(1">
¨c0��2xR&=0��-12.(�'1��30N�¿!G����&=.	.(C�.(�2z/!90N~#� &=.�7#�20#&=.F!2!90N��&=0��5�¤~#�-�+&(��1".F!}¨c��12q%.(C�.(�2z/�-.F!91��3����19��0���7#�20E&=.F!"!90��F���#0��
� . �¹� � ' m '=n�m � j�,�0�12q§�*)�H�0����31"q#�B!}q��*C�.:12q#.¤!"���8.��-~#�	,�.(�<0�;@!�12.(7�! �9n�m&� �c
 ��12q-���§�B!9~#7�.(�2,-)�0E&"x�j°q��*){;@1"q#.
�8.F!2!"��H�.F!c���2.p19¨@0:,-)�0E&"xE!¸¨}q-�{)3.:12q#.p0�12q#.(�cq��*){;D���2.�0N�#.�,-)�0#&2x��I4G�R0�~#�}�*)�H�0��9��12q#�%j'.
#N~��*)�>6!G���(.F�R�5.F!2!2��H�.F!
���2.:12� ����!¹;w.(�2�".F�5�3��.F��&"q§&=0��8�	~#�-�+&(��19��0���!912.(7°��?¸q#.(�2.=;w0N�2.�j��-~#���3�#HRq��r)a;c12q#.¤!�12.(7�!(j�1¹¨c0	,-)�0E&"x/�5.F!2!2��H�.F!
���2.	!9.(�-1<¨}q-�{)3.50��#.	,-)30#&"x/�8.F!2!"��H�.F!<���2.	!9.(�-1��-~#�9���#HR12q#.	0�12q#.(�pq��*){;���?¸q#.Byc��12.(�27-�{){)+���¤�*)�H�0N�9��12q#� �-0-.F!
�#0�1I��1"12.(�87#1�120�!9.(���5.
#N~��*)�>6!G���(.F�¦�8.F!2!2��HN.F!^�3�5.F��&2q¦&=0��8�	~#�-�+&(��19��0��R!912.(7°��?cq#.(�2.=;U0��2.�jN12q#.}�#��1 �<1"� ����!G;U.(�
19���8.¦����.F��&"q¼!912.(7��+!8�-.(12.(�"�	���#.F��,-z§12q#.R19���8.R120�12�=����!G;U.(��12q#.¦)+���2HN.F!91	�8.F!2!2��HN.�� ?cq#.(0��".(19�+&(�*){)3z�jc1"q#.
�#��1 �:12�=����!G;U.(�I19���8.p0�;�0�~#�}�*)�H�0N�9��12q#� �d!¸�2.F�-~�&=.F�¦,'zR��¢�� ¨}q#.(�/&=0��87����2.F�8¨¸�31"qB12q���1@0�;�12q#.:y@��12.(�27-�{){)+���
�*)�H�0����31"q#�/��46��. � 7�.(�9���8.(�-1 !5¨c��12q�)+���2H�.R�8.F!"!2��H�.R!G���(.F!(jc¨c.v�N&2q-��.(C�.F� ~#7�120�kF¢#��¢��¥�2.F�-~�&=1��30N�°��
 �31"q
!9�B�r)a)��8.F!2!2��H�.F!(j-,�0�1"qB�*)�H�0��9��12q#�¦!Iq��*C�.p��7#7#�20 � ���B��12.=)�z812q#.<!2���8.p7�.(�9;U0��2�¦����&=.�!¹�3��&=.p12q#.<!91 ���"12>U~#7819���8.
�-0��	������1".F!�1"q#.v�#��1=�R12� ����!G;w.(�:19���8.�� �}12q#.(�	. � 7�.(�9���8.(�'1=�*)}�2.F!9~-)�1 !	���2.¦�2.(7�0N�212.F�Á�3� �^��H�~#�2.�kF¢&�6,
�=j:�9&A� j
����� �¹� �=�

��¢



0 5x106 10x106 15x106

Total Array Size

0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

400.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 28, K = 14, Q = 36 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 5x106 10x106 15x106

