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Antenna

Input Data
     Calibration and

     Weight     Weight      Doppler

(64)

Tlatenc y = 161.25 msec

(22)
Elements

 (1920)
Range gates

Pulse Repetition
 Inter val

   (FFT’s)(QRD’s)(Vector Dot Pr oducts)

Video-to-I/Q

(FFT ‘s and IFFT’ s)

Performance Constraints:

 Tperiod  = 32.25 msec

Conversion Pulse Compression
(Vector Multiplication and
     Discrete Con volution)

Computation ProcessingApplication

Computation Stages
Computational

Complexity
(MFlops)

Number of
Parallel Tasks

Computational
Complexlity /
Task (MFlops)

Sequential
Execution

Time
(sec)

Sequential
Execution

Time / Task
(msec)

(i) Video-to-I/Q Conversion 79.0 1,408 0.056 4.81 3.42

(ii) Calibration and Pulse
Compression

93.6 1,408 0.067 4.77 3.39

Preprocessing Total 172.6 9.58

(iii) Doppler Processing 21.8 10,560 0.002 1.67 0.16

(iv) Weight Computation 1083.2 128 8.463 40.82 318.91

(v) Weight Application 16.3 128 0.127 0.93 7.27

Adaptive Processing Total 1121.3 43.42

Total 1293.9 53.00
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Machine
Peak

Performance
of a Single Node

Star t-up Time
(µsec)

Transmission
Time per Byte

(nsec/b yte)

IBM SP2
(P2SC)

640 Mflops 40 9.56

Cray T3E
(T3E - 1200)

1200 Mflops 16 5.45
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   FFT’sQRD’s

       Stage 3       Stage 4

Vector Dot Products

       Stage 5

t1 = 3.42

n1 = 1,408

n4

FFT ’s and IFFT’s
 Vector Multiplication and
  Discrete Convolution

n2  = 1,408

t2 = 3.39

t3 = 0.16

n3 = 10,560

t4 = 318.91
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t5 = 7.27

\|"�#%56(A�
r 6|d¡�P/HBX�0->+1I6���`(A��46(A��B������P/H�."Q+1�3+H)���c a6c d�&xE6���1��$6-0/ (.�UT;8 ��+ �.��6 
 ����B�/ (A�Y"7� � B���� Tq=

����� � �����I��� �%��� ��/ !$�).*�H
��)���	� 
 �3���).*/ ��/%#���� &%���
� ��/6����� ���H/

deB�BP56->�>�P$6/H�Y/�# "�C ���RdYa6&�/ 4641��"���/H��"�+%�R"�B
(A��46(A��B.��� ����IM51B�"7�1#{+%56(��X/HBP�3->+1I6���S/ �1IM/>�U]1��IM�%56->EG��(Y+H)�46(A+@N
����B�B�+1(ABL8��Y=0/�(A�3# "�C ���}T« Y56(046(W+%E1����- "�BZ��+ �)��
 ���	� (�� 0 ��
�
�*,��&����������@���/��� 0 
�
'�"&��$���$��
#� ��% & � ���	�������	�
���	
'��%�� �$
5%	� 
���
21$��
�������&����2�+��
����������$� � T`deB�I6��B���(W"?EG��I��U�X$1�;dYa6&«/ 4641��"���/H��"�+%�1Be��+%�1B�"�I6��(A��I{"7�Z�P$1"�B;46/ 46��(h$6/�C��
(A��#%51�7/ (���+%-04651�P/@��"�+%�R/ �1IM��+%-0->56�1"���/H��"�+%�~�m$6/ (./H������(A"�B���"���Bl�P$6/H�
/ (A�0�1�1+Hk;�M/ 46(A"�+%(W",T0ch$%51B�� �P$1�0�P/@BP�_-0/�4�N
41"7�1#g��/��«E6�R46��(�)[+%(�-j��I9/H�>��+%-041"����R��"7->�_+1(>IU56(A"7�1#v46/�(�/H��������/H��# +1(A"��P$6- I6��B."Q#1�«46$6/HB�� T 
M�_4G��(�),+1(�- �X$1�
�P/HBX�3-0/ 4641"7�1#_/H�e�P$1�046/ (�/H�������S/H��# +%(A"��P$6- I6��B."Q#1�M46$6/HB�� TYc�$1��(A�X)[+%(A� ��/n),����(h�P$1�l�P/HBP�3-0/�4641"?�1#{"�B
46��(�)[+%(�->��I��
��/H��$M46(A+1����B�B�+%(e"�B>/HB�B�"�#%�1��Ig/3�156->E6��(�+H)��P/@BP� Bf8 ):(A+1-©�P$1��BP/ ->�>B��P/@# �>+%(h):(W+%-©I6"q����(A�����
B��X/H# ��BP=�T>&�+ B�B."?E1���
��+%-0->56�1"���/H��"�+%�'/@����"�C%"���"���BZk�"��P$M+��P$1��(>46(A+%����B.B�+%(AB0/ (A�3/H��B�+MBX46����"q�U��I')[+%(l��/H��$g46(A+1����B�B�+1(�T �h+ ���Z�P$6/H�l+%�1���
��+%/ (WB��Y#%(�/H"7�M8z�X/HBP�>����C ���7=e46/ (�/H��������"QBX-�"�B���]641�Q+�"Q�.��IL"7�¤��/H�m$ZB.�P/H# � T

d©�P(W"QC1"7/H��B�+ �751��"�+%�J��+R+%56(��P/HBP�¥-0/ 4641"7�1#g46(A+%E1����-y��/��gEG�3+%E1�P/H"7�1��I'E �'-0/ 4641"7�1#M/H�����P$1�3B��P/H#���B
+H);�X$1�
/ 4641��"���/H��"�+%�R+1� ��+Z/>B�"7�1# ���f46(A+1����B�B�+%(tT��S/H��$3IU/H�X/>B����h):(A+1-¨�P$1�
"7�1��+%-j"?�1#{B���i651���1���O+@)�IU/H�X/0B����.B;"�BY/HB�B�"�#%�1��I
��+0/>46(A+1����B�B�+%(�"7�3/>(A+%56�1I1N*(W+%E1"7�Z)�/HBP$1"�+%�}TS!h���1��� �
�¡IU/H�P/lB����.B;/ (A�e��]%����51�.��I3��+%�1��56(�(A���������_E ����46(A+%����B.B�+%(AB�T
c�$1�_(A��BX51�Q�."?�1#¥�P$6(A+%51#%$64651����/ �MB.��/H���_��"7�1��/ (A���'k�"��P$J�P$1�_�156->E6��(l+H)
46(A+%����B.B�+%(AB�TM!h+Hk���C ��(��|�P$1"�B0"�Bf�1+��j/��

���



/H������41�P/�E1�Q�lI6��B�"�#%�3IU51�l��+0�P$1�e)[+ ����+Hk�"7�1#F(A��/@B�+%�1B"6

��T��S/H��$M"7�64651�0IU/@�P/{B����>+H);/_dYa6&�/�4641�Q"���/H�."Q+1�'"�B051BP56/H�����'��+ ���Q�����.��I9E��g/R�%56->E6��(j+H)�B����1B�+%(l������->������B�T
c�$1�
��+ ������������IM"7�64651�YIU/H�X/0->51B���EG�
B������e��+f/�B�"7�1# ���j46(W+%����B�B.+%(�)[+%(e46��(�)[+%(�-j"?�1#3/H�����P$1�
��+%-�4651�P/H��"�+%�1B�T
c�$1"�Bf-0/D�g"7�1��56(Z/R�7/ (A# �3��+1-0->56�1"Q��/@��"�+%�'+HC ��(�$1��/@I���EG����/ 51B��_�X$1�3"?�64651�3IU/@�P/{B�"�K��_"�Bf�7/ (W# �_/ �1I«�X$1�
��+%-0->56�1"���/H��"�+%�{B�����41Bh):(W+%-©�X$1�OB.���1B�+%(ABY/ (A�>B���(A"7/H��"�K���I�T�9}��� ��� ����� I6���1+����>�P$1�>��"7->�l),+%(hB����1I6"7�1#_�X$1�
"?�64651�3IU/@�P/M��+��Q����������I�E��'�P$1�RB����1B�+%(�������->��� �.B_��+'/g46(W+%����B�B.+%(�T 9}����� 
 � ��� ����� � ��� ���	� E6�M�X$1�
��+ �P/H����"7->��),+1(e��+%-0->56�1"���/H��"�+%�J/ �1Ig��+1-04651�P/H��"�+%�¥51B�"7�1#~/¤B�"7�1# ���F46(W+%����B�B.+%(�T!9}����� ��

� � � � I6���1+����f�X$1�
(A��BP51����"7�1#«46��(A"�+1I�T�ch$1���}��"q) �y46(A+1����B�B�+%(WBF/ (W�~51B.��I��	� ��
�� � � �3��/ �xEG�L��+1-04651����I�/HB�� �� T ��+ �.�_�P$6/H�
� ��
�� � � ��� � � ����� T�u��R��/HB�� � � ������� ���������� �}�X$1���}��46(A+%����B.B�+%(ABek�"����|"QI6��� ��IU51�>��+Z�P$1�>�?/@���
IU/H�X/0I6����"�C ��(A�
):(A+1-¨�P$1�
B.���1B�+%(ABe��+0�P$1�>46(A+1����B�B�+%(ABDT�c�$1��(A�X)[+%(A� ���?/�(A# ��� � ����� "�BY56�1I6��B�"7(�/ E1��� TY\�+%(���]6/ -041��� �}��+%�1B�"�I6��(
�P$1�
�`c a6c dY&«E6���1��$6-0/ (.�0I6��B���(W"?EG��IR"?�{a1������"�+%�_�GT7� T`ch$1�
IU/H�P/l��56EG�
B�"�K��
"�B
�D�6T�	lVME �1����B�T�deB�BP56->"7�1#
/ �'"7������(A��+%�6�1������"�+%�¦�1���*k�+%(.��8zBP51��$«/HBZ�P$1�R+%�1�M51B���Ix"7��u��<V a6&<� =Z"7�«ke$1"Q��$w�P$1�RB��P/ (W�AN*564'��+ B.�f"�B
/ 4646(A+H]%"7-0/@������� �%� �}B����O/ �1I3�X$1�;�P(./ �1BP->"�B�B�"�+%�3(./H���e"QBe/ 4646(A+H]%"7-0/@�������L�����
VME��%�.��BP�U8zB���� 
«46(A+1����B�B�+%(.=�T
� � ������� ����� � B���� T���� � � B.���Y"QB�C ��(W�O�7/ (W# � TS!h���1��� �%�X$1��46(A+1����B�B�+1(AB�k�"��Q��EG�;"�I6���
"q)`k��e�P(A�>��+O-j�������X$1�
�P$6(A+%51#%$64651�
(W��i^51"7(A��->������T>\}56(A�P$1��(�->+1(A� � � � ����� /H��+%�1�j):/ (e��]1������I6B
�X$1�0I6��B�"7(A��Ig4G��(A"�+%I�8[p �6Tq� r � B�����=
BP46����"q�U��I'"7�R�P$1�fEG���1�m$6-�/ (��RBP51"���� TZc�$1��(A�X)[+%(A� � �P$1"�B
I6��B�"�#%�¥��/ �M�1��C ��(�BP/H��"�BA)[�R�P$1�0# "�C ���~�P$6(A+%51#%$64651�
(A��i^51"7(A��-j��� ��T

�GT�d��¤��� ��"7(A�l"7�64651�;IU/H�X/>B����;->51B��;EG�>B���+%(A��I3"7�{/0B�"7�1# ���0�1+1I6� T��<��B�"�I6��BY�P$1�l"?�64651�eIU/H�P/G�6�P$1��(A�>/ (A�YB�+%-j�
IU/H�P/ZB��P(.51���P56(A��BY# ���1��(�/@����IRIU56(A"7�1#L�X$1�O��]1����51��"�+%�¥+H)��X$1�f/ 4641��"���/H��"�+%�}TZ\�56(A�X$1��(�->+%(A� ��-j��->+%(A�RE65�����(
BP46/H���Y"�B��1����I6��I{)[+%(�(A������"�C1"7�1#3�P$1�Y"7�1��+%->"7�1#3IU/H�P/>B.����B�TSc�$1��(W�X),+%(W� �6�P$1�
/ EG+nC��YB�+ �751��"�+%�_(W��i^51"7(A��BY�7/ (A#��
->��->+%(A�l"7�>��/H��$046(A+1����B�B�+%(�T�dw�P/HBP�l-0/ 4641"7�1#O(A��i651"7(A"7�1#0/Y�7/ (A# ��->��-j+%(A�
BX46/H����"�B��1+ �|I6��B."?(./ E1���e),+%(��X$1�
���?/@B�B�+H)�d�a6&J/ 4641��"���/H��"�+%�1Be��+%�1B�"�I6��(A��I_$1��(A� T|u��Z/HI6I6"���"�+%�}�6IU51�e��+lB�"�K�� �U46+Hk���(��%/��1I0k���"Q#1$ ����+%�1B��X(�/H"7� �.B��
"�)��P$1����+ �P/H�|->��->+1(A�M(A��i^51"7(A��IJ"7�R�P$1�f/�4641�Q"���/H�."Q+1�J��]%������I6B>�P$1�0��/�46/H��"��*�R+H)��P$1�0��+1��/H��-0/@"?�¥->��->+%(A� �
�P$1���Z�P$1�
46��(*),+%(.-0/ �1���
kh"Q����BP5�����(�IU51�Y��+0��]1����B�B�"�C �lI6"�BP�3/H������B�B���BDT

pGT��
51����+Y�P$1��B.��i^51������"7/H��46(W+%����B�B."?�1#0/ �1I�IU51����+Y�P$1�;/�E6+HC ��+HC ��(�$1��/@I6B��H�P$1�;(A��BX51�Q�."?�1#>�7/H�����1���Z-0/D�OE6�h��+%+
$1"Q#1$}T`\�+%(���]6/ -041��� � "7�>\|"�#%56(A���U���P$1��B���i651��� ��"7/H�6��]1����51��"�+%�>�."?-j��),+1(`��c a6c�dY&JE6���1��$6-0/ (��l(�56�6�1"7�1#O+1�
a656�47����P(./ a6&�d���2J"�B�r peB.����+%�1I6B|k�"��P$1+%51�|��+%�1B."QI6��(W"?�1# � � ����� T|r p�B.����+%�1I6BS"�BS�.+%+Y$1"�#%$>��+
EG�;/H������41�P/ E1���
),+%(<�P$1"�BY/ 4641��"���/H��"�+%�}T�c�$1�OEG���1�m$6-0/�(��ZBP46����"q�U��B
/l�7/H�����1���3+H)�� �6��T�� r � B���� T

c�$1��(A�X)[+%(A� �G"?�¤�P$1�
(A��-0/@"?�1I6��(h+H)|�P$1"�B;46/ 4G��(��U�X$1�
/ E6+HC �Y�P(W"QC1"7/H�`-0/�4641"?�1#Z"�B;�1+ ����+1�1B�"�I6��(A��I�T

��p



� �������
�������	� ?
�/A�� ?�
�
>�X�CB���
�

��� ?�
������

&S(W��C%"�+%51B���� �eB���C ��(./H���X��+%(A��BZ$6/�C��L/HI6IU(A��B.B���Ix�P$1�R�P$6(A+%51#%$64651�Z+%41��"7->"�K�/H�."Q+1�946(W+%E1����- o��6�����1����	ts*T¡u��w�P$1"�B
B�������"�+%�}�Gk��YI6��B.��(A"7E6�>�P$1+ B��
/�4646(A+%/H��$1��B;/ �1I3"����751B��P(�/H�.�O�X$1��"?( �Q"7->"��P/@��"�+%�1B�T

d *,���/����
 ��� ��&"% �������!��� ����* $6/HB�EG�����0k�"�I6�����351B���I>)[+%(S46/ (./H���Q����"�K�"7�1#fdYa6&J/ 4641��"Q��/@��"�+%�1B�T�u����P$1"�B -j+%I6���[�1��/H��$
��+%-04651�X/H��"�+%�RB��X/H# �0"�BO-�/ 4646��IJ+%����+_/3I6"�B[�A+ "7� �>B����l+H);46(A+1����B�B�+%(ABDTfc�$1�Z+%51�P4651�lIU/H�P/�)�(A+%-��X$1�f46(A+1����B�B�+%(AB
/HB�B."Q#1�1��I«��+g/¥B��P/@# �f"�BZ)[��I')[+%(Ak�/ (AIJ��+M�X$1�L46(A+1����B�B�+%(WBf/HB�B�"�#%�1��Iw��+M�P$1�R�1��]%�ZB��P/@# � T«c�$151B�����+%�1��56(�(W���1���
/ ->+1�1#3�P$1�>B��P/H# ��BY"�BY��]641��+ "�����I�Tfa656E6$1��+%��������TO/@�,T3oq���1����	tsS��+%�1B�"�I6��(A��IJ�P$1�f46(A+1����B�B�+%(Y/@B�B�"�#%�6->�����
46(A+%E1����-
)[+%(>/ 4641��"Q��/@��"�+%�1B3�P$6/H�>��+%�1B�"�B���+H)�/{B���i651���1���_+@)���+%-�4651�P/H��"�+%�JB��X/H# ��B_8z��/H������I«IU/H�X/L46/�(�/H���������P/HBP��B>"7�'�P$1��"7(
�1+ �P/@��"�+%�6=��651B�"7�1#f�X$1�
/ E6+HC �e��"?�1��/�(���]1����51��"�+%�_-j+%I6���[T�c�$1�Y��]%����51�."Q+1�3��"7->�l+H)�/>B��X/H# �e"QBh# "�C ���_/HB�/l)�56�1����"�+%�
+H)��P$1�;�156->E6��(�+H)`46(A+%����B.B�+%(AB�/HB�B�"�#%�1��I0�.+
�P$6/H�|B.�P/H# � T d;��B�+U�1�P$1�h��+%-0->56�1"���/H��"�+%����"7->�;E6���Ak������>�Ak�+
/HIH��/H����� �
B��P/@# ��Bf"�BR->+%I6������I�/HB3/¥):56�1����"�+%� +H)O�P$1�M�156->E6��(3+@)j46(A+1����B�B�+%(WB_/HB�B�"�#%�1��I��.+g�P$1��B.�MB��P/H#���B�T�d I6�6�6/ ->"��
46(A+ #1(�/ -0->"7�1#0/ 4646(A+1/H�m$Zk�/HB�51B���IZ)[+%(<+%41��"7->"�K�"7�1#3�P$1�Y�P$6(W+%51#%$64651�
8z+%(<�7/H�����1���6=�E6/HB���I3+1�Z�P$1"�B;->+1I6���,T�c�$1"�B
������$6�1"�i^51�>46(A+%IU51����Be+%41��"7-0/@���X$6(A+%51#%$64651��ke$1���3�P$1�Y��"7�1��/ (h��]%����51��"�+%�{->+1I6����"�B;51B���I�TSc ���m$6�1"�i651��BY"7�1���?51I6"7�1#