Total Array Size

0.0

50.0

100.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 28, K = 14, Q = 36 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 5x106 10x106 15x106

Total Array Size

0.0

50.0

100.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 28, K = 14, Q = 36 on the IBM SP2

Our algorithm
Caterpillar algorithm

0 5x106 10x106 15x106

Total Array Size

0.0

50.0

D
at

a 
T

ra
ns

fe
r 

T
im

e 
(m

se
c)

P = 28, K = 14, Q = 36 on the IBM SP2

Our algorithm
Caterpillar algorithm

(a) Maximum Time (b) Average Time

(c) Median Time (d) Minimum Time
�^��H�~#�2.8kFn �u´�� � ���	~#�/j��*C�.(� ��HN.�j'�5.F�N�d���°j������R� �3�-���	~#�¥�#��1 �:12� ����!¹;w.(�}1��3�5.F!e;w0N� � ���¹��� '*k(� ' nNm&� �

���



for (j=0; j<n1; j++) {
/* redistribution routine */
compute schedule and index set
node_tr[j] = 0;
for (i=0; i<n2; i++) {

if (source processor) { /* source processor */
pack message
ts = MPI_Wtime()
send message to a destination processor
node_tr[j] = tr[j] + MPI_Wtime() - ts

} else {                /* destination processor */
ts = MPI_Wtime()
receive message from a source processor
node_tr[j] = tr[j] + MPI_Wtime() - ts
unpack message

}
}
compute tavg from node_tr of each node
Tr[j] = tavg

}

compute Tmax = max{Tr[j]}, Tmin = min{Tr[j]},
Tmed = median{Tr[j]}, Tavg = average{Tr[j]}
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Our algorithm
Caterpillar algorithm

(a) ℜ4(28,6,36) (b) ℜ16(18,8,78)

(d) ℜ8(40,18,56)(c) ℜ16(30,8,66)
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(b) ℜ16(18,9,78)

(d) ℜ16(30,15,66)
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(a) ℜ16(18,6,78)

(c) ℜ16(18,12,78)

(e) ℜ16(40,20,56) (f) ℜ16(40,25,56)
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for (j=0; j<n1; j++) {
ts = MPI_Wtime()
/* redistribution routine */
compute schedule and index set
for (i=0; i<n2; i++) {

if (source processor) { /* source processor */
pack message
send message to a destination processor

} else {                /* destination processor */
receive message from a source processor
unpack message

}
}
node_time[j] = MPI_Wtime() - ts
compute tavg from node_time of each node
T[j] = tavg

}

compute Tmax = max{T[j]}, Tmin = min{T[j]},
               Tmed = median{T[j]}, Tavg = average{T[j]}
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Note: where,Ls < Q for non all-to-all communication case,  andmi is the maximum transfered data
size in communication stepi.

Non all-to-all communication All-to-all communication
with different message sizes

Data transfer cost
Scheduleandindex
computation cost

Data transfer cost
Scheduleandindex
computation cost

Caterpillar algorithm
[11]

Bipartite matching
scheme [5]
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CYCLIC(2) on P processors CYCLIC(4) on Q processors
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Key Features

Schedule & Index Computation Communication

PITFALLS
[14]

• No communication scheduling
• Index computation using a line segment

formalism

• Node contention occurs
• Does not minimize the transmission cost

BCC
[21]

• No communication scheduling
• Efficient index computation
• Source and destination sets are same

• Node contention occurs
• Does not minimize the transmission cost

Caterpillar
[11]

• Simple scheduling algorithm
• Index computation by scanning the array

segments

• No node contention
• Does not minimize the transmission cost

and the number of communication steps

Bipartite
Matching
Scheme

[5]

• Large schedule computation overhead
Schedule computation time:

O((P+Q)4)

• No node contention
• Stepwise strategy: minimizes the number

of communication steps
• Greedy strategy: minimizes the transmis-

sion cost

Our Scheme • Fast schedule and index computations
Schedule computation time:
O(max(P,Q))

• No node contention
• Minimizes the number of communication

steps and the data transfer cost
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