&"*,%�������
������ / �1I 
'�'
�*,��&����������4� 1��$���$� �$� k���(A��/@�QB.+�51B���I�T<u��l+%(AI6��( ��+Y(A��IU51�����P$1��$1"Q#1$
��+1-041����]%"��A�
+H)U�X$1��I6�6�6/ ->"��
46(A+ #1(�/ -0->"7�1#;/@�Q#�+%(A"��P$6-3�H/<)�/HB���#%(W����I6�;B�+��?51�."Q+1�
k�/HB�/H��B�+eI6��C ����+%4G��I�TSc�$1���
/ (A#151�|�P$6/H�}�P$1�S#1(A����I6�
/H��# +%(A"��P$6-
# ���1��(�/@�Q���_46(A+1IU51����Be+%41��"7-0/H��+1(��1��/ (�+%41�."?-�/H��-0/ 4641"7�1#UT

2�$1+%51IU$6/�(A�R����T3/H�[TMo��ts���+%�1B."QI6��(W��I'+%41��"7-0/H��46(A+%����B.B�+%(
/@B�B�"�#%�6->�����O46(A+1E1�Q��-jBOke$1���g/¤B���i^51���1���Z+H)�IU/H�P/
B�����Bl"�Bj46(W+%����B�B.��IvE��g/3��+��Q��������"�+%�J+@) ��+1-04651�P/H��"�+%�~B��P/H# ��B38z��/H������I'�P/HBP��BY"7�J�P$1��"7(
�1+ �X/H��"�+%�6=�T3c�$1�346(A+%E1����-
"�BY��+Z+%41��"7->"�K��0�P$1�>�7/H�����1���«8z�P$6(W+%51#%$64651�P=hk�"��P$R/0#�"QC����_�X$6(A+%51#%$64651�f8z�7/H�.���1���^=Y(A��i651"7(A��->������T
c�$1���R/HB�BP56-j�
�P$6/H�>�P$1�Z"7� �.��(�N�B��P/H#��fIU/H�X/_I6��4G���1I6���1���{),+%(.->B0/_B.��(A"���BAN*46/ (�/H�������Y46/ (A��"7/H��+%(AI6��(tTM�S/H��$MB.�P/H# �Z"�Bf/HB�BP56-j��Ig��+
E6�3-0/ 464G��I'+%����+_/3I6"�B[�A+ "7� ��B����
+H);46(A+1����B�B�+1(AB�T_c�$1�Z��]1����51��"�+%�M�."?-j�f+H);/¤B��P/H# ��"QB># "�C ���J/HB0/Z)�56�1����"�+%�¥+H)
�P$1�f�156->E6��(�+H);46(A+%����B.B�+%(AB
/HB.B�"�#%�1��Ig�.+3�P$6/H�YB��P/@# � Tfc�$1���M/HB.BP56->��IM�P$6/@�Y�P$1�0��+%-0->56�1"���/H��"�+%�¥��+ B��Y��/��ME6�
"7�1��+%(�4G+%(�/H����Iw"7� ��+¥�P$1�_��+%-�4651�P/H��"�+%�J��"7->� Txc�$1���«/H��B�+¥I6��C ����+%46��I�/RI6�6�6/ ->"��L46(W+ #%(�/ -�->"7�1#MB�+ �751��"�+%�v),+%(
+%E1�P/@"?�1"7�1#3�P$1�>46(A+1����B�B�+%(�/@B�B�"�#%�6->������T�
�$1���R/ �3dYa6&x/ 4641��"Q��/@��"�+%�{k�"��P$_/�B���i651���1���O+@)S��+%-04651�P/H�."Q+1�3B��P/@# ��B
"�B;-0/ 464G��I3+%����+O/l# "�C ���ZB�����+H)|46(A+%����B.B�+%(AB��1�P$1��"7(�/�4646(A+%/H��$0"�B�B."?-j"Q�7/ ( ��+>�P$6/H�S"7�¥o����1�6��	ts*T|!�+Hk���C ��(����P$1���fI6+
�1+ ����-�41�Q+H�Z���751B�����(A"7�1#3+%(�(W��41�Q"���/H�."Q+1�3+H)|B��P/H#���B�T

c�$1�Y������$6�1"�i^51��BY"7�¥o����1�U��	ts�/ �1IMo �Ds`/HB�BP56->�Y�X$1�Y)[+ ���Q+Hk�"7�1#�6

��T�d�I6"�B[�A+ "7� �eB�����+@)�46(A+1����B�B�+%(ABh"QBY/HB�B."Q#1�1��I_��+>��/H��$3B��X/H# � T
�GT�d;���S�X/HBP��B
"7�g/¤B��P/H#��O��/��ME6�Z��]%����51�.��Ig+%�¥+%�1�0+1(
->+%(W�j46(W+%����B�B.+%(ABO/��1Ig�P$1����]%����51��"�+%�¥��"7->�Z+H)���/H��$

B��P/H# �e"�B�/O):56�1����"�+%�¤+H)`�P$1�>�%56->EG��(�+H)S46(A+%����B.B�+%(AB;/@B�B�"�#%�1��I_�.+O�X$1�
B��P/@# � T

� �



1

TimeP
ro

ce
ss

o
rs

 T1

    2

   T2C12

1
TimeP

ro
ce

ss
o

rs

 T1

     2’

        T2
’C12

’

1

    2’

      T2
’C12

’

Period = T2  + C12 Period  =

PS1

PS2

PS1

PS2

(b) Task  mapping  with  replication(a) Task  mapping  without  replication

 T2
’ + C12

’

2

:  Stage 1 :  Stage 2

 :  Communication Between
Stage 1 and Stage 2

\|"�#%56(W� � 6S!h"QI6"7�1#_/ �1I_/�->+%(A��"�K�"7�1#0��+%-�-O56�1"���/H�."Q+1�3��+ B��e51B�"7�1#F(A��41��"���/H��"�+%�

�|C����
�X$1+%51#%$Y�X$1���
k���(A��->+ ��"�CH/H����I0E �YB."Q#1�6/H�U/ �1I>"7-0/H# ��46(A+1����B�B�"7�1#
/ 4641��"���/H��"�+%�1B��1�P$1��"7(��P/@BP�Y->+1I6���6I6+%��BS�1+ �
��]641�Q+�"Q���P$1�h)�/H���S�P$6/@�|�P/HBP��BS"7����/H�m$jB��P/H# �h��/ �0E6�e"7�1I6��46���1I6������T�c�$1��(A�X)[+%(A� ���P$1���>I6+0�1+ �|��+%�1B�"�I6��(�B���$1��IU51��"7�1#
+H)|"7�1I6��46���1I6�����Y�P/HBP��B�"7�_/>B.�P/H# � T

2��751B�����(W"?�1#3/ �1IR(A��41��"Q��/@��"�+%�{+H)�B.�P/H# ��B;/�(A�Yk����Q���%�1+Hk;�Z������$6�1"�i^51��Be)[+%(�"7-046(W+nC1"7�1#f�X$1�Y�P$6(A+%51#%$64651�Y46��(*),+%(*N
-0/ �1���Y51B�"7�1#>�P$1����"7�1��/ (���]1����51��"�+%�3->+1I6���[TSu����P$1�eB��P/H# �����751B�����(W"?�1#������m$6�1"�i651� �U/HIH��/H�������SB��P/@# ��BS/ (A�e���751B�����(A��I
"7� �.+j/>->+1IU51��� TSa651��$3/O-j+%IU51���Y"�B�-0/ 4646��I3+1� ��+>/lB�����+H)`46(A+%����B.B�+%(AB�T<uz)`�P$1�e���751B�����(A��I3B.�P/H# ��B�$6/�C��;�P$1�eBP/ -j�
IU/H�P/l�7/D� +%51���G�P$1��"7(�IU/H�P/>�X(�/ �1BA)[��(�E6���Ak������Z�P$1��B��
B.�P/H# ��B�"�B;�1+ �;�1����I6��I�T� e�P$1��(Akh"QB.� �U�P$1�
46(W+%����B�B.��I_IU/H�P/l"7�_/
B��P/@# �;"�Bh),��IRE6/H���L8[(W��-0/ 4646��IU= ��+0�P$1�YBP/�->�YB�����+H)|46(A+%����B.B�+%(AB�)[+%(���]1����51��"7�1#Z�P$1�O�1��]1��B��P/@# � T

����41��"���/H��"�+%��������$6�1"Qi651����/ �>/H��B�+YE6�;51B���I>��+e"7-046(A+HC �<�P$1�S�P$6(W+%51#%$64651�S46��(*),+%(.-0/ �1���S+@)�/ �>/ 4641��"Q��/@��"�+%�051B�"7�1#
�P$1�0��"7�1��/ (l��]1����51��"�+%�'->+1I6���,T3u��M�P$1"�Bl�����m$6�1"�i651� �S/3B.�P/H# �>"�BO(A��41��"���/H����I'BX51�m$R�X$6/H�O/¤B���i^51���1���Z+H)�"?�1��+1->"7�1#
IU/H�P/�B�����B�51B��e�P$1�;(A��41��"���/H����I{"7�1B��P/ �1����B�+H)��P$1�eB��P/H#���"7�3/
(A+%56�1I3(A+%E1"7��)�/HBP$1"�+%�}T|c�$151B��1"7�1B�����/HIZ+H)�/HB.B�"�#%�1"7�1#j/
�7/ (A# �
�156->E6��(�+@)�46(A+1����B�B�+1(AB���+f/lB��P/H#�� �^->51����"741���>"?�1B.�P/ �1����B�+H)|�P$1�YB��X/H# �Y/ (A�Y��(A��/H�.��IF51B�"7�1#3/>BP-0/@�Q���156->E6��(
+H)S46(A+1����B�B�+%(ABDT�� ��41�Q"���/H�."Q+1�R"�B;�X��������"�C �Y"7�3�X$1�e),+ ����+Hk�"7�1#f��/@B���B"6

��T�u��>dYa6&g/�4641�Q"���/H�."Q+1�1B��1�P$1����+%-04651�X/H��"�+%�6/H�U(A��i651"7(A��->������BS+@)�/HIH��/H�������|B��P/H# ��B|��/��0E6��B."Q#1�1"��U��/�� �����0I6"q����(�N
��� ��T|c�$151B����P$1�;�156-OEG��(|+H)`46(A+1����B�B�+1(AB�/HB.B�"�#%�1��If�.+Y�P$1�;B.�P/H# ��BS-0/D�lCn/ (A�>B�"�#%�1"q�U��/ ������� T�c�$1"�B -�/��l��/ 51B��

��r



/
�7/ (W# �Y��+%-0->56�1"���/H��"�+%�¤+nC���(�$1��/HI_E6���Ak������Z�P$1��B��YB.�P/H# ��B��6EG����/ 51B��O/j�?/�(A# �
�156-OEG��(�+H)|��+%-0->56�1"���/H��"�+%�
B�����41B
/ (A�>"7��C + ��C ��I�T0����41��"���/H��"�+%�¥��/ �M(A��BX51�Q�l"7�M/ZBP-0/H������(
�156->E6��(e+H)���+%-0->56�1"���/H��"�+%�RB.����41B��`EG����/ 51B��
�P$1�0�%56->E6��(e+@)�46(A+%����B.B�+%(AB
/HB.B�"�#%�1��IR��+f�X$1+ B��>B��P/H#���B�/ (W�O->+%(W�OE6/H�7/ �1����I�T>c�$151B��}�P$1�>��+%-0->56�1"���/H��"�+%�
��+ B���"�B;(A��IU51����I�T<\�56(A�P$1��(.->+%(A� �1�P$1�Y��+%-�-O56�1"���/H�."Q+1�3��+ B���"�B;/ -j+%(A��"�K���I3+HC ��(�->51�Q�."?41���>"7�1B��P/ �1����Bh+H)��X$1�
(A��41��"Q��/@����I'B��P/H#�� T3\|"�#%56(A� �v8:/ =YBP$1+Hk�B>/3�P/@BP�M-0/ 4641"7�1#Rk�"��P$1+%51�0(A��41��"���/H��"�+%�}TJ!���(W� � � � � � 
�T_c�$1�
46��(A"�+1IJ),+%(l�P$1"�B>��"7�1��/ (f41"74G���Q"7�1�R"�B�� ������
 �D�|k;$1��(A����
 �jI6���1+ ����B0�P$1�Z��+%-0->56�1"���/H��"�+%�J��+�B��OEG���*k������
a1�P/H# �_�3/ �1I«a1�X/H# �3�6T_\|"�#%56(W� �v8:E6=YBP$1+Hk�B0/{�P/HBP�R-0/�4641"?�1#¥k�"��P$'(A��41��"���/H��"�+%�}Tgch$1�_46��(A"�+1I'+H);�P$1"�B
41"?4G����"?�1�3"�B �������
	 � ���� �`/HB�BX56->"7�1# �����
��	 � ���� � � 
 ����
 ���[T �h+ ���>�P$6/H��� 
 ������/ �RE6���Q��B.B
�P$6/ �{+%(e��i656/H�|��+
��
 ��T�c�$1"�Be��/ �_$6/�4646���{B�"7�1���
�P$1�>�%56->EG��(�+H)S46(A+1����B�B�+%(WB�51B���I¤),+1(�/ �3"7�1B��X/ �1���
+H)Sa1�P/H#��O�>"�Be+%�1���_$6/H�q)
+H);�P$6/H��"?��\|"�#%56(A� �«8[/�=�T'c�$%51BD�S�P$1�_�156->E6��(�+H);��+%-�-O56�1"���/H�."Q+1�'B�����41B���+g46��(*),+%(.-y�P$1�3"7� �.��(�N�B��P/H#��
��+%-0->56�1"���/H��"�+%�>"�B�(A��IU51����I�T|\}56(A�P$1��(�->+1(A� �H�P$1����+%-�-O56�1"���/H�."Q+1�0��+ B.�;8���
 ���Q=�),+%(�+1�1��"7�1B��P/ �1���e"�B�$1"�I6I6���
/ �1IM�P$1�Z��+%-0->56�1"���/H��"�+%�J��+ B.�Y)[+%(Y�P$1��+ �P$1��(l"7�1B��P/ �1���Z"�Bj/�->+%(A��"�K���IJ+HC ��(Y�Ak�+3"7�1B��P/ �1����B�TRc�$1��(A�X)[+%(A� �
��/H�m$Z"7�1B��X/ �1���O46/D�1B;/>��+%-0->56�1"���/H��"�+%�¤��+ B���+H) 	 � � �� +1�1�Q� T

�GT�a1+%->�Y��+%-04651�X/H��"�+%�6/H�����_I6��-0/��1I6"?�1#3B.�P/H# ��B�-0/D�3$6/�C��O/>��+Hk�I6��#%(A���l+H)�46/ (�/@�Q������"�BP-3�}"[T�� T7�G�P$1�
BP4G����I1N*564
��56(AC �
"�BeBP56E�N���"7�1��/ (�T
u��3BP51��$R/>B�"��P56/H��"�+%�}�}�X$1�O46(A+1����B�B�+%(WB�/HB.B�"�#%�1��I_��+Z�P$6/H�hB��P/H# �Ykh"Q���S�1+ �YE6�>51��"���"QK���I
�
�f��"���� ����� T¡����41��"Q��/@��"�+%�x��/ �wE6�M51B���I«BX51�m$��P$6/H�0��/H��$'IU/@�P/RB����Z"�BF46(A+1����B�B���I�E��«/RBP56E1B����Z+H)Y�P$1��B��
46(A+%����B.B�+%(AB�T|c�$1"�Be��/ �Z"7-046(A+HC �Y�P$1�>46(A+1����B�B�+%(�51�."Q��"�K�/H��"�+%�}T

\U+1(S/l# "�C ���Z�%56->E6��( +H)`46(A+%����B.B�+%(AB��6(A��41��"���/H��"�+%�Z��/��0"7�1��(A��/HB.�Y�P$1�;B.�%B��.��-��X$6(A+%51#%$64651���1$1+Hk���C���(�� "��;(A��BX51�Q�.B�"7�
/>�7/ (A#���(��7/H�����1���3��+%-046/�(A��I3k�"��P$Z�P$1�l��/HB��Yk;$1���{(A��41��"Q��/@��"�+%�{"QBe�1+ �;51B���I�T

\|"�#%56(A� �Z"����?51B.�P(�/H����B>CH/ (A"�+%51B
�X/HBP�3-0/ 4641"7�1# B>51B�"7�1#_�P$1���Q"7�1��/ (���]%����51�."Q+1�g->+1I6���|k�"��P$M/��1ILkh"Q�X$1+%51�
���751BAN
����(A"7�1#3/ �1IL(W��41�Q"���/H�."Q+1�R+H)|B��P/H# ��BDT�u��3�P$1"�BY��]6/ -041��� ��/��Ak�+HN�B��P/H#���/ 4641��"���/H��"�+%�{"�BY-0/ 4646��IR+%����+ ��46(A+%����B.B�+%(AB��
k;$1��(A� 	 
 ��rG� 	���� �Z/ �1I�


 �¢�YB�����+%�1I���
 � �¢�YB�����+%�1I�T�\�+%(��P$1�lBP/ �H�Y+H)|B�"7-041��"���"��*� � k��
/HB�BP56->�l�P$6/H���X$1�
��+%-0->56�1"���/H��"�+%�~��+ B��
E6���Ak������{�P$1�0/HIH��/H����� �YB.�P/H# ��Be��+_E6��K���(A+UTYdeB
I6"�B���51B�B.��IM"7�Ma1������"�+%�M�6T �U�}�P$1�>B�+ �751��"�+%�
�P$6/H��-0/ 41B�/H�����X$1�O�����P/HBP��BS"7�Z+%�1�e"7�1"���"7/H��"�+%�Z+%����+O/�B�"7�1# ���
46(A+1����B�B�+%(<"�B��1+ �S��+%�1B."QI6��(W��I�TS\|"�#%56(A� �38[/ =�BP$1+Hk�B
�P$1�f-�/ 4641"7�1#~51B."?�1#{�P$1�0��"7�1��/ (l��]%����51�."Q+1�'->+%I6���|kh"Q�X$1+%51�
���751B�����(W"?�1#M/ �1I'(A��41��"���/H��"�+%�}T3a651��$g/{-0/ 4641"7�1#_"�B
+%E1�P/@"?�1��IME��3�P$1�
�.���m$6�1"�i651��BO46(A+%4G+ B���IR"7�Jo��ts*T�\|"�#%56(A� �L8:E6=;/ �1I'8z��=hBP$1+Hk��P$1�>-0/ 4641"7�1#3k�"��P${���751B�����(A"7�1#3+%(
(A��41��"���/H��"�+%�}T��<+ �P$>+H)��P$1��-¢(A��BP51����"7�f/��P$6(A+%51#%$64651��+H)`�6Tqp p �HB���� T \|"�# �f8,IU=|BP$1+Hk�B�/
-0/ 4641"7�1#>k�"��P$>���751B��.��(A"7�1#
/ �1I_(A��41��"���/H��"�+%�}T�u[�e(A��BP51����B�"7�_/l�P$6(W+%51#%$64651��+H)|�6T �%p �@B���� T|c�$1��B��
-0/ 4641"7�1# Be/ (A�Y+%E1�P/@"?�1��I_E��Z�P$1�;�.���m$6�1"�i651��B
"7�Ro����1�6��	Ds*T|!h+Hk���C���(�� �P$1�e+%41��"7-0/@���X$6(A+%51#%$64651���P$6/H����/ �3EG�
/H��$1"Q��C���IZ),+%(<�P$1"�B�/ 4641��"���/H��"�+%�¤"QB �

� ����� � � � � ��� �
�

�
� �
�

�¨�6T�r �@B���� T 
M�>k�"����SBP$1+Hk¡"7�RB�������"�+%�1B �_/ �1IMrZ�P$6/H�ek��>��/ �{"7-046(A+HC �>�P$1��"7(�B�+ �751��"�+%�1BO/��1I~/@�m$1"���C �0�X$1�
+%41��"7-0/@���P$6(A+%51#1$64651��),+1(S�X$1"QBe��]6/ -041��� T

� �



1 21
1

1
1

2
2

2
2 2
2

1 2

1
1
1
1

2

2
2
2
2
2

1

2

1
1

1
1

2

22
2 2
2

1

2

1
1

1
1

2
2

2
2 2
2

2 2
2

2
2 2
2

1 1
1

1
1

1 2

1
1
1
1

2

2
2
2
2
2

2 2

22
2 2
2

1 1
1

1
1

(a) Linear pipeline

(b) Linear pipeline (clustering)

(c) Linear pipeline (replication)

Time

P
ro

ce
ss

or
 ID

Time

Time

P
ro

ce
ss

or
 ID

P
ro

ce
ss

or
 ID

Throughput=0.33/sec

Throughput=0.33/sec

Throughput=0.33/sec

       Unused

21

21

First Initiation

Second Initiation

Computing Power

n1 = 5
t1 = 1 n2 = 7

t2 = 1

Stage 1 Stage 2

Given Application

Task Mappings

1 21
1

1
1

2
2

2
2 2
2

(d) Linear pipeline (clustering and replication)

Time

P
ro

ce
ss

or
 ID

Throughput=0.43/sec

1 21
1

1
1

2
2

2
2 2
2

21

  Third Initiation

\|"�#%56(A� � 6 �S/ (A"�+%51Be�P/HBP��-0/ 4641"7�1# BY51B�"7�1#f�P$1�Y��"7�1��/ (e��]1����51��"�+%�_-j+%I6����kh"Q�X$3���751B�����(A"7�1#3/ �1IL(W��41�Q"���/H�."Q+1�

� �



� � �������S
<�Y�}���Y� � �l	����

u��l�P$1"�B�B�������"�+%�}��k���46(A+%4G+ B���/e�1��kJ��]%����51��"�+%�>->+1I6���1)[+%(�-0/ 4641"7�1#
/ ��d�a6&¥/ 4641��"Q��/@��"�+%�l+%� �.+�/e!;&<2g41�7/H�W),+%(.-3T
c�$1��46(A+%4G+ B���I0��]1����51��"�+%�0-j+%I6���6"�BSE6/HB���I>+%�l+%56(��X/HBP�Y->+1I6���6I6�X���1��I0"7�0a1������"�+%�0�GT�p6T`ch$1����]1����51��"�+%�0-j+%I6���6"�B
(A��/H��"�K���I_51B�"7�1#O/�������$6�1"Qi651�e��/H���Q��I �$���$� �.
���
������������/����� T|c�$1�;EG���1�X�U��B�/ �1I0�P$1��+HC ��(.$1��/HI6BS"7��"?-�41�Q��-j��� ��"7�1#0�X$1�
�1��k���]1����51��"�+%�_-j+%I6���`/�(A�
/H��B�+0I6"�B���51B�B.��I�T���/HB���I3+1�Z�P$1"�B��1��k�-j+%I6���[�U/ �Z+141��"7-0/H���P/@BP�0-0/ 4641"7�1#3/H��# +%(A"��P$6-
51B�"7�1#ZI6�^�6/ -j"Q�>46(A+ #%(./ -0->"7�1#0"�B�I6��(A"�C ��I�T

�'��� 0"
��H& �H���3#��
	%�3
 �4� ���H/ � �'#	�3�

deB3I6"QB.��51B�B���I¡"?�¡a1������"�+%��pG�;�X$1�~/�4646(A+%/H��$�51B�"7�1#«�X$1�L��"7�1��/ ({��]1����51��"�+%��-j+%I6���
-0/D�x(A��BP51���_"7�x"7�1�
�f��"������
46(A+1����B�B�+%(<51��"���"QK�/@��"�+%�ZIU51�;�.+O56�1E6/H�7/ �1����I3k�+%(����Q+1/HI�T|c�$%51BD� �P$1���X$6(A+%51#%$64651�<+H)��P$1��(W��BP51����"7�1#j41"74G���Q"7�1�>I6��B�"�#%�
-0/D�M�1+ �OEG�3+%41��"7-0/H�[TR�<�M���751B�����(A"7�1#g/ �1I'(A��41��"���/H��"7�1#MB��X/H# ��B����P$1�Zk�+%(����Q+1/HIg56�1E6/H�7/ �1���3��/ �JE6�3->"���"�#%/H����I
��+3B�+1->�>��]%��������T>!�+Hk���C ��(���/@BYBP$1+Hk;�{"?�¥�P$1�>��]6/ -041���f"7�Ma1�����."Q+1�Mp6���X$1��B��>�*k�+Z������$6�1"Qi651��B0/ (A�0�1+ �
/H��k�/D�%B
�X��������"�C �
"7�¤+%41��"7->"�K�"7�1#f�P$1�l�P$6(A+%51#1$64651��T

 Y56(e�1��k���]%����51�."Q+1�L-j+%I6����"�B;I6�X���1��IR��+>��]641�Q+�"Q�Y�X$1�
"7�1I6��46���1I6�����O/H���."QC1"���"���B�/�->+%�1#0�P$1�l�P/HBP��B�+H)�/>��+%-ON
4651�P/H�."Q+1�JB��P/H# � T �h+ ���Z�P$6/H�D�|��/H��$M�P/@BP�R"�Bf-0/ 464G��I'+%����+R��]^/H���.�Q�J+%�1�_46(A+1����B�B�+1(
"7�J+%56(j��]%����51��"�+%�'-j+%I6���[T
c�$1��(A�X)[+%(A� � +%�1���M�P/HBX�_����C ���Y8z��+%/ (WB��XN�#%(�/H"7�6=l46/ (�/H��������"QBX-y"�BO��]641��+ "�����I�T_u��M�P$1���Q"7�1��/ (j��]%����51��"�+%�J->+1I6���[�|��/H��$
��+%-04651�X/H��"�+%�>B��X/H# ��"�B�-�/ 4646��IZ+%����+
/YI6"�B[�A+ "7� ��B����<+H)`46(A+1����B�B�+%(ABDT�ch$1��(A�X),+1(A� � �P$1��(W��"�B /�+%�1�XN���+HN�+1�1�;-0/ 4641"7�1#
E6���Ak������J�P$1�3B��X/H# ��B0/ �1I'�P$1�3B����.BO+@)�46(A+1����B�B�+%(ABDTv Y56(j��]%����51��"�+%�'-j+%I6���[��+%�J�P$1�Z+ �P$1��(�$6/ �1I���/@�Q��+Hk�B0�X$1�
46(A+1����B�B�+%(hB�����Bh)[+%(�/HIH��/H�������;B��X/H# ��B���+�+nC���(A�7/ 4}T;c�$6/@��"�B���/�BP56E1B����e+H)S�P/@BP� Bh+H)�/0B.�P/H# �f8z+1(��P$1�
������"7(A�>B��P/@# ��=
��/ �ZE6�
-0/�4646��I3+%����+>�P$1�Y46(A+%����B.B�+%(<B�����/HB�B�"�#%�1��I3�.+O+1�1�;+H)�"Q�.B;/HIH��/H����� ��B��X/H# ��B�T�c�$1"�B�������$6�1"Qi651�O(W���?/@]%��B��X$1�
(A��B��X(A"�������I_��$1+ "�����B�)[+%(<�P/HBX�f-0/�4641"?�1#Z/H���Q+Hk���I_"7�¤�P$1�Y��"?�1��/�(e��]%����51��"�+%�{->+1I6���,T

c +~(W��/H��"QK��R�P$1�_�1��k���]%����51��"�+%�w->+1I6���,��k��346(A+%4G+ B��_/R������$6�1"�i^51�{��/H������I �$���$� ��
���
������������������ T 7hB�"7�1#M�P$1"�B
������$6�1"�i^51� �
/¥��+%-04651�X/H��"�+%�wB��P/H#��L��/��9EG� 
���
�������������� � "?����+'I6"�B[�A+ "7� �3BX56E1B�����B�T¨�S/H��$wBP56E1B����3��+%�1B."QB.��B3+H)j/
�156-OEG��(e+H)��X/HBP��B�)�(A+%- �P$6/@�;B��X/H# � TC7e�1��"?�@�0�P$1�>�P/HBP�{-0/ 4641"7�1# BY��+%�1B."QI6��(W��Ig"7�R�P$1�>��"7�1��/ (Y��]1����51��"�+%�M-j+%I6���[�
BP51��$0/YBX56E1B����S+H)��P/@BP� B|��/��0E6�e���751B�����(A��IZk�"��P$0/�BP56E1B����S+@)�"���B�/HIH��/H����� �|B.�P/H# �O8,",T�� T7�H�P/HBP��B|)�(A+%-�a1�X/H# � ����/��0E6�
���751B�����(A��I{k�"��P$��P/HBP��B�"?�3a1�X/H# ���!$g�Y/ �1IU�H+1(�a1�X/H# ��� �w��=�T|c�$1�
(A��BX51�Q�."?�1#����?51B.����(AB;/ (W��-0/�4646��I_+1� ��+lI6"�B[�*+�"?���
B�����Bh+H)�46(W+%����B�B.+%(AB�T


M�
41�7/H���lB�+%->�
(A��B.�P(A"�����"�+%�1Be+%�346/ (A��"���"�+%�1"7�1#ZB��P/H#���B�T|d¡B��P/H# �08z� T�#�T7�6a1�P/H# �#��=���/ �3E6�>46/ (A��"���"�+%�1��IR/H�;->+�B��
�Ak�+O�."?-j��B��U�X$%51B���46/ (A��"���"�+%�1��IR"7� �.+F/H�e->+ B����X$6(A���YBP56E1B�����B08z� T�#�T7����
������ 
���� 
�����
������ 
���� �H����
����	� 
���� ��=�T���
������ 
���� 
;"�B
���751B�����(A��I{k�"��P$_a1�X/H# �#�!$«�l/ �1I���
������ 
 ��� �
"�B����751B�����(A��IRk�"��P$3a1�X/H# �#���x��T���
������ 
 ��� �e"QBY/>B���46/�(�/H���Y���751B�����(tTSu��
�P$1"�Be��/HB�� �Ua1�P/@# �#� $'�38[a1�P/H#��"� ����=���/��3E6�O46/�(A��"���"�+%�1��IL/@�;->+ B��h+%�1��� �6�P$151B��U46/ (W��"���"�+%�1��I_"7����+F/@� -j+ B����Ak�+

� 	



BP56E1B����.BF8z� T�#�T7� ��
������ 
 � � 
 � 
F8 ��
������ 
��
�


� 
P=�� ��
����	� 
�� � 

� �_8 ��
����	� 
 �

�


� ��=.=�T ��
������ 
 � � 
 � �L8 ��
����	� 
��

�


� 
P=e"�B>���751B�����(A��I

k�"��P$J/ZBP56E1B����>"7�ga1�X/H# �������P$6/H�Y"�B�� ��
������ 
���� 
F8 ��
����	� 
���� ��=�T ��
������ 
�� � 

� 
F8 ��
����	� 
��
�


� ��=���/ �ME6�Z���751B�����(A��IJk�"��P$

a1�P/H#�� � $'�R8[a1�P/H# ��� �x� =�T
ch$1��(A�X),+1(A� �}�Ak�+3/HIH��/H�������YB��P/H# ��Be��/ �RE6�Z46/ (A��"���"�+%�1��IM"7����+_/H�
->+�B����UC��0BP56E1B�����B
/ �1I3���751B�����(W��IL"7����+f/H��->+�B���)[+%56(���+%�1B�����51�."QC��
���751B�����(ABDT

u��J\|"�#%56(W� 	6���P$1�Z��"7�1��/ (0��]1����51��"�+%�'->+1I6����/ �1IJ+%56(>�1��k���]1����51��"�+%�'->+1I6����/ (A�Z"��Q�751B��X(�/H����I«51B�"7�1#g/{�Ak�+HN
B��P/@# �;��]6/ -041��� T<d��X/HBP�0-0/�4641"?�1#351B�"7�1#Z�P$1�Y��"?�1��/�(���]1����51��"�+%�R->+1I6����"�B�BP$1+Hk;�Z"7�3\|"�#%56(A� 	{8[/ =�T|c�$1�YB��1B�����-
�P$6(A+151#%$64651�0"�BfI6���.��(�->"7�1��I9E��«a1�P/H# �3�6�<B�"7�1���R"Q�Z$6/HB0�P$1�{�Q+1�1# ��B��0��]1����51��"�+%�'�."?-j�v8�� �X=�T � �0"7�1���751I6��B_�X$1�
��+%-04651�X/H��"�+%�J��"7->�Z+H)
a1�P/H# �3�R/ �1I'�P$1�Z��+%-0->56�1"���/H��"�+%�'�."?-j�_E6���Ak������'a1�P/H# �R�3/ �1I«a1�P/H# �3�6T 7hB�"7�1#g�X$1�
�1��k¡��]%����51��"�+%�R->+1I6���[�U�X$1�
�P$6(A+151#%$64651����/ �{E6�
"7-046(W+nC���ILE��fB��X/H# �
46/ (A�."Q�."Q+1�1"?�1#�T�u��{�P$1"�B;��]6/ -041��� �}a1�P/H# �
�
"�BO46/ (W��"���"�+%�1��Ig"7����+3�Ak�+3BP56E1B�����BY+H)��P/@BP� B�6�a1�X/H# �0� � / �1Iga1�P/H#��j� � � T0a1+%->���P/HBP��BY"7�ga1�P/@# �0�3/ (A�0/HB�B�+1��"7/H����I
k�"��P$Za1�P/H# �e� � / �1IZ�P$1��(W��-0/H"7�1"7�1#0�P/HBP��B�/�(A�;/HB�B.+%��"7/H����IZk�"��P$Za1�P/H# �e� � � T 
�$1�����P$1��B��e�P/HBP��B�/�(A�;-0/ 464G��I3+%����+
46(A+1����B�B�+%(WB��}�P/HBP��Be"?�¥a1�P/H# �>� � � / (A�>���751B�����(W��IMk�"��P$Ra1�P/H# �3�>/ �1IM/ (A�0-0/ 464G��IM+%����+Z�P$1�>BP/ ->�046(A+1����B�B�+%(hB������
��� 
�� 8zB�����\|"�#%56(W� 	08:E6=�=�T|c�$1"�B�(A��BX51�Q�.BS"7�0/eBP$1+%(W����(|46��(A"�+1I�T �h+ �����P$6/H�|�P$1�e46(A+%����B.B�+%(AB|��/ ��/H��B�+
E6�;(W��/HB�B�"�#%�1��I
IU56(A"7�1#_B.�P/H# �046/ (A�."Q�."Q+1�1"?�1#RB�+3�X$6/H� ��� 
�� 8���� ��� =e��/��ME6�0I6"q����(A�����Y)�(A+%- ��� 
 8���� � =�T0c�$1�f(A��/@B�B�"�#%�6->�����Y+H)
�P$1�
46(A+1����B�B�+1(AB�+H����(AB;-j+%(A�h£U��]%"7E1���0��$1+ "�����B;"7�3�X/HBP�0-0/�4641"?�1#�T

 Y56(�->+1I6���}���1BP56(A��B��X$6/H���P$1�
46(A������I6���1���OEG���Ak������ZBX51������B�B�"�C �YB��P/@# ��B�"QBhBP/H��"�BA�U��I�TSch$%51B����1+O�X/HBP�>"7�3a1�P/H#��
�Y8[a1�P/H#��
�0"7�3�X$1"QBY��]6/ -041����=h��/ �RE6�l"?�1"���"7/H�.��Ig56� �."Q�|/H�����P$1�
�P/@BP� Bh"?�Ra1�P/@# � � $«�38[a1�P/H# �0�l"7�{�P$1"�B;��]6/ -041����=
$6/DC �>��+%-041��������IJ�P$1��"7(Y��]1����51��"�+%�}Tfa1�X/H# �0� � � "QBlB���$1��IU51�Q��IJ"7-0->��I6"7/H�������R)[+ ����+Hk�"7�1#L�X$1�O��+1-041������"�+%�M+@) a1�P/H#��
� T�c�$1"�B;�X/HBP��B��m$1��IU51��"7�1#_"�BeBP$1+Hk;�3"7�¤\|"Q#156(A� 	R8[E6=�T�a1"7->"��?/�(A��� ��"q)�a1�P/H# �#��"�B
46/ (A��"���"�+%�1��I{BP51�m$¤�P$6/H�;/�BP56E1B����
+H)Y�P/HBP��B>"�BF-0/�4646��I«+1� ��+¥�P$1�_46(A+1����B�B�+%(>B.���f/HB�B�"�#%�1��Iw��+ga1�P/@# �%� �¢� �|�X$1"QBZBP56E1B����Z+H)Y�P/HBP��B>"�BfB���$1��IU51����I
"7-0->��I6"7/H�������M46(A"�+%(h��+0�P$1�l��]%����51�."Q+1�_+@)�a1�P/H# �#� ��� T�a1�P/@# �O46/ (W��"���"�+%�1"7�1#3"QBY�1+ �e��+%�1B�"�I6��(A��IR"7�{�P$1�O46(A��C1"�+%51B
/ 4646(A+1/H�m$1��Blo����6� �ts*T�u��¤)�/H�����1�P$1��"7(e�P/HBX�f->+1I6����B�/�(A�
�1+ �Y/ ->���6/ E1���
�.+0B��P/H#��
46/ (A��"���"�+%�1"7�1#U��k;$1��(A��/HBe+%56(��X/HBP�
->+1I6���})�/H��"��Q"��P/@����B;B.�P/H# �
46/ (W��"���"�+%�1"7�1#UT

�'� � ����/%���	������/%#���(��3
��	�3��#%���������%� 0"
��H& �H���3#�� 	%��
 �'�����6/�� �'#	�3�

c +f"����751B��P(�/H�.�O�X$1�O�X��������"�C ���1��B.B;+H)S�X$1�O�1��k�->+1I6����51B."?�1#3�X$1�
B��P/@# �O46/ (W��"���"�+%�1"7�1#3�����m$6�1"�i651� �}��+%-046/ (W��I_k�"��P$
�P$1�e��"?�1��/�(;->+1I6���}k�"��P$3/ �1IZk�"��P$1+%51�����751B��.��(A"7�1#f/ �1I_(A��41��"���/H��"�+%�¤+H)`B��P/@# ��B�� ��+1�1B�"�I6��(��P$1�YBP/ -j�;��]6/ -041���
51B���I
"7�fa1�����."Q+1�0p6T|u����P$1"�BS��]6/ -041��� ��	 
��¦r�� 	�� � �Y/ �1I�


 �¢��B�����+%�1I�� 
 � � ��B�����+%�1I��6/ �1I � � �6T|��/@B���I0+%�>�X$1�
��"7�1��/ (e��]%����51�."Q+1�L-j+%I6���`51B."?�1#3���751B��.��(A"7�1#_/ �1IL(A��41��"���/H��"�+%�{������$6�1"�i^51��BD�}�P$1�	��+141��"7-0/H��
0�P$6(A+151#%$64651��/@�m$1"���C ��I
"�B
�6T �%p��HB����f8[/HBeBP$1+Hk;�{"7�{\|"Q#156(A� �L8zIU=e/ �1IR"7�{\|"Q#156(A� �L8[E6=.=�T+7�B�"7�1#3+%56(e�1��k�->+1I6���[�}�P$1�>�P$6(A+%51#%$64651�Y��/��
E6�l)�56(A�P$1��(e"7-046(A+HC ��I�Tlu��{\|"�#%56(A� �M8z��=��}a1�P/H# �0��"�B
46/ (A��"���"�+%�1��I�Tl\|"�C �>+H)S�P$1�>�P/HBP��Be"?�¥a1�P/H# �>�f/ (W�j-�/ 4646��I

� �



1

Time

P
ro

ce
ss

or
s

PS1

PS2

T1

(a) Using  the linear model

Period = T2  Period = T2
’

T2

  2

1

Time

P
ro

ce
ss

or
s

PS1
’

PS2
’

T1
’

 T2
’

 2’

2’’

Communication between

Stage 1 and Stage 2

 (b) Using the new model

\|"�#%56(A� 	 6�dY��"Q���751B��P(./H��"�C �e��]^/ -�41�Q�YBX$1+nkh"?�1#>46(A+1����B�B�+%(<-0/ 4641"7�1# B�51B�"7�1#>�P$1����"7�1��/ (���]1����51��"�+%�f-j+%I6���}/ �1If�X$1�
46(A+%4G+ B���IR->+%I6���

+%����+Y�P$1�Yr
46(A+1����B�B�+1(AB�/HB.B�"�#%�1��If�.+Oa1�P/H#��
� T|c�$1�;(A��-�/H"7�1"?�1#��*k�+Y�P/@BP� B|"7�Za1�P/H# �e�
/ (A�e46��(�)[+%(�->��IZ+%�>�X$1�;�7/HB��
46(A+1����B�B�+%(tTSu��Z�P$1"�BY-0/ 4641"7�1#U�6�X$1��(A�Y"�B��1+f56�151B���I{��+%-04651��"7�1#f4G+nk���(�T<c�$1�Y�P$6(A+%51#1$64651��"7�1��(A��/HB���Be��+0�6T�r �@B���� T
�h+ ���
�X$6/H�����P$1�O56464G��(
E6+156�1IL+1�3�P$1�>�P$6(A+151#%$64651�;+@)S�P$1"�B
/ 4641��"Q��/@��"�+%�R"�B �

� ����� � � � � � � �
�¢�6T�r �HB.��� T;c�$151B��G),+%(

�P$1"�Be��]^/ -�41�Q� �G+%56(��1��k¡��]%����51��"�+%�{->+1I6���`(A��BP51����Be"7�3�P$1�Y+%41�."?-�/H���P$6(A+151#%$64651�;46��(*),+%(.-0/ �1��� T
\|"�#%56(A�>���YBX$1+nkhBS�P$1�e# ���1��(�/H��B������6/ (A"�+0+@) 41"74G���Q"7�1��IR��]1����51��"�+%�3E6/HB���IZ+%��+%56(<��]%����51��"�+%�3-j+%I6���[TSc�$1��(W��/ (W�

�UC �>���751B�����(ABD��I6���1+ ����I ��� 
�� 
 ��� 
;�X$6(A+%51#%$ ��� 
�� 
 ��� � Tld����751B�����(l-0/D�_��+%�1B�"�B��Y+@)��P/HBX� Bh):(W+%-�->+%(A�>�P$6/��_+1�1�
B��P/@# � T`�</H�m$j���?51B.����(<"QB�-0/ 464G��If+%����+
/Y46(A+1����B�B�+1(|B�����T|u:�S��/ �0EG��+%E1B���(WC ��I0�P$6/H�|���751B��.��(A"7�1#¤8:/HB�51B���I�"?����/ (A��"���(
/ 4646(A+1/H�m$1��BX=e"QBY"7-041��"���"������'��+%�1B�"�I6��(A��IM"7�R+156(Y/ 4646(A+%/H��$}T
!h+Hk���C���(��}���751B�����(A"7�1#_"7�R+156(Y/ 4646(A+%/H��${"�BYI6"�����(A�����
)�(A+%-¨�P$1�Y+1�1�O51B���I3"7�{�P$1�Y��"7�1��/ (e��]%����51�."Q+1�_->+1I6���[T�u��3�P$6/H�e->+%I6���[��B��P/H#���B /�(A�Y���751B�����(A��IM/ �1I_-0/�4646��IR+%����+
�P$1��BX/ ->��B����S+@)�46(A+1����B�B�+%(WB�T|u���+%56(|->+1I6���,�6/�B��P/H# ����/ ��E6����(AB.��46/ (A�."Q�."Q+1�1��I0"7� ��+lBP56E1B�����BDT�ch$1���}�%�X$1��BP56E1B�����B
/ (A�>���751B�����(W��Iv/ �1IJ/ (A�f-0/�4646��IM+%����+3�P$1�Z46(A+%����B.B�+%(AB�T0ch$1��(A�X),+1(A� ���P$1�����?51B.����(A"7�1#R"?�¥+%56(Y/ 4646(W+%/H��$R"�BO->+%(W�
# ���1��(�/@�|�P$6/ �{�P$1�0���751B�����(W"?�1#R��+%�1B."QI6��(W��Ig"7�R�P$1���Q"7�1��/ (l��]1����51��"�+%�M->+1I6���[T0\}56(A�P$1��(�->+1(A� ��(A��41��"���/H��"�+%�J"�BO/H��B�+
��+%�1B�"�I6��(A��IR"7�3+156(�->+1I6���,T<c�$1"�B;k�"����|E6�O/@I6IU(A��B�B���I{"?�¤+%56(��P/@BP�0-0/ 4641"7�1#3->���P$1+1I6+ ��+ # �Z"7�_a1������"�+%�{r6T

u�������(�N�B.�P/H# ����+1-0->56�1"Q��/@��"�+%�Z��+ B��<��/ �fEG��/��0+HC ��(�$1��/@If"7��"?-�41�Q��-j��� ��"7�1#Z�P$1�eI6��B�"�#%�1B;E6/HB���IZ+%��+%56(S-j+%I6���[T
c�$1����"7�1��/ (<��]1����51��"�+%�f-j+%I6����# ���1��(�/H����B|B."?-�41�Q�Y��+1-0->56�1"Q��/@��"�+%�0/H����"�C1"���"���B�TSdxB����|+@) 46(W+%����B�B.+%(ABS/HB�B."Q#1�1��If��+
/
B��P/@# �;��+1-0->56�1"Q��/@����B;kh"Q�X$Z�P$1�
B����.B�+@)�46(A+1����B�B�+1(AB;/HB�B."Q#1�1��I_��+>"���BY/HIH�W/@����� ��B.�P/H# ��B�T|u��Z�P$1�O46(A+146+ B���I_-j+%I6���[�
�P$1�l��+%-0->56�1"���/H��"�+%�R/H����"�C1"Q�."Q��Bl��/ �_EG�0->+%(A�l"?��C + ��C ��I�Te��/HB���IR+%�3+156(;->+1I6���[�}�P$1�
�X/HBP��B;"7�{�Ak�+���+%�1B�����51��"�C �
B��P/@# ��BS��/ ��E6�Y46/ (A��"���"�+%�1��I3"7����+O/H��->+ B���),+156(|��+%�1B�����51�."QC��;���751B�����(WB�8 ),+%(���]^/�-041��� �%B.����a1�P/@# �
�;/��1IFa1�P/@# �;�Y"7�
\|"�#%56(A�0���{8[/ =�=�T�c�$1��(A�X)[+%(A� �U/l���751B�����(e-0/D�0B����1I{"���B;(A��BP51����Be��+0/H��->+ B.���X$6(A���
BP51������B.B�"�C �
���751B�����(WB�T|\|"�#%56(A�0���
8[E6=�"����751B��P(�/H�.��B��X$1��B�����+%-0->56�1"���/H��"�+%�Z/H����"�C%"���"���B�51B�"7�1#j/eI6"7(A�����.��I0#%(�/ 46$�(A��46(A��B������P/H��"�+%�}T|2�+1-046/ (A��I>k�"��P$>�X$1�

� �



1

2

1

1

1

1

2

22

2 2

2 2 2

22

2 2

2

1 1

1

1

1

(a) Linear pipeline

P
ro

ce
ss

or
s

Time

Throughput=0.33/sec

Stage 1 Stage 2

PS1 PS2

PS1

PS2

1 2

1

1

1

1

22

2

2

2

2

1 2

1

1

1

1

22

2

2

2

2

(c) General pipeline

Time

Throughput=0.5/sec

    (stage partitioning)

Stage 1 Stage 2

PS1
’ PS2

’

PS1
’

PS2
’

P
ro

ce
ss

or
s

1 21

1

1

1

2

2

2

2 2

2

1 21

1

1

1

2

2

2

2 2

2

1 21

1

1

1

2

2

2

2 2

2

(b) Linear pipeline

Time

P
ro

ce
ss

or
s

PS1

PS2

PS3

 (clustering and replication)

Stage 1 Stage 2

PS1

Stage 1 Stage 2

PS2

Stage 1 Stage 2

PS3

Throughput=0.43/sec

UnusedFirst Second Third
computinginitiationinitiation initiation

power

\|"�#%56(A� � 6eu[���751B��P(�/H�."Q+1�R+H)��X/HBP�3-0/ 4641"7�1#_51B�"7�1#{�P$1�>�Q"7�1��/ (���]%����51�."Q+1�M->+1I6���S/ �1IR�P$1�0�1��k���]%����51��"�+%�¥->+%I6���
)[+%(�/l�Ak�+@N�B��P/H# �Y/ 4641��"���/H��"�+%�

�6�



PS1 PS2 PS3 PS4 PS5

1

1 2

2

2 3 4

4

Stage 2 Stage 3 Stage 4Stage 1

Cluster1 Cluster2 Cluster3 Cluster4 Cluster5

PS1

PS2

PS3

PS4

PS5

T1

T2

T3

T4

T5

(a) A scenario depicting task mapping using our proposed execution model

P
ro

ce
ss

or
s

Time

(b) Communication activities among the processor sets.

\|"�#%56(A�>��� 6|c�/HBP�>-0/ 4641"7�1#f/ �1IZ��+%-0->56�1"���/H��"�+%�3/@����"�C%"���"���B;/ -j+%�1#
�P$1�Y46(A+1����B�B�+%(<B����.B|)[+%(�/e)[+%56(�N�B��P/@# �;/ 4641��"qN
��/H��"�+%�351B."?�1#Z�P$1�>46(A+%46+�B���I3��]%����51�."Q+1�_->+1I6���

��"7�1��/ (|��]1����51��"�+%�0->+1I6���[�1��+%-0->56�1"���/H��"�+%�lB���$1��IU51�Q"7�1#>"�B��1����I6��I0�.+Y"?-�41�Q��-j��� �<�P$1����+%-0->56�1"���/H��"�+%�0/H���."QC1"���"���B�T
\U+1(e"?�1B.�P/ �1��� �|�P$1�Z46(A+%����B.B�+%(YB.���Y)[+%( ��� 
�� 
 �����_8,k;$1"��m$R��+1�1B�"�B���B>+H)�B.+%->�0�P/@BP� B�):(W+%-�a1�P/H# �{��=�� ��� �H�|�1����I6B
��+ZB����1IR"���B�(W��BP51����BY��+Z�P$1�O46(A+1����B�B�+1(�B����h)[+%( � � 
�� 
 ��� � 8zke$1"Q��${��+%�1B�"�B���Be+H)SB�+1->�
�P/@BP� Bh)�(A+%-©a1�P/@# �O� =t� ��� � T
!h+nk���C ��(t�}�P$1�0��]1����51��"�+%�M+@) � � 
�� 
 ��� � "QB>��+%-�41�Q���.��IvEG�X),+%(W�0�P$1�0��]1����51��"�+%�¥+H) ��� 
�� 
 ��� � B��P/ (W��B
/HBYBP$1+Hk;�R"7�
\|"�#%56(A�3���R8[/ =�T�u��R+%(AI6��( )[+%( ��� � ��+Z��+%-0->56�1"���/H���>k�"��P$ ��� � � ��� � �1����I6BY��+ZB��^�1��$6(A+%�1"�K��>k�"��P$ ��� � TYc�$1"�B
"7�1��56(ABS/HI6I6"���"�+%�6/H�6"�I6������"7->�<)[+%( ��� ��/ �1IU�@+%( ���!�1T`u��l�P$1"�B|��/HB.� �n/HB.�^�1��$6(A+%�1+%51B|��+1-0->56�1"Q��/@��"�+%�l��/ �
EG� 51B.�X):51�[T
�<�M51B�"7�1#~/@B��^�1��$6(A+%�1+151BO��+1-0->56�1"Q��/@��"�+%�g46(W"?-j"Q�."QC���B�� ��� �H��/D),�.��(Y��+%-041������"7�1#R��]1����51��"�+%�J+H)��P$1�0�P/@BP� Be)�(A+%-
a1�P/H#��F������/ �RB.���1Ig�P$1�Z(A��BP51����"7�1#RIU/H�P/Z��+ ��� 
�� 
 ��� �HTfc�$1���}��"��
��/ �~"?-�->��I6"7/H�������v(W��BP56->�0�P$1����+%-04651�P/H�."Q+1�
��+%(�(W��BP46+%�1I6"7�1#l��+Y�P$1���P/@BP� B )�(A+%-�a1�P/H#�� �GT�!h���1��� � ��� ��I6+%��B��1+ �S�1����I0��+Yk�/H"���)[+%(��P$1��"7�1"���"7/H��"�+%��+H)�� � 
�� 
 ��� �
+%� ���!�Y�.+f(A������"�C �
�X$1�YIU/H�P/>B�������)�(A+%- ��� �HT

� �



deB��^�1��$6(A+%�1+151BS��+%-0->56�1"���/H��"�+%��-0/D�O(A��BP51���<"?��/
->+%(W����+1-041����]O��+1I6"7�1#>B�"7�1���;�P$1�h��+%-0->56�1"���/H��"�+%�0(A��i651"7(A��B
/eB���46/ (./H������+%-�-0/ �1I>��+YC ��(A"q)[�>�P$1�;(A������41��"�+%�j+H)`->��B�BP/H#���B�T`!h+Hk���C���(�� E �>51B�"7�1#>�P$1�;/HB��6�1��$6(A+%�1+%51B|��+%-�-O56�1"qN
��/H��"�+%��->+%I6� ���P$1�;-0/@"?�Z46(A+1����B�B�+%(���/ �0(A��BX56->��"���BS��+1-04651�P/H��"�+%�j"?-�->��I6"7/H�������f/D)[����(|/
-j��B�BP/H# �e46/HB�B�"7�1#UT|c�$1"�B
/ 4646(A+1/H�m$l"�B|��BP4G����"?/@�Q���3/HI6Cn/�� �P/@# ��+%51B|+%�>->+1I6��(��>!;&<2'41�7/H�A)[+%(�->B|BP51��$>/HBSu��<V a6&<�Y/ �1I0a6�
u���2�(�/D�
c�pH�
� �hT
 Y�3BX51�m$R41�7/H�A)[+%(�->BD�U->��B�BP/@# �
46/HB�B�"7�1#3+%4G��(�/H��"�+%�1Be��/ �{E6�O46/�(A��"7/H�����_+H�}N���+%/HI6��I¤):(A+1-©�P$1�>-0/H"7�_46(W+%����B�B.+%(;E��
51B�"7�1#L/3-j��B�BP/H# �046/HB.B�"7�1#_��+HN*46(A+1����B�B�+1(
/ �1IU�H+1(��Y"7(A�����lVL��-j+%(A�_de������B�B38z�YVRd�=h���1# "7�1��B>��+f��+14 �R�P$1�>IU/H�P/
)�(A+%- �P$1�Z��+%��/H��->��->+%(W�L�.+3�P$1�f"7������(�)�/H���fE65�����(Y+1(YC1"Q���ZC ��(ABX/6Tfc�$1��B.�0)�56(A�P$1��(l(A��IU51���f�X$1�0��"7->�Z�P$1�f-0/H"7�
46(A+1����B�B�+%( "QBe���1#%/H#���I3"?�{->��B�BP/@# �
46/HB�B�"7�1#UT

 Y�>�P$1��+ �X$1��(|$6/ �1I�� "q)�k���51B���B.�^�1��$6(A+%�1+%51B|��+1-0->56�1"Q��/@��"�+%�}� �P$1��B����1I6��(����751B�����(S�1����I6B<��+YE6��B��6�1��$6(A+%�1"�K���I
k�"��P$>�X$1� (W������"QC���(|���751B�����(�k;$1���1��C ��(S/eIU/@�P/Y(A��-0/ 4641"7�1#l"QBS(W��i^51"7(A��I�T|\�+%(��P$1��/ EG+nC�����]6/ -041���YE6/HB���I>+%�l\|"�#%56(A�
���6��&<a6�3$6/HBY��+3E6�0"7������(�(�5641�.��IMk;$1���M&<a �3"QBl"7�1"Q�."?/@����IMk�"��P$R�X$1�O�X/HBP��Be):(A+1-¬a1�P/@# �0�Z��+F4G��(�)[+%(�- �P$1�>IU/H�P/
(A��-0/�4641"?�1#ZE6���Ak������fa1�P/@# ��BY��/��1I_�6T|c�$1�;"7������(�(�5641�h"Q�.B����q)�(A��i651"7(A��B;/HI6I6"���"�+%�6/@����]%����41�."Q+1�3$6/ �1I6����(AB�T�u��1I6����I��
�P$1�3"7-041����->�����P/H��"�+%�x51B�"7�1#J�P$1"�BF/�4646(A+%/H��$J"�BF->+1(A�3��+ B������J�P$6/ �'51B�"7�1#J�P$1�L/@B��^�1��$6(A+%�1+151B0��+%-0->56�1"���/H��"�+%�
/ 4646(A+1/H�m$}T

�'��� ! 
 �%/%� � ��
 0"
��:.�
�� ��� ��/'. +-�6� �'�����H/

u��Z�X$1"QB�BP56E1B.������"�+%�}�6k��;I6��B.��(A"7E6�O/lB�+��?51�."Q+1�fE6/HB.��I3+%�0I6�6�6/ ->"��
46(A+�#%(�/ -0-j"?�1#�),+1(S�X$1�;�P$6(W+%51#%$64651��+%41��"7->"�K�/DN
��"�+%�M46(W+%E1����-3T_c�$1�0"7�64651��B0/ (W�f/ �RdYa6&�/�4641�Q"���/H�."Q+1�'/ �1IM�P$1�f/DCH/H"��?/�E1�Q�_�156->E6��(�+H);46(A+%����B.B�+%(AB�TZc�$1�0dYa6&
/ 4641��"���/H��"�+%�w"�BF(W��46(A��B���������I9E��g�X$1�3�P/HBP�J->+1I6����I6�X���1��Ix"?�wa1������"�+%�«�GT�p6T«c�$1�3+151�P4651�f"�Bf/~�P/HBP�J-0/ 4641"7�1#
BP4G����"��U��IME��f/lB���i651���1���
+H)`���751B��.��(AB;/ �1I_/>�156-OEG��(�+H)�46(W+%����B�B.+%(AB;/HB.B�"�#%�1��I3��+>��/H��$0���751B�����(tT�c�$1"�B��X/HBP�0-0/�4�N
41"7�1#_(A��BP51����Be"7�3+%41��"7-0/@�`�P$6(W+%51#%$64651��)[+%(�4G��(�),+1(�->"7�1#f�X$1�
# "�C ���R/ 4641��"���/H��"�+%�}Te Y56(�B�+��?51�."Q+1�3��]1�����1I6BY�P$1�
+1�1�
46(A��B���������I{"?�¥o����ts`��+>BP51"��e+%56(���]1����51��"�+%�_-j+%I6���[T

��/HB���I'+%�¥+%56(0�1��k���]%����51��"�+%�w->+1I6���,�<�P$1�3��+%-�4651�P/H��"�+%�¥B��P/H#���BO+@)��P$1�3/ 4641��"���/H��"�+%�w��/ �'EG�_46/ (A��"���"�+%�1��I
"7� �.+3���?51B.����(AB
E��_��]641�Q+�"Q�."?�1#R46/ (�/H�������S/H����"�C1"���"���BO/ ->+1�1#f�P$1�>�P/@BP� Be"7�R/ZB��P/H# � Te�S/H��${���751B�����(e"�B
-0/ 464G��IM+%����+
/�I6"QB:�*+ "7���YB�����+H)�46(W+%����B�B.+%(AB�T�d¢���?51B.����(���+1�1B�"�B���BY+H)S/0��+1�1B�����51��"�C �>B���i651���1���0+H)|�P/HBP��B�T�a1"7�1���0k��O51B��l��+%/ (AB.�XN
#%(�/@"?�¤��+%-04651�P/@��"�+%�}�U��/@�m$¤�P/HBP��"7�_�X$1"QBe���751B�����(e"�BY-0/ 4646��IR+%����+0��]6/H�������3+%�1�046(A+1����B�B�+1(�T�c�+j):51�����L51��"���"�K��f�X$1�
��+%-04651�."?�1#04G+nk���(��1�P$1�Y�156-OEG��(<+H)`�P/HBX� B�):(A+1-���/H��$0B.�P/H# ��"7�3/����?51B.����(�->51B���EG�
/>-O51����"741���Y+H)`�X$1���156->E6��(<+H)
46(A+1����B�B�+%(WB�/HB.B�"�#%�1��IM��+Z�P$6/H�����751B��.��(�TY\U+1(;/3�156->E6��(h+H) 46(A+1����B�B�+1(AB����P$1�>��+%-04651�P/H�."Q+1�3��"7->�>��+346��(�)[+%(�- �X$1�
�P/HBX� B�"7�_/>���751B��.��(�"�B��1�1+Hk;�}T|c�$1�
��+%-�-O56�1"���/H�."Q+1�Z��+ B��;EG���*k������3/ ���Z�*k�+l���?51B.����(ABe"QBe/H��B�+f�1�1+nke�}TSc�$1�Y��+ B��
"�B�/�)�56�1����"�+%�3+@)��P$1�
�156->E6��(h+H)|�P/HBP��B�-0/ 4646��I¤):(W+%-¢��/H�m$¤B��P/H#���/ �1I3�X$1�O�156-OEG��(�+H)S46(A+1����B�B�+%(ABe/HB�B�"�#%�1��I3��+
��/H��${+H)S�P$1�>�Ak�+����?51B.����(AB�T �h+ ���l�P$6/H�e�P$1�>��+%-0->56�1"���/H��"�+%�{��+ B��
EG���Ak������{�Ak�+0���751B�����(AB
/@�QB.+3I6��46���1I6B
+1�_�X$1�

� p



PS1

Ptotal (k) Plast (k) Pnext (k)

Clusternext (k)Taskk

PS2 PSj PSj+1

PS1

Ptotal (k)- Plast (k) Plast (k)

Taskk

PS2 PSj-1 PSj

(b) Step k of the dynamic programming formulation

(c) A subproblem considered for optimizing the solution in Step k

Task mapping

Task mapping

Stage 1 Stage 2 Stage i

(a) A signal processing application expanded to form a sequence of tasks

Stage S

Task1

Clusterlast (k)

Plast (h)

Taskh

Clusternext (k)

Pnext (k)

PSj+1

Taskk+1

Taskk+1

\|"�#%56(W�0� ��6|�Y�6�6/ ->"��
46(A+ #1(�/ -0->"7�1#0B.+ �751��"�+%�

���



IU/H�P/j�?/D� +151� /��1I3�P$1�
��+%-�-O56�1"���/H�."Q+1�_/H��# +%(W"Q�X$6->B;51B���I�TSch$1��B��
"�B�BP51��BY/ (A�
�1+�����+1�1B�"�I6��(A��IR"?�¤�P$1"�B;/ 4646(A+1/H�m$}T
u��¤�P$1�
�1��]1��B�������"�+%�}���P$1�
46(A+%4G+ B���IR$1��56(A"�B���"��O/H��# +1(A"��P$6-©��+1�1B�"�I6��(AB;IU/@�P/>(A��-0/ 4641"7�1#UT

deB�"7�Za1������"�+%�3�6T�pG� ����� �JI6���1+ ���e�P$1���156->E6��(<+H)`��+1-04651�P/H��"�+%��B��P/@# ��B�T:9���� 	���I6���1+ ���e�P$1�Y�%56->E6��(<+H)��P/@BP� B
/ �1I�
 ��I6���1+ ���h�P$1��B���i651��� �."?/@����]1����51��"�+%����"7->��+H)���/H��$>�P/@BP�Y"7�Za1�P/H# ���.�U����������T 9}��� ��I6���1+ �.���P$1�;�156->E6��(
+H)�/�CH/H"��7/ E1���;46(A+1����B�B�+%(ABDT`\�+%( �P$1��I6�^�6/ -j"Q�e46(A+ #%(�/�-0->"7�1#�)[+%(�->51�7/H��"�+%�}�H�X$1��B.�P/H# ��B�+H)��X$1� /�4641�Q"���/H�."Q+1�0/ (A�<��(AB��
��]646/ �1I6��If/HB|BP$1+Hk;�l"7�>\|"�#%56(A�l� ��8:/ =$6`/@�Q�6�X$1���X/HBP��B`"7����/H�m$lB��X/H# ��/�(A���Q"7�1��I3564l)�(A+%-¦�Q�X)[�S�.+
(A"�#%$ �DT`c�$1��(A�X)[+%(A� �
�P$1�Y/ 4641��"���/H��"�+%�Z"�B���+%� C���(A����I0"7����+O/�B���i^51���1���Y+@)�� �������� 
 	 � �P/HBP��B�T`ch$1���}�%I6�6�6/ ->"��Y46(A+ #%(./ -0->"7�1#
"�B�51B���I
��+0+141��"7->"�K��
�P$1�Y�P$6(W+%51#%$64651��+H)S/ �Z"7�1��(A��/HB."?�1#3BX56E1B���i^51���1���l+H)|�P/HBP��B�B��P/�(A��"7�1#l):(A+1-¨�P$1�Y���X),�WN*->+ B����X/HBP��T

c +Y"Q���751B��P(./H����+%56(�"�I6��/HBD� k��<��(AB��S/HB�BX56->���P$6/H�|�P$1����+%-0->56�1"���/H��"�+%�j+%����56(AB�E6���Ak������0/HIH��/H�������`���751B�����(WBS+%�1��� T

M�0/H��B�+_/HB.BP56->�0�P$6/@�;�P$1�>���751B�����(��P$6/H�YB��X/ (A��Bh):(W+%- � � �	� 
f8z���1I6BY"7� � � �
���Y=e��+%-0->56�1"���/H����B
kh"Q�X$_"���B>�1��]%�
8[46(A��C1"�+%51BP=<���751B�����(<+%�1��� T|\|"�#%56(A�>� �>8[E6=|BP$1+Hk�B<�P$1�;E6/HB."Q�YB.�P(�51���P56(A�h+H)`/ �0+141��"7-0/H�U�X/HBP�
-�/ 4641"7�1#0+H)��P$1���P/@BP� B
)�(A+%- � � �
� 
���+�� � �
��
 ������� ���JT|a651�m${/0-0/ 4641"7�1#Z��/ �3E6�l�m$6/ (./H������(A"�K���ILE����UC �YCn/ (W"?/�E1�Q��B�6


 �56|�P$1�Y"7�1I6��]3+H)�� � �	� 
 T


 ��� 
�� 
 ���
� 
�� � 8��6=$6��P$1�Y���751B�����(hB��P/�(A��"7�1#>)�(A+%- � � �
��


�

j8,B����Y\|"�#%56(A�0� � Tz8[E6= � =�T


 �
��
�� � 8��6=$6��P$1�
�%56->EG��(�+H)S46(A+%����B.B�+%(AB;/@B�B�"�#%�1��I_�.+ � � 
�� 
 ���

� 
�� � 8��6=�T


 ����� �
�
8��6=$6��P$1�
�156-OEG��(�+@)�46(A+1����B�B�+%(ABe/HB�B�"�#%�1��I{��+0�P$1�
46(A��C1"�+%51Be���?51B.����(�+@) � � 
�� 
 ���

� 
�� � 8��6=�T


 �
� � � ���[8��6=$6��P$1�l��+ �P/H�}�%56->EG��(�+H)S46(A+1����B�B�+%(WB /@B�B�"�#%�1��I_�.+f/H�����P$1�Y���751B�����(WB�5641��+ � � �	��
�T

��/HB���I3+%�Z�X$1��B��O46/ (./ ->������(ABD�%�X$1�Y+%41��"7-0/H���X$6(A+%51#%$64651��+@)��P$1�e��(WB����Z�P/HBX� B�"�B;I6���1+�����IL/HB���� �	
%8��
� � � ���,8��6=��

�����,�
�
8��6=�� �

� 
�� � 8��6=�� � � 
�� 
 ��� � 
�� � 8��6=�=�T 
M�ZI6�X���1� � � 
�� 
 ���
� 
�� � 8��L= ���x/ �1I �

� 
�� � 8��R= ���L/@BO�X$1�_E6+%56�1I1N
/ (A�w��+%�1I6"���"�+%�1B�T©c�$1�¥+%41��"7-0/H�Y�P$6(W+%51#%$64651�3+H)>�P$1�M/ 4641��"Q��/@��"�+%��"�B{# "�C ����E��9�X$1�~-�/H]%"7->56-ª+H) ��� � �j8��>�
�����,�

�
8��R=����6�!�}=��|��������� �

�
8��R=#� �>�|/HB�BP56->"7�1#_/H���<�P$1� �©46(A+1����B�B�+%(AB
/�(A�0/HB�B�"�#%�1��I�T0c�$1��(W�f/ (A�"� B�����41B
"7�

�P$1�ZI6�^�6/�->"��F46(A+�#%(�/ -0-j"?�1#{B�+ �751��"�+%�}TRc�$1�0+%41�."?-�/H�SB�+��?51�."Q+1�1B0+H);/ �R"7�1��(A��/HB."?�1#¥BP56E1B���i651���1���3+H)��P/HBP��BO/ (W�
+%E1�P/@"?�1��I�):(W+%- a1����4x�3�.+ga1����4��JT«u��«a1����4��}�S#�"QC���� �

� � � �#�[8��6=t� �����,� � 8��6=t� � � 
�� � 8��6=���/ �1I � � 
�� 
 ���
� 
�� � 8��6=��

��� �

%8 �
� � � ���[8��6= � ����� � � 8��6= � � � 
�� � 8��6= ����� 
�� 
 ��� ��
�� � 8��6=�=>"�BZ+%E1�P/H"7�1��I9E6/@B���I«+%���P$1�_BX56E646(A+%E1����->B3B�+ ��C ��Iw"7�«�X$1�

��/ (A��"���(hB�����41B�T
� �?õkï�é�ë�òiçyò�� íÊìzí£ç1ï�é�çyí)(]ê�ïñçyíÀî�ìzæ�üÊæ���ë�ê�ìzíWìtõ
íWüÊæ
� ��êkð�ï�üÀò]ìtï�æiðÍìtï � í�ó�íÊì�,?íÀí£ð%$�&�')(+*-,#.0/#132+44��5:�fònð
î'ï�ìzé�ë�çyíÀû]ï�æiê�é_ü4
ñê�ézìzí£ç��

�?õ�ï�é�,?ï 
 
Hó�í�í *]ë?
�ònïñð
íÊî-
�ò]ìzí£çÂïñðWìtõ�ï�é�ézíÊüÀìtï�æið-,?õ
íyð-,?í�í)*]ë�
�òiïñðQõ�æ�,76�8),7�9$�&�':(;*�,#.0<>=;? 4 ��5:�A@CBD<>=;? 4 ��5:�A@C$�&�')(+*�,�. /�132+4 ��5)�A@CB /#132+4 ��5:� �;ï�é
üÊæ���ë�ê�ìzíÊî.� 
�òTézì|ë�òiçyò
�nçyòiëkõWæiùHë�ò
�Tí�#��?�

� r



\|"�#%56(A��� �e8z��=�BP$1+Hk�B`/�BP56E646(W+%E1����-���+%�1B."QI6��(W��IO�.+�+1E1�P/H"7� ��� �	
%8��
� � � ���[8��6= � �����,� � 8��6= � � ��
�� � 8��6= ����� 
�� 
 ��� � 
�� � 8��6=�=�T

c�$1"�BRBP56E646(A+%E1����- "�BRB�+ ��C ��I�"7�¡a1����4 � �ek;$1��(A� � � �}T 9}��� � � 
�� 
 ���	���,�
�
8��6=ZI6���1+ �.�g�P$1�J46(A��C%"�+%51BR���751BAN

����(l+H) ��� 
�� 
 ���
��
�� � 8��6=tT 9}���������18���� 
�� 
 ���
��� �

�
8��6= � �����,�

�
8��6= ��� � 
�� 
 ���

� 
�� � 8��6= � � ��
�� � 8��6=�=�I6���1+ ���3�P$1�Z��+%-04651�P/nN
��"�+%�J/ �1IM��+%-�-O56�1"���/H�."Q+1�M��"7->��)[+%( ��� 
�� 
 ���
��� �

�
8��6=ek;$1��� ��� 
�� 
 ���
���,�

�
8��6=�"QB04G��(�),+1(�->��IM+%� �����,�

�
8��6=Y46(A+1����BAN

B�+%(WBj/��1I ��� 
�� 
 ���
� 
�� � 8��6=l"�Bf46��(�)[+%(�-j��Ig+%� �

� 
�� � 8��6=>46(A+1����B�B�+%(ABDTguz) �����G� ��� 
�� 
 ���
��� �
�
8��6=l��+%�1B."QB.��B0+H)�/@�Q�

�P$1�R�P/HBX� B>)�(A+%- � � �
� 
f��+ � � �
��
 T�c�$151B��	� � �

 8 �
� � � ����8��6= � �����,� � 8��6= � � � 
�� � 8��6= ����� 
�� 
 ��� ��
�� � 8��6=�=�"QB3#�"QC����9E��



� � 
�� 	 �
	 � � 
�� <>=;? 4 � 
���� � <>=;? 4 � 

��� 	 ��	 � � 

� /�132+4 � 

� � � /�132+4 � 
���� T� e�X$1��(Ak�"�B�� ��"q)Y��� � � �}�}�P$1�>+%41��"7-0/@�`�P$6(W+%51#%$64651�Y"�BYI6������(�N
->"7�1��I3E6/HB���I>+%�l�P$1��B�+��?51�."Q+1�1BS+%E1�P/@"?�1��I�"?�j�P$1����/ (A��"���(|B.����41B�T�d;B|BX$1+nke�
"7�>\|"�#%56(W�
� �
8z��=��H����� ����� �

�
8��U= I6���1+ ���

�P$1�
�156->E6��(<+H)�46(A+1����B�B�+1(AB�/HB�B�"�#%�1��I3��+>�P$1�
46(W��C%"�+%51B����751B��.��(�+H) � � 
�� 
 ���	���,�
�
8��6=�T ����� �

�
8��U=<��/ �3EG�YCn/ (W"Q��IZ)�(A+%-

�3��+ �
� � � ���,8��6= $ ����� �

�
8��6=�TM\�+%(>/R# "�C ��� �w/ �1I ����� �

�
8��U=t�S�P$1�3+141��"7-0/H���P$6(A+%51#1$64651�0+H);�P$1�Z��(WB�� �'�X/HBP��BO"7�

\|"�#%56(A�Z� �f8z��=�"�Be# "�C ���RE � ��� ���68��
� � � �#�[8��6=�$ �����,� � 8��6= � ����� � � 8��U= � ����� � � 8��6= ����� 
�� 
 ���
���,� � 8��6=�=�T��Y"�C ���¤BP51�m${/>BP56E�N

46(A+%E1����-3�}�X$1�
�P$6(A+151#%$64651�;+@)S�P$1�
BP56E1B.��i^51���1���f5641�.+ � � �
��
l"�BY# "�C ���RE �3�P$1�>->"7�1"7-O56- +@)!��� ���^8 �
� � � ���[8��6=�$

� ���,�
�
8��6= � � ��� �

�
8��U= � � ��� �

�
8��6= ����� 
�� 
 ��� ���,�

�
8��6=�=�/ �1I>�P$1���P$6(A+%51#%$64651�|+@) ��� 
�� 
 ��� ���,�

�
8��6=�T`c�$1��-0/@]%"7->56-¡�P$6(A+%51#1$�N

4651����+HC ��(Z/H����4G+ B�B�"7E1��� �x/ �1I � ��� �
�
8��U=���"�B���� � 
 8��

� � � �#� 8��6= � � ��� � � 8��6= � � � 
�� � 8��6= ����� 
�� 
 ��� ��
�� � 8��6=�=�Txc�$151B����X$1�
+%41��"7-0/@���P$6(A+%51#1$64651�;/H���P$1� ��N��X$ZB�����4Z"�B;#�"QC����3E �56


 uz) � ���{8z"q) � � 
�� 
 ���	���,�
�
8��6=<B��P/�(A��B�k�"��P$�� � �	� 
�=$6



� � 
�� 	 �
	 � � 
�� <>=;? 4 � 

��� � <>=;? 4 � 

� � 	 �
	 � � 
�� /#132+4 � 
���� � /#132+4 � 

���


 uz) � � � 6
� ��� 
������ 
 � 
�� � <>=;? 4 � ����� � 4 � 4 =0< � 
�� � � <>=+? 4 � 
�� 8
��� 	�8���� � � 8��

� � � ��� 8��6= $ � ���,� � 8��6= � � ���,� � 8���= � � ���,� � 8��6= ����� 
�� 
 ��� ��� � � 8��6=�= �

� � 
�� 	 �
	 � � 
�� <>=;? 4 � 

��� � <>=;? 4 � 

� � 	 �
	 � � 
�� /#132+4 � 
���� � /#132+4 � 

��� =�=

u��~�P$1"�Be),+%(.-O51�7/H�."Q+1�}����� �%8�� � 
�� 
 ��� ���,�
�
8��6= � � ��� �

�
8��6= ����� 
�� 
 ���

� 
�� � 8��6= � � � 
�� � 8��6=.=;->51B��
EG�0��+%-04651����IM/H�Y�X$1�
��N��P$�B�����4}T|u[�<"�B��X$1�;BP56- +H)��P$1����+%-�4651�P/H��"�+%����"7->��+H) � � 
�� 
 ���	���,�

�
8��6=</ �1I0�P$1�e��+%-0->56�1"���/H��"�+%����"7->�;EG���*k������

��� 
�� 
 ���
��� �
�
8��6=�/��1If"���B�/HIH��/H�������S���751B�����(ABDTSa1"7�1������� 
�� 
 ���
���,�

�
8��6=|"�B�46��(�)[+%(�->��I351B�"7�1# �����,�

�
8��6=<46(A+1����B�B�+%(ABD�%�X$1�

��+%-04651�X/H��"�+%�Z��"7->�Y+H) ��� 
�� 
 ���
��� �
�
8��6=�"�B��1�1+Hk;�}T|�S��B."QI6��BD�U�P$1�Y��+1-0->56�1"Q��/@��"�+%�3��"7->�>E6���Ak���������� 
�� 
 ���
��� �

�
8��6=

/ �1I � � 
�� 
 ���
� 
�� � 8��6=
"�Bf/@�QB.+g�%�1+Hk;�}��B�"7�1��� ��� 
�� 
 ���
��� �

�
8��6=�� �����,�

�
8��6=�� ��� 
�� 
 ���

� 
�� � 8��6=��S/��1I �
��
�� � 8��6=>/ (A�_/@�Q�

�1�1+nke�}T�a1"7->"��7/ (A��� ���X$1�Y��+%-0->56�1"���/H��"�+%�RE6���Ak������ � � 
�� 
 ���	���,�
�
8��6=�/ �1I{"Q�.B�46(A��C1"�+%51Be���?51B.����(�"�B
�1�1+Hk;�Z"7�_a1����4

��T<c�$%51BD����� �%8�� � 
�� 
 ���	���,�
�
8��6= � �����,�

�
8��6= ��� � 
�� 
 ���

� 
�� � 8��6= � � � 
�� � 8��6=�=���/ �3E6�Y��+1-04651����I�T �h+ ���e�P$6/H���P$1�e���751B�����(
�P$6/H� B��P/ (A�.B}):(W+%- � � �	� 
�8z���1I6B|"7� � � �
����= I6+1��B��1+ �|$6/DC ��/h46(A��C%"�+%51B;8:�1��]%�P= ���751B�����(�T|c�$151B��H�P$1�<��+%(�(A��BX46+%�1I6"7�1#
��+%-0->56�1"���/H��"�+%�¤��"7->�Y"�B;K���(W+UT

���



u��¥a1����47�}�|� � � � �J�}B�+��?51�."Q+1�1B
��+���� �

18��
� � � �#�[8��6=�� �����,� � 8��6=�� � � 
�� � 8��6=t� � � 
�� 
 ��� � 
�� � 8��6=�=Y/ (A�l+%E1�P/H"7�1��I�T

c�$1�YI6�6�6/ ->"��046(A+ #%(./ -0->"7�1#0/H��# +%(A"��P$6- "QBeI6��B���(A"7EG��IL"7�¤�P$1�e),+��Q��+Hk�"7�1#�6

\U+1( ���¨�Y��+ �
\�+%( �

� � � ��� ���h��+ �>�������,�
�
�¢����+ �

� � � �#�z�%/��1I � � 
�� � ���h��+ � $��
� � � ���U/��1If��C ��(W�j4G+ B�B�"7E1������� 
�� 
 ���

��
�� � 8��6=
2�+%-�4651��� ��� �	
%8��

� � � ���[8��6=�������� � � 8��6=��
� � 
�� � 8��6=�� ��� 
�� 
 ��� ��
�� � 8��6=�=�T

�h+nkl�Uk��>��B���"7-0/H�.�O�X$1�O��+1-041����]%"��A�R+H)S�P$1�>I6�^�6/�->"��f46(A+ #%(./ -0->"7�1#�),+%(.-O51�7/H�."Q+1�}TY\|"7(AB����}k��>��B���"7-0/H�.�O�X$1�
�156-OEG��(3+H)>B�+ �751��"�+%�1B{+%E1�P/H"7�1��I�"7��a1����4 �}T��</H�m$w+H) �

� � � �#�[8��6=�� �����,� � 8��6=t�;/ �1I��
� 
�� � 8��6=Z��/ �xE6�J/HB�B�"�#%�1��I

� 8 �Y=
I6"�B��."?�1���ZCn/@�?51��BDTg�<��B�"�I6��B���k;$1��� �
� 
�� � 8��6=>46(A+%����B.B�+%(AB0/ (A�3/HB�B."Q#1�1��I«��+ ��� 
�� 
 ���

� 
�� � 8��6=��|�X$1�F�156->E6��(
+H)��P/HBP��B;�.+FEG�0���751B�����(A��IM"�B
/3->51����"741���0+H) �

� 
�� � 8��6=tT�ch$1��(A�X),+1(A� �}�P$1�0�%56->EG��(e+H)�B�+��?51�."Q+1�1BY+%E1�P/H"7�1��IM"7�RB��.��4
�w"�B � 8 � � 
 � ���� 
 � � = � � 8�� � �{�7���Y=�T¨c�$1���}�ek��L��B.��"7-0/H���R�P$1�R��+%-04651�X/H��"�+%�6/H�e��+%-041����]1"Q�A�x��+J+%E1�P/H"7�
��/H��$ ��� �

%8 �

� � � ���[8��6= � ����� � � 8��6= � � � 
�� � 8��6= ����� 
�� 
 ��� ��
�� � 8��6=�=�TZc�$1�fCH/ (A"7/ E1��� � �����,�
�
8���=e��/ �JE6�ZCn/ (A"���I¥):(W+%-y�0��+

�
� � � �#�[8��6= $ �����,� � 8��6=��1k;$1"����Y�P$1�;CH/ (A"7/ E1������� 
�� 
 ���
��� �

�
8��6=|��/��fEG�
/HB�B�"�#%�1��I � 8 �

� <>=;? 4 � 
�� =�� � 8��R=|I6"�B���"7�1���eCn/H�751��B
8zB�"7�1���R�P$1�_�156->E6��(�+H)
�P/HBP��B0"7�'�X$1"QBZ���751B�����(Z"�B3/M->51�Q�."?41���M+@) � ���,�

�
8��6=.=�T 
x"��P$�# "�C ��� � � 
�� 
 ��� ���,�

�
8��6=f/��1I

� ���,�
�
8���=��U�X$1�j(W��BP51����"7�1#3�P$6(A+%51#%$64651�Y"�BY��+%-�4651����IR"?�~��+%�1B��P/ ������"7->� Tlc�$%51BD�U�P$1�>��"7->�>��+%-�41�Q��]1"��A�L�.+0+%E1�P/H"7�

/ �l+%41��"7-0/@�%B�+��?51�."Q+1�
"�B � 8�� �R=�T|u��lBP56-0-0/�(A� ���X$1��(A��/ (A� ��B�����41B�"7�>�P$1��I6�6�6/ ->"���46(A+ #%(�/�-0->"7�1#�)[+%(�->51�7/H��"�+%�}T
�S/@�m$�B�����4Z+%E1�X/H"7�1B � 8�� � �{�7���Y=�+%41�."?-�/H�}B�+ �751��"�+%�1B�T�c�$1�Y��"7->�Y��+>��+%-�4651���Y��/H��$0B�+��?51�."Q+1�3"�B � 8 � �L=tT�ch$%51B��
�P$1�Y��+��P/H�}��+%-04651�P/@��"�+%�6/H�}��+%-041����]1"Q�A�3"�B � 8�� � � � �7���Y=�T �h+ ���Y�P$6/@���P$1"�B�"�B�/��Z+H�}N��Q"7�1�>46(A+%����IU56(W� T


�$1���>�P$1�e��+%-0->56�1"���/H��"�+%�0EG���Ak������Z�1+%��N*/HIH��/H�������S���751B�����(WB�"�B���+%�1B�"�I6��(A��I��1�P$1�h��+%-04651�P/H�."Q+1�6/H�U��+%-�41�Q��]1"��A�
)�56(A�P$1��(l"7�1��(A��/HB���B�T{deBOBX$1+nke�R"7�J\|"Q#156(A�L�D�g8[E6=���"7�J�P$1�Z��]%�X(A��->�0��/HB.� �S/_46(A+1����B�B�+1(
B.���
��/ �¥��+%-0->56�1"���/H���
k�"��P$¥�P$6(A���ZBP51������B�B�"�C �_46(W+%����B�B.+%(YB����.B�T_c�$151B��|�P$1���P/HBP�R-0/ 4641"7�1#R)[+%(�),+%56(���+%�1B�����51��"�C �3���751B��.��(AB>BP$1+%51��I«E6�
��+%�1B�"�I6��(A��I�"?�j�P$1�|)[+%(�->51�7/H��"�+%�}T�\U+156(`/HI6I6"���"�+%�6/@�U46/ (�/ ->���.��(AB��1����I���+�EG��"?���P(A+1IU51����I0"7����+ ��� �	
%8[= ��+e��B���"7-0/H�.�
�P$1�l��+%-0->56�1"���/H��"�+%�3��+�B���T�c�$1���F/�(A� �

� 
�� � � 
n8��6=�� � � 
�� 
 ��� � 
�� � � 
n8��6=��
� � 
�� � � �18��6=��6/ �1I ��� 
�� 
 ���
� 
�� � � � 8��6=�T<d;B

k���/@B�BP56->��IZ"7�Z�P$1��EG��# "7�6�1"7�1#f+H)��P$1"�B�B�������"�+%�}�1�P$1�Y�%56->EG��(�+H)��P/HBP��B<):(W+%-���/H��$�B��P/H# �h"?�3/l���751B�����(h-O51B.��E6�
/
->51����"741�Q�e+H)}�P$1�;�156-OEG��(|+H)�46(A+1����B�B�+%(ABS/@B�B�"�#%�1��IZ��+;�X$6/H�|���751B�����(|�.+e):51�����f51��"���"�K��Y�P$1����+%-04651�."?�1#>46+Hk���(�T`ch$%51B��
k;$1��� �

��
�� � � 
@8��6=O46(W+%����B�B.+%(AB3/ (A�_/HB�B."Q#1�1��I«��+ � � 
�� 
 ���
� 
�� � � 
n8��6=0/ �1I �

� 
�� � � �%8��6=046(W+%����B�B.+%(ABf/ (W�_/HB�B�"�#%�1��I
��+ ��� 
�� 
 ���

��
�� � � � 8��6=t�`�X$1�F�156->E6��(>+H)e�P/HBP��B
��+MEG�3���?51B.����(A��I'"�Bf/R->51�Q�."?41���{+H) �
� 
�� � � 
 8��6=
/��1I �

��
�� � � �%8��6=��
(A��BP4G������"�C ����� T�c�$1"�B�"7�1��(A��/HB���Bh�P$1�
�%56->EG��(�+H)`+%41�."?-�/H��B�+ �751��"�+%�1Bh��+0E6�Y��+%�1B�"�I6��(A��IME��f/0->51����"741��"Q��/@��"�C �l):/H���.+%(
+H) � 8�8 � ���� 
 � � = � = � � 8�� � 8z�7���Y= � =tT`!h+nk���C ��(t���P$1�|��"7->�<��+%-041����]%"��A�
�.+�+1E1�P/H"7�Y��/H��$YBX51�m$�B�+ �751��"�+%�
(W��-0/H"7�1B`�X$1�
BP/ -j� T�ch$1��(A�X),+1(A� �1�P$1�Y��+ �P/@�U��+%-041����]1"��*�3E6����+1->��B � 8.8�� � � � �7���Y= 
 8�� � 8z�7���Y= � =.= � � 8�� � � � 8,�?���Y= � =�TS�|C����
�P$1+%51#1$0�P$1�e�P/HBX�O-�/ 4641"7�1#0"�B 4G��(�)[+%(�->��I3+H�}N���"7�1� �1�P$1��$1"�#%$Z��+1-041����]%"��A�F-�/ �H��B��P$1"�B�B�+ �751��"�+%�356�6/H���X(�/H����"�C � T�d

���



B�"7-041���0/ 4646(A+%/@�m$F),+%(h(A��IU51��"7�1#3�P$1�
��+%-�41�Q��]1"��A�_"�B;�.+0"7�1"Q�."?/@�Q���M#1(A+%564_/��%56->E6��(h+H)S�P/@BP� B>8zBP/D� �§�P/@BP� BX=�"7� ��+
+%�1�eBP5646��(*N��P/HBP��T|c�$%51BD� � ��/��fEG��(A��41�7/H����I_E��"� � � �

� TSu��0�X$1�;�1��]%��B������."Q+1�}�%k��;46(W+%46+ B.��/�B�"7-041���
$1��56(A"�B���"��
/H��# +%(W"Q�X$6-¨k;$1"��m$¤IU(�/HB��."Q��/@�Q���R(A��IU51����B;�X$1�Y��+%-041����]%"��A�3+H)|�P$1�Y�P/HBX�0-0/ 4641"7�1#UT

� � � ���Y��� ������
 � ?���A�� ?

�
>�X�CB�� �|� �
�
	>� �.� B��

��/HB���I>+%�l+%56(��P/@BP�Y->+1I6���U/ �1I>+%56(���]1����51��"�+%�0-j+%I6���[� "7�>�X$1"QB|B.������"�+%�}� k���I6��B���(A"7E6�e/e�P$6(A���XN�B�����4l�P/@BP�Y-0/ 4641"7�1#
->���P$1+1I6+ ��+ # � T©ch$1"QBR->���P$1+1I6+ ��+ # �x"�BL51B���I¦��+«-0/H]1"7->"�K��g�P$1�R�P$6(W+%51#%$64651�_+@)j/ �wdYa6&¬/ 4641��"���/H��"�+%�¡+1�9/
# "�C ���'�156->E6��(>+H)Y46(A+%����B.B�+%(AB>+H)
/R!;&<2�41�7/H�W),+%(.-3Tgc�$1�3+151�P4651�>+H);�P$1"�Bf->���X$1+%I6+ ��+ #��g"�Bf/{�P/HBX�M-0/ 4641"7�1#
BP4G����"��U��IME��_/>B���i651���1���
+H)|���751B�����(ABY/ �1I3�P$1�>�%56->EG��(�+H)S46(A+%����B.B�+%(AB;/@B�B�"�#%�1��I_�.+0��/H��$Z���?51B.����(��}/ �1I3�P$1�YIU/H�P/
(A��-0/�4641"?�1#J��+ME6�_4G��(�)[+%(�->��IxE6���Ak������J���?51B.����(AB�T'2�+%-�-O56�1"���/H�."Q+1�'��+ B��.BjEG���Ak������J���751B��.��(ABF/�(A�f��+1�1B�"�I6��(A��I
"7�x�P$1�R�P$6(A+151#%$64651�3+%41��"7->"�K�/H��"�+%�}T¨c ���m$6�1"�i651��BL"7�1���751I6"7�1#�IU/H�P/J(A��-0/�4641"?�1#��
(A��41��"���/H��"�+%�x+H)>B��P/H#���B���B��P/H#��
46/ (A�."Q�."Q+1�1"?�1#���/ �1IJ���751B�����(A"7�1#g/�(A�F51B.��I'"?�J+156(
I6��B."Q#1�'->���P$1+1I6+ ��+ # � TR\|"�#%56(A�R���{# "�C ��B0/ �¥+nC���(AC%"���k¨+H);�X$1�
->���P$1+1I6+ ��+ # � T>�Y���X/H"��QBl+H)��P$1�0->���P$1+1I6+ ��+ # �M/ (A�># "�C ���~"?�Ja1������"�+%�MrGT7� Tld��R"����751B��P(�/@��"�C �f��]6/ -041���351B�"7�1#_+%56(
->���P$1+1I6+ ��+ # �Z"�B;BX$1+nke�Z"?�{a1������"�+%�_rGT��6T

    Our  Proposed

Execution Model

Our Task Model

    Our  Proposed

Execution Model

Techniques:

-  Replication

-  Partitioning

    Three Step

-  Clustering

Parallel Algorithm

  Methodology

 Task Mapping

-  Data Remapping

   SP  Application
Represented Using

\|"�#%56(W�0��� 6S eC ��(WC%"���k�+H)|�P$1�l�P/HBP�0-�/ 4641"7�1#F->���X$1+%I6+ ��+ #��

����� ! ���	
��3���I+*� ��& �8����� � ��&%&	��/'. � � ���%�'#%�6����. �

deB;I6��B���(W"?EG��Ig"7�Ra1������"�+%�R�6T�pG�U�����#�wI6���1+ ���l�P$1�0�%56->E6��(e+@)S��+%-04651�P/H�."Q+1�3B��P/@# ��B�T 9����#	 �S/��1I 
 �SI6���1+ �.�O�X$1�
�156-OEG��(Y+H)��P/HBP��BY/ �1IM�P$1�>B���i651��� �."?/@�S��]1����51��"�+%�R��"7->�0+@)���/H��${�P/HBP�¤"?�¥a1�P/H# ����(A��BX46������"�C ����� T89���� �¢I6���1+ ���

��	



�P$1�
�156->E6��(<+H)S/�CH/H"��7/ E1���O46(A+1����B�B�+%(WB�T|��/@B���I3+%��+%56(<��]%����51��"�+%�{->+1I6���,�G�P$1��B��YB��P/@# ��B���/ �fEG�
46/ (A��"���"�+%�1��I{"7� ��+
���751B�����(ABDT��</H�m$Z���751B��.��(�"�B;-0/�4646��IR+%����+0/>I6"�B[�*+�"?���eB�����+H)S46(A+1����B�B�+%(ABDT�2 +%/ (AB��XN�#1(�/H"7�346/ (�/H��������"�BP- "�B;��]641��+ "�����I
)[+%(��P/HBX�0-0/ 4641"7�1#UT�c�$151B��1��/H�m$¤�P/HBP�j"?�{/>���751B�����(h"�B�-0/�4646��I_+1� ��+>��]6/H�������Z+%�1�O46(A+1����B�B�+1(�T

c�$1�l��+%-04651�P/H�."Q+1�_�."?-j�
��+346��(�)[+%(�-��P$1�>�P/HBX� B�"7�R/����?51B.����(Y51B�"7�1#_/f�156->E6��(e+H)�46(W+%����B�B.+%(ABe"QBY#�"QC����}T;c�$1�
��+%-0->56�1"���/H��"�+%�{��"7->�0EG���*k������R/ ���_�Ak�+f46(A+1����B�B�+%(eB.����B;�.+F4G��(�),+1(�-�/0#�"QC����_IU/@�P/f(W��-0/ 4641"7�1#_"�B
/H��B�+3# "�C ���}T
c�$1"�B0��+ B.�OI6��4G���1I6B3+%�¥�P$1�_�%56->EG��(>+H)�46(A+1����B�B�+1(AB0/HB�B�"�#%�1��Iw��+R�P$1�f���751B��.��(AB��<�P$1�_�%56->EG��(>+H);�P/@BP� B>"7�'�X$1�
���751B�����(ABD�`�X$1�0IU/H�P/¤�?/D� +151��B����X$1�0IU/H�P/¤B�"�K�� ��/��1IM�P$1�Z��+%-0->56�1"���/H��"�+%�J/H��# +%(A"��P$6-§51B���Ig�.+_46��(�)[+%(�- �P$1�0IU/H�P/
(A��-0/�4641"?�1#�T3d;Bl"7�ga1������"�+%� �UT��G�`/_46(W+%����B�B.+%(YB����>-0/D�R��+%-0->56�1"���/H���0k�"��P$¥B���C ��(./H�|+ �P$1��(l46(A+%����B.B�+%(YB.����B
��+
46��(*),+%(.-¨IU/H�P/>�X(�/ �1BA)[��(�/ ->+%�1#>�P$1�l���?51B.����(AB;-0/�4646��I_+1� ��+��P$1��B��
46(A+1����B�B�+%( B�����B�T

 Y56(
-j���P$1+%I6+��Q+�# �R��+%�1B�"�B���B>+H)��P$6(A����B�����41B�TZu��Ja1����4«����IU/H�P/3(W��-0/ 4641"7�1#ME6���Ak������MB��X/H# ��BY"�B>��+%�1B�"�I6��(A��I�T
2�+%/�(AB��;(A��B.+%56(A���Y/H���Q+1��/H��"�+%�Z"�B;4G��(�)[+%(�->��IZ"7�3a1����4f�>E6/HB.��I3+%�>�P$1�
/ -j+%56� �<+H)���+%-04651�P/@��"�+%�0�.+jEG��4G��(�)[+%(�->��I
"7�>��/H��$lB��P/H# � T�&�+�B�B�"7E1���;(A��41��"���/H��"�+%��+H)UB��P/H#���B�/ (W� /@�QB.+;��+%�1B."QI6��(W��If"7�l�P$1"�B|B�����4}T|u���a1����4>p6� /����1�e46��(�)[+%(�-0/��1���
�P56�1"7�1#Z"QBe46��(�)[+%(�->��IR51B�"7�1#0B��P/@# �
46/ (A��"���"�+%�1"7�1#UT�d¡):/HB.� $1��56(W"QB.��"��O/H��# +%(W"Q�X$6-¨"�B;I6��C ����+%4G��I{),+%(<�P$1"�BeB�����4}T|c�$1�
I6���P/H"���Be+H)��X$1��B��YB�����41BY/ (A�eI6��B���(A"7E6��I¥"?�¤�P$1�e)[+ ���Q+Hk�"7�1#�6

7�G = 9���Y�� ;�G ;��"=�C$;39�9*A)Q�R
u����P$1"�B�B��.��4}� �P$1�eIU/H�P/��?/D� +151�S+H)`��/@�m$>��+1-04651�P/H��"�+%��B��P/@# ��"�B��m$1+ B.���fE6/HB.��If+%��"���B�IU/H�P/l/H������B�B�46/H������(.�}T`�
/@�P/
(A��-0/�4641"?�1#�"QBe51B���I3��+O-j+%I6"q)[�f�P$1�YIU/@�P/Y�7/D� +%51��+H)`BX51������B�B�"�C �YB��P/@# ��B�B�+>�P$6/H�S��/@�m$346(A+1����B�B�+1(S��+1� �P/@"?�1B�/H�����X$1�
IU/H�P/��1����I6��I_��+0��]1����51���
/>�X/HBP��T

�
/H�P/Y(W��-0/ 4641"7�1#>"QB�/Y��(�51��"7/H�}B��.��4>"7�0�P$1�h+nC���(�/H���U-0/ 4641"7�1#046(A+1����B�B�TS� �f��"���� �<IU/H�P/
(W��-0/ 4641"7�1#0/H��# +%(A"��P$6->B
/ (A�e(A��i^51"7(A��IZ��+>(A��IU51���;�X$1�;��+%-�-O56�1"���/H�."Q+1�0��+ B.��E��OI6����(W��/HB�"7�1#>�P$1���156->E6��(�+H)�B��P/ (A�WN*5641B�/ �1IfE��0B���$1��IU51��"7�1#
�P$1�
->��B.BP/H# ��B���+fEG�YI6����"QC���(A��IR"?�{/l��+%��£U"����AN[):(W���O-0/ �6�1��(tT|d�B.�P(�/H"�#%$��A)[+%(Ak�/ (AIf/�4646(A+%/H��$�),+1(SIU/@�P/>(A��-0/ 4641"7�1#
"�B���+>51B��
/ ����
'��&"� �$& �	� ��% *,� 6�IU/@�P/>E1�Q+1��� B;/�(A�;B.��� �<I6"?(W���������Z):(A+1-��P$1�YB�+156(A�����1+1I6��B���+l�P$1�eI6��B���"7�6/H��"�+%�3�1+1I6��B�T
c�$1"�BO/�4646(A+%/H��$R"7�1��56(AB0->"7�1"7-O56- IU/H�P/¤�P(�/ �1BP-j"QB.B�"�+%�R��+ B��
E651�l��+%-0->56�1"���/H��"�+%�RB.�P/ (A�AN*564~��+ B��Y��/ �MEG�f$1"�#%$}T
c +j-j"?�1"7->"�K��l�P$1�;B.�P/ (A�AN*564���+ B��D� ��� ����
'��&�� �$& �	� ��% *,�$� o7� �6��� 	Ds}��/ �fEG�
51B���I�TSu��Z�P$1"�B /�4646(A+%/H��$}�1IU/H�P/
E1��+1�m��B;/ (W�
B������
��+{�P$1��"7(lI6��B���"7�6/H��"�+%�J�P$6(W+%51#%$R"7������(�->��I6"7/H��� �P(A���7/D� 
L�1+1I6��B�T_dh�
�P$1��B���"?������(�-j��I6"?/@���_�1+%I6��BD��-j��B�BP/H# ��B
I6��B���"7�1��I'��+{�P$1�0BP/�->�F�1+1I6�3/ (A�0��+%->E1"7�1��I�TRc�$1"�Bj/�4646(A+%/H��$M(A��IU51����B0�X$1�0B��P/ (W�AN*564R��+ B��>E �¥��+%->E1"?�1"7�1#M�X$1�
IU/H�P/j��+0E6�
B.��� ���.+O�X$1�
BP/ -j�YI6��B���"7�6/H��"�+%�}T

�h+ �����P$6/H�<�P$1�;46(A��C1"�+%51B�/ 4646(A+%/H��$1��B�o��6� ���DsUI6+O�1+ �<��+%�1B�"�I6��(<IU/H�P/e�7/D� +%51�<+%41��"7->"�K�/H��"�+%�Z51B�"7�1#
IU/H�X/
(A��-0/�4�N
41"7�1#>"?���P$1��"7(<�P/HBP�>-0/�4641"?�1#0->���X$1+%I6+ ��+ #�"Q��BDTSc�$1��(A�X)[+%(A� ���P$1��4G��(�)[+%(�-0/ �1���e+H)��P$1�;(W��BP51����"7�1#O"7-041����->�����P/H�."Q+1�1B
-0/D�fEG�
B���C ��(W���Q�3I6��#1(�/HI6��I_IU51�l��+0(A��->+ �.�
->��->+%(A�Z/H������B�B���BeIU56(A"7�1#f�X$1�Y��]%����51��"�+%�}T

���



7�G = 9��HY�� O3;3N�P = �"=�P O��:N�<�=$D����KOH<�;�GIAKOHQ
c�$1"�B0B��.��4'46��(�)[+%(�->B0/ �J"7�1"���"7/H�e�P/HBP�¥-0/ 4641"7�1#M+%����+R�P$1�Z# "�C ���«�156->E6��(>+H)Y46(A+%����B.B�+%(AB�T¥d©��+%/ (WB��_(A��B�+%56(W���
/H����+%��/@��"�+%�M"�B>46��(�)[+%(�->��IJ/ �1Ig/Z��"7�1��/ (>41"?4G����"?�1�{"�B
# ���1��(�/@����I�T0c�$151B����P$1�>��+%-�4651�P/H��"�+%�RB.�P/H# ��B
/ (W�j-�/ 4646��I
+%����+ZI6"QB:�*+ "7���
B����.B;+H)�46(A+1����B�B�+%(ABDT
c�+_E6/@�?/��1���0�P$1�>k�+%(����Q+1/HI��U�X$1�f�%56->EG��(e+H)�46(A+1����B�B�+%(AB
/@B�B�"�#%�1��IM��+3a1�P/H#��
����� � � � ����"�BYI6������(�->"7�1��IM"7�R46(A+%4G+%(A��"�+%�¤��+f�X$1�
��+%-04651�X/H��"�+%�6/H����+%-041����]1"Q�A�{+H)S�P$6/H�eB��P/H#��f8z"[T�� T7�!	 � 
%
 �,=�T
9}��� � �<I6���1+ ���l�P$1�0�%56->E6��(h+H)�46(A+1����B�B�+1(AB�/@B�B�"�#%�1��IR��+3a1�P/H# �#�.�`� � � � ��T�
¥�OB.��� � � �
	 ��� ��� � � ���
��� � ��� ��� ���

T 
¥�
/H��B�+ZI6�X���1� � ����+fE6�>�P$1�>�%56->EG��(�+H)S56�151B���IM46(A+%����B.B�+%(AB�"7�Ra1�P/H#��#��T�uz) � � � 	��*�U/@�Q��+H)S�P$1� � �S46(A+1����B�B�+%(WB�/ (W�
51B���Ig/��1I � � ���6T>c�$1�>��+%-04651�X/H��"�+%�{��"7->�0+H)�a1�P/H# � ��"�B�� ���� ��� 
 
���T> Y�{�P$1�0+ �P$1��(e$6/ �1I�� "�) � � � 	�����a1�P/H#��
�<"�B
(A��41��"Q��/@����I�	 � �

��� � ��"7->��B�TY�S/@�m$R(A��41��"���/H����IR"7�1B��P/ �1����+H)S�P$1�
B.�P/H# �l"QB
-�/ 4646��IR+%����+Z��]^/H���.�Q� 	��S46(A+%����B.B�+%(AB�T
c�$1"�Bf(A��BX51�Q�.B0"7� � ��� � ��$�	 � �

��� � 
 	��Y56�%51B.��I«46(A+%����B.B�+%(AB>"7�«a1�P/@# � �.TMuz)
(A��41��"���/H��"�+%�'"�Bf51B.��I��S�P$1�_/DC ��(./H# �
��+%-04651�X/H��"�+%�Z��"7->�l+H)�a1�P/H#��#�|"�B � ���� �/ ���

T
9}��� ���«I6���1+ �.�0�P$1�0�%56->EG��(e+H) 1�
'��� 46(A+1����B�B�+%(WB�Ted�)[����(e�P$1�0/ EG+nC��j/@�Q��+1��/H��"�+%�}� ����� � $ � ���� 
 8�� � $ � � =�T


M�_/HI6+141�j/{#%(W����I6�g/ 4646(A+%/@�m$¥��+M/HB�B�"�#%�J�X$1��B��Z):(W���F46(A+1����B�B�+1(AB>��+R�P$1�3��+%-04651�P/@��"�+%�MB.�P/H# ��B�TMch$1�3#%(A����I6�
/ 4646(A+1/H�m$Z"�BeBP56-0-0/�(A"�K���I_/HB�)[+ ���Q+Hk�B�6

��T�2�+%-04651���Y�X$1�
46��(A"�+1I_+H)|��/H��$ZB��P/H# � T

�GT<9}����� � � � � ��

� � � �eI6���1+ ���l�P$1�YB�����+@)�EG+ ���������1�����ZB��P/H# ��B
8zB.�P/H# ��B�k�"��P$Z�P$1�l�7/ (A# ��B��e46��(A"�+1IU=�T

pGT�\|"?�1IJ�P$1�f-j"?�1"7->56- �156->E6��(l+H);46(A+1����B�B�+%(AB>(A��i651"?(W��I'��+_(A��IU51���3�P$1�f4G��(A"�+%I'+@) ��/@�m$¥+H)��P$1�0B��X/H# ��B
"7�
� � � � � ��

� � � ��T 9���� � � I6���1+ ���l�P$1�Y��+ �X/H���%56->E6��( +H)�46(W+%����B�B.+%(AB;(A��i651"7(A��I3)[+%(��X$1��B��YB��P/H#���B�T

��T�uz) � � $ � � � �G�6�P$1���3a1��+%4}T

rGT�d;B�B."Q#1�_�X$1� � � 46(A+1����B�B�+%(WBY��+f�X$1�OB.�P/H# ��Be"7� � � � � � ��
�� � � � B�+3�X$6/H�;�X$1�O�X$6(A+%51#%$64651�Y+H)S�X$1�j41"74G���Q"7�1�3"�B
"?-�46(A+HC ��I�T

�GT � � ��� � $ � � TS�Y+0�.+ja1�.��4M� T

uz) � � � �Z/D)[����(��P$1�0/ EG+nC��
/HB�B�"�#%�6->���������P$1�O(W��-0/H"7�1"7�1#Z):(A���>46(A+1����B�B�+%(ABY/ (A�>/HB�B�"�#%�1��IR��+Z/ �_/ (.E1"Q�X(�/ (A�ZB��P/H#��
k�"��P$¤�P$1�Y�7/ (A# ��B��e46��(A"�+1I�T

7�G = 9� HY"! A)Q�= L8= N 
�O�N�CM;�QH<�= ?#�*Q:A Q�R
u��Ra1����4Rp6��B��P/@# �O46/ (W��"���"�+%�1"7�1#_"�B
51B���IR��+�):56(A�X$1��(�"7-046(A+HC �>�P$1�>�P$6(W+%51#%$64651��Thd�E6+����������1���m�¤B��P/H#��
"�BYI6�X���1��I
��+_EG�0�P$1�>B��P/H#��Okh"Q�X$R�P$1�>�7/ (A# ��B��
4G��(A"�+%I�TZc�$1�f4G��(A"�+%IJ+H) /ZB.�P/H# �>"7�1���751I6��BO"���Bl��+%-04651�P/@��"�+%�{��"7->�f/ �1IM�X$1�
��+%-0->56�1"���/H��"�+%�{��"7->�lk�"��P${"���B�46(W��C%"�+%51BYB��X/H# �
/ �1I{"Q�.BYBP51������B�B�+%(hB��P/@# � T�c�$1�
��+1-0->56�1"Q��/@��"�+%�{��+ B��;EG���*k������

p �



/HIH��/H�������|B��P/H# ��B�"�BS�%�1+Hk;�>E6/HB.��IO+1�
�X$1��IU/@�P/Y(A��-0/ 4641"7�1#
/H��# +1(A"��P$6-¡�m$1+�B����>"7�>a1����43� T d9$1��56(A"�B���"��Y/H��# +%(A"��P$6-
"�B�51B���IZ��+Y"7-046(A+HC ���P$1�e46��(A"�+1If+H)}�P$1�;41"746����"7�1�
"7�Z/ �l"�����(�/H��"�C �e-0/ �6�1��(�TSu��>��/H��$>"�����(�/H�."Q+1�}� B��P/@# ��46/ (A��"���"�+%�1"7�1#
"�B�4G��(�)[+%(�->��I3��+ZE6/H�7/ �1���
�P$1�Yk�+%(.� ��+%/HI_/�->+%�1#>�P$1�
46(A+1����B�B�+%(WB�TS�S/@�m$Z"�����(�/@��"�+%�3"�B�BP56-�-0/ (A"�K���IL/@B�),+��Q��+Hk�B"6

 �� � 9}����� 8 � � =�E6�O/�E6+%56�1I{+%�Z�P$1�O4G��(�)[+%(�-0/ �1���Y"7-046(W+nC���->��� �e46��(h"Q�.��(�/H��"�+%�}T

 �� �¡2�+%-04651���<�P$1�SB.���`+H)UE6+����������1���m��B��P/H#��%8zBP=�� � � � � � ��
�� � � �HT 9}��� ����� ��

� � � �SEG���P$1��46��(A"�+1IO+@)U�P$1��EG+ ���������1�����
B��P/H# �%8,BP=�T

 ��  ¦\U+%(}��/@�m$la1�P/H# � ���Ha1�P/H# � ����� � � � � ��
�� � � �H� ->"7�1"?-j"QK��h�P$1��4G��(A"�+%I>+H)U�P$1��41"746����"7�1��E��
/���+1��/H�1+%41��"7->"�K�/H��"�+%�
/HB<),+ ����+Hk�B"6

8[/�=3����/HB�B�"�#%�j�P$1�;46(A+1����B�B�+%(WBS/HB�B�"�#%�1��I0�.+
a1�P/H# ��� / �1Ifa1�P/H#�� �#�R��/ �1If(A��I6"�B��X(A"7E651���;�X$1���P/HBP��B�"?���P$1+ B.�
B��P/H# ��B�"7�1���751I6"7�1#_�P$1�
/HB.B�+%��"7/H�.��I_IU/H�P/>(A��-�/ 4641"7�1#UT

8[E6={����/HB�B�"�#%�j�P$1�;46(A+1����B�B�+%(WBS/HB�B�"�#%�1��I0�.+
a1�P/H# ��� / �1Ifa1�P/H#�� � $3��/ �1If(A��I6"�B��X(A"7E651���;�X$1���P/HBP��B�"?���P$1+ B.�
B��P/H# ��B�"7�1���751I6"7�1#_�P$1�
/HB.B�+%��"7/H�.��I_IU/H�P/>(A��-�/ 4641"7�1#UT

 �����2�+%-04651���<�P$1�SB.���`+H)UE6+����������1���m��B��P/H#��%8zBP=�� � � � � � ��
�� � � � T 9}��� ����� ���

� � � � EG���P$1��46��(A"�+1IO+@)U�P$1��EG+ ���������1�����
B��P/H# �%8,BP=S/D)[����(��X$1�
/ E6+HC �
4G��(�),+1(�-0/ �1���Y�P56�1"7�1#UT

 ��	�¡uz) ��� � ��
�� � � � $ ����� ���

� � � � � �¤�%�X$1���_a1��+%4}T
�|��B�� �6B���� ��� � ��
�� � � � � ����� ���

� � � � / �1I{# +>��+0B�����43pGT�p6T

i

i i +1

i i +1

i +1

(a) Stage i is partitioned (b) Stage i+1 is partitioned

Tasks re-distributed

Tasks re-distributed

from Stage i

from Stage i+1

Pi+Pi+1
Pa

Pb

Pa

Pb

\|"�#%56(W�f��p 6|��]^/ -�41�Q��Be+H)`B.�P/H# �
46/ (W��"���"�+%�1"7�1#

\|"�#%56(A�>��pYBX$1+nkhBS/
B.�P/H# ��46/ (A�."Q�."Q+1�1"?�1#Z51B�"7�1#j/��0��]6/ -041��� TSa1�P/@# �;46/ (A�."Q�."Q+1�1"?�1#0EG���*k������Za1�P/H# � �`/ �1I3a1�P/H#��
���x��"QBhBP$1+Hk;�}�6k;$1��(A�
a1�X/H# �#��"�B;�X$1�
E6+ ���.�Q���1�����ZB��P/@# � T 9}��� � �S/ �1I � �

�

�I6���1+ ���l�P$1�
�156-OEG��(�+H)S46(A+1����B�B�+%(AB

p6�



/HB�B."Q#1�1��I'��+ga1�P/H#�� �l/ �1I«a1�P/H# � � ��� �<(A��BP46�����."QC����Q�w"7�'a1����4'�6T'c�$1��B��_46(A+1����B�B�+1(ABf/ (A�_(W��/HB�B�"�#%�1��I�TJdh),����(
46(A+1����B�B�+%(<(A��/HB�B."Q#1�6->��� �D� a1�P/H# � � +%(|a1�P/H# � �#�R��"�B�46/ (W��"���"�+%�1��If�.+Y"?-�46(A+HC ���P$1�;46��(W"Q+1IZ+H)��P$1�e41"?4G����"?�1�lI6��B�"�#%�}T
\|"�#%56(A�Z��p>BP$1+Hk�B��Ak�+>��/HB���B���k;$1��(A�
a1�X/H# � �</ �1ILa1�X/H# �#���¦�
/ (A�
46/�(A��"���"�+%�1��I�T�u��{�P$1"�Bh�U#%56(A� �
���>46(A+1����B�B�+%(AB
/ (A�>/HB�B�"�#%�1��I{��+3a1�P/H# � �S/ �1I ���e46(A+1����B�B�+%(ABY/ (A�
/@B�B�"�#%�1��IR��+3a1�P/H# �#� ���l/D),�.��(;46(A+1����B�B�+1(;(A��/@B�B�"�#%�6->������/��1I
�P/HBX�O(W��I6"QB.�P(A"7E651��"�+%�}T ��+ �.�;�P$6/@� ��� � ������� ��� � �

�

nT|c�$1�eBP/ ->�Y46(A+1����IU56(A�Y"�B /�4641�Q"���IRE6���Ak������fa1�P/@# �"�|/��1I

a1�P/H#��#�!$«� TSch$1�Y��"7->�Y��+f4G��(�),+1(�-¨+%�1�Y"�����(�/@��"�+%�3+H)Sa1����43p6Tqp
"7�¤�P$1�O/ EG+HC ��/@�Q#�+%(A"��P$6-�"QB � 8��Y=�T
c�$1�
4G��(A"�+%I{+H)`�P$1�
EG+ ���������1�����0B��X/H# �%8zBP=<# ���1��(./H����I3E �Z�P$1�
/ EG+nC���$1��56(A"�B��."Q�l"�B�/>->+%�1+���+%�1"���/H�����3I6����(A��/HB�"7�1#

B���i651���1��� T;c�$151B����P$1�O/�E6+HC �O$1��56(W"QB.��"��O�.��(�->"7�6/H����BY/D)[����(�/j���1"Q�.�j�156->E6��(h+H)|"Q�.��(�/H��"�+%�1B�Thd;��B�+3�1+ ���l�P$6/H���G"�)�/
B��P/@# �
"�B
(A��41��"���/H����IJ"7�Ma1����4R�6��+%�1���L+1�1�O"7�1B��X/ �1���>+H)��P$1�0(A��41��"���/H����I¥B��P/H# �>�1����I6B
��+3E6����+%�1B�"�I6��(A��IM"7�{B��P/H#��
46/ (A�."Q�."Q+1�1"?�1#�TSc�$1�eBP/ ->��B.�P/H# �;46/�(A��"���"�+%�1"7�1#>+%41��"7->"�K�/H��"�+%�Z"�B�/ 4641��"���I3��+
�P$1�Y(A��B��<+H)��P$1�;(A��41��"���/H����I3"7�1B��X/ �1����B�T

u����P$1��)[+ ���Q+Hk�"7�1#U�D�P$1�<B�����41B�+H)1+%56(}�P/HBX�;-0/�4641"?�1#Y->���P$1+1I6+ ��+ # �Y/ (A�|"����751B��P(�/@����IO51B�"7�1#Y/ �e��]6/ -041��� T|2�+%�1B�"�I6��(
/>�Ak�+
B��X/H# �Y/ 4641��"Q��/@��"�+%�{"?�¤\|"�#%56(A�0� �_8[/ =tT�a1�X/H# �>�Y��+%�1B�"�B���Bh+H) 	 
��P/HBP��B��1��/H��$3$6/DC%"7�1#f/ �Z��]1����51��"�+%�¤��"7->�Y+H)

 
 T|�</H�m$l�P/@BP�Y51B���BS/e+%�1�XN�I6"7->���1B�"�+%�6/@��/ (�(./��Y+@) 	 � ���Q��-j��� ��BDT�a1�X/H# ������+1�1B�"�B���BS+@) 	 � �P/@BP� B�k�"��P$0/��
��]1����51��"�+%�
��"7->�>+H) 
 � TY�S/H��${�P/HBP�351B.��B
/0+%�1�XN�I6"7->���1B."Q+1�6/H��/ (�(�/D�Z+H) 	 
 ������->������B�T>c�$1�l��(AB��eB�����4{+H)S+156(Y->���P$1+1I6+ ��+ # �
I6������(�-j"?�1��B�k;$1���P$1��(>�P$1�ZIU/H�P/{/H������B�Bf46/@������(��1Bl"?�J�X$1��B��3B��P/H#���BO/ (A�ZI6"q����(A��� �_8[a1���3\|"�#%56(W�L� �«8[E6=.=�TLu,);B�+U�
/{IU/H�P/{(A��-0/ 4641"7�1#R"�Bf46��(�)[+%(�-j��I�T_d©IU/@�P/_(A��-�/ 4641"7�1#U�|��+%(��1��(l�P56(.�}�`"�B0"7�1B���(W����IvEG���Ak������¥�P$1�ZB��P/H#���BF8[a1���
\|"�#%56(A�0� �R8z��=�=�T

u��¦�P$1�'�1��]%�{B�����4}�>/'��+%/�(AB��g(A��B.+%56(A���'/H���Q+1��/H��"�+%�¦"�Bg46��(*),+%(.->��I�T ��/HB���I¡+%�x�P$1�J��B���"7-0/@����I���]1����51��"�+%�
��"7->�{+H)���/@�m$�B��P/H# � ��46(A+1����B�B�+%(WBf/ (A�R/HB�B�"�#%�1��I�T�a1�P/@# �M�_/ �1Ixa1�P/H# �_�J/ (A�_/HB.B�"�#%�1��I � 
%� 	 � ��� � ��� �

� ����� � � � � ��� � � �
� �#� 	 � � ��� � � �

� ����� � � � � � � � � 46(A+%����B.B�+%(AB���(A��BP4G������"�C ����� Tfu��~�P$1"�B
��]6/ -041��� ��k��0$6/DC �f/HB�BX56->��IR�P$6/H�Y�P$1��(A�0/ (W�j�1+¤):(W���
46(A+1����B�B�+%(WB�T 
x"��P$¥�P$1�3/HB�B�"�#%�1��I«�156->E6��(l+H);46(A+1����B�B�+%(ABD�`�X$1�f��]1����51��"�+%�'�."?-j�0)[+%(Y��/@�m$¥B��P/H#��0"�B0��+%-04651����I�T
��/HB���IZ+%�>�P$1�hIU/H�P/
(W��-0/ 4641"7�1#046/H������(��{8z��+%(��1��(��P56(.�6=S/ �1IZ�P$1�;�156->E6��(<+H)`46(A+1����B�B�+%(AB�/HB�B�"�#%�1��IZ��+Y�P$1�eB��P/@# ��B
8�� 
 /��1I � �H�6(A��BP46�����."QC����Q�6=����P$1�e��"7->�e),+1(|IU/H�P/>(A��-�/ 4641"7�1#L8��

	 � =<"�B���+%-�4651����I�TSu��Z�X$1�;"����751B��P(�/H�."Q+1�}��� � � � 
mT
c�$151B��6�P$1�
4G��(A"�+%IR+H)��P$1"�B�41"746����"7�1�0"�B ��� � � � � � �

	 � T;8:a1���Y\|"Q#156(A�f� �_8zIU=.=�T
u��~�P$1�l���6/H�|B�����4}� k��04G��(�),+1(�- B��P/H#��O46/ (A�."Q�."Q+1�1"?�1#{��+Z)�56(A�P$1��(e"7-046(A+HC �>�P$1�>�P$6(A+151#%$64651��T>a1�P/H# �0�Z"�BO46/ (*N

��"���"�+%�1��I'/ �1Ig/¤BP56E1B����
+@) �X/HBP��BY"QB>-0/ 464G��Ig+%����+3�P$1��BP/ ->�f46(W+%����B�B.+%(YB����
/@BOa1�P/H#��F�R8[a1���0\|"�#%56(A�R� �g8z��=.=�T
&S(W+%����B�B.+%(�(A��/HB�B�"�#%�6-j��� ��"�BY�1+ �;4G��(�),+1(�->��I�T �h+ ���e�P$6/H���X$1�
(A��BP51����"7�1#fI6��B."Q#1�3����"7->"7�6/H����Be"QI6��"7�1#3+H)S46(A+1����B�B�+%(AB
BP$1+Hk;��"7�Z\|"Q#156(A�O� �¤8,IU=�T|c�$1���1��k¦��]%����51��"�+%�Z�."?-j�e),+%(<a1�P/H# �Y�6��� ���[�1"�B�BP-0/H������(��P$6/ � � �HT���+ �.��/H��B�+>�P$6/@���X$1�
�1��k¡IU/H�P/>(A��-0/ 4641"7�1#Z��"7->� � �

	 � � �6"�B;��"7�H�����_�.+fE6�lBP-0/H������(��X$6/ � �
	 � �UE6����/ 51B.�
�P$1�
/ -j+%56� �h+H)�IU/@�P/0(A������"�C ��I

E��O��/@�m$Z46(A+1����B�B�+%(�"QB�(A��IU51����I3��+%-046/�(A��I0k�"��P$��P$1����"7�1��/ (�41"746����"7�1�
I6��B."Q#1�_o�p���sAT�ch$1��(A��BX51�Q�."?�1#04G��(A"�+%IZ)[+%(��P$1"�B
I6��B�"�#%�}� � � � �G"QB�� ��� � �

	 � � ��/HB�BP56->"7�1#�� ��� � � 
 � � ��� � T

p �



(n1 , t1)

Stage 1 Stage 2

...

. . .

Stage 1 Stage 2

(a)  A  Given  Two-Stage  Application

n1

n2

(b)  Data  Access  Patterns

Stage 1 - Task-i  needs row-i  only  (1 < i < n1)
Stage 2 - Task-j  needs  col-j   only (1 < j < n2)

...

. . .
Stage 1 Stage 2Data Remapping

Corner
 Turn

(c)  Step 1:  Data  Remapping  Inserted

Time

Stage 2

T1 T2TCT

(d)  Step  2:  Coarse   Resource  Allocation

Stage 1

TLP

Processors
Idle

Time

Stage 1

Stage 2

T1

T2
’

TCT
’

(e)  Step 3:  Stage  Partitioning

TSP

T2
’’

(n2 , t2)

Input Data

P1

P2

P1

P2

\|"�#%56(W�f� ��6�dY�3"����751B��P(�/H�."QC��
��]6/ -041���
BP$1+Hk�"7�1#0+156(�->���P$1+1I6+ ��+ # �

p p



��� � !$/��I��� �	�I��
������)(*� �
	%� � &%���

u����P$1��)[+ ����+Hk�"7�1#U� �P$1�h�X�������."QC����1��B�B�+H)��P$1�e/ E6+HC �;-�/ 4641"7�1#j-j���P$1+%I6+��Q+�# �>"QB<"��Q�751B��X(�/H����I3E �051B�"7�1#>�P$1����]6/ -041���
I6"�B���51B�B���IJ"7�Ma1������"�+%�MpZ/ �1IM"7�Ma1�����."Q+1� �UT��6TY Y56(l->���P$1+1I6+ ��+ # �_"�B>51B���IR��+_-0/ 4{�P$1�>�Ak�+HN�B��P/H#��
/ 4641��"Q��/@��"�+%�
+%����+ �346(A+1����B�B�+%(WB�T89}��� 	 
 ��r�� 	��#� �6T 9}���#
 
#�¬��B�����+%�1Ig/��1I 
 ��� ��B�����+%�1I�Tfa1�.��4'�0I6������(.->"7�1��BO�X$1�
IU/H�P/l�7/D� +%51��+H)|��/H��$0+H)|�P$1�YB��X/H# ��B�/ �1IZ�P$1�YIU/H�P/>(A��-0/�4641"?�1#Z��+0E6�
4G��(�)[+%(�->��I_EG���*k������3/HIH��/H��������B��P/@# ��B�T�d;B
I6"�B���51B�B���I{"7�fa1������"�+%�3�GT�p6� �X$1�;B�+��?51�."Q+1�Z�P$6/H��-�/ 41B�/H�����X$1�O���l�P/@BP� B<"7�Z+%�1�;"7�1"���"7/H��"�+%�¤+%����+O/lB�"7�1# ���
46(A+1����B�B�+%(
"�BO�1+ �l��+%�1B�"�I6��(A��I�T3��/HB���IM+1�R�P$1�0��"7�1��/ (l��]%����51�."Q+1�g->+1I6���Skh"Q�X$R���751B�����(A"7�1#R+%(Y(A��41��"���/H��"�+%�}�S/@BO46(A+%4G+ B���IM"7�
o����ts*���P$1� �.+%41��"7-0/H��
R�P$6(A+%51#1$64651�f/H��$1"Q��C���I'"QBZ�6T �%p �@B����L8[/HB>BP$1+Hk;�¥"7�J\|"�#%56(A� �v8,IU=�=�T 7hB�"7�1#M+%56(>-0/ 4641"7�1#
->���P$1+1I6+ ��+ # � �}�X$1�O�X$6(A+%51#%$64651�Y��/ �REG�O"7-046(W+nC���I�TOc�$1�>��+%/�(AB��O(W��B�+%56(A���0/H����+%��/@��"�+%�R"7�Ma1����4R�3(A��BP51����BY"7�M/��
"7�1"���"7/H��-0/ 4641"7�1#_BP51��$R�P$6/@�
�M8
� 	 � � �
 � � =Y46(A+1����B�B�+1(AB
/ (A�f/@B�B�"�#%�1��IM��+_a1�X/H# �3�0/ �1IgpM8
� 	 � � �
 � � =Y46(A+1����B�B�+%(AB
/ (A�0/HB.B�"�#%�1��IM��+_a1�P/@# �0�6TOch$1��(A�X),+1(A� �|�_8
� � $�8[� �xp =.=;46(A+1����B�B�+1(e"QBlI6��B�"�#%�6/H����IJ/HBe):(W���f46(A+1����B�B�+%(�Tldh),����(
��+%/ (WB��
(A��B�+%56(W���O/H����+%��/@��"�+%�}� � 
 � � �� � 
J���¡p>B�����+%�1I6B
/ �1I�� � � � �� � 
J���¡p>B�����+%�1I6B�T�deB�B�"�#%�1"7�1#3�P$1��):(W���
46(A+1����B�B�+%(���+
��"��P$1��(�a1�P/@# �
��+1(Sa1�P/H#��;�Y��/ �Z(A��IU51���e�P$1�Y46��(A"�+1If+H)`a1�P/@# �
��+1(Sa1�P/H#��;�Y��+>�YB�����+1�1I6B�TSc�$1�h):(W���
46(A+1����B�B�+%(�"�B�/HB�B�"�#%�1��I0�.+
a1�P/H# �Y� �H"7���P$1"�BS��]6/ -041��� T|c�$1���}�����1�;46��(�)[+%(�-�/ �1�����P56�1"7�1#
"�B�4G��(�),+1(�->��I�T|\|"�#%56(A�Y��r
BP$1+Hk�BY46+ B.B�"7E1�Q�Z46(A+%����B.B�+%(e(A��/HB�B�"�#%�6-j��� ��BY/ �1IR�P/HBX�3(A��I6"�B��P(A"7E651��"�+%�1B>51B�"7�1#3B��P/H# �
46/�(A��"���"�+%�1"7�1#UT
c�$1�l+%41��"7-0/H�
�P$6(A+151#%$64651�S"�BS+1E1�P/H"7�1��I0k;$1������� �YrY/ �1I ��� �>�;/@B|BP$1+Hk;�>"7�>\|"�#%56(A�
�Dr6T|u��>�P$1"�B<��/HB�� �%a1�X/H# �;�e"�B�46/�(A��"���"�+%�1��I�T
\|"�C �
+@)��P$1�l�P/HBP��B�"7�La1�X/H# �
�0/ (W�
-0/ 4646��IR+%����+>�P$1�>r046(A+1����B�B�+%(ABY/HB�B."Q#1�1��I_��+fa1�X/H# �0� T�c�$1�
(A��-0/@"?�1"7�1#3�Ak�+
�P/HBX� BY"7�Ma1�P/@# �0�3/ (A�046��(�)[+%(�-j��IM+%�{�P$1�0�7/HB��
46(W+%����B�B.+%(�T0u��~�P$1"�BO-0/ 4641"7�1#U� �P$1��(A�0"�B
�1+R56�%51B���I¥��+%-04651��"7�1#
46+Hk���(�T|c�$1�l�P$6(A+%51#%$64651�h"?�1��(W��/HB���Be��+0�6T�r �HB.��� T�ch$1"QBe"�B;�X$1�Y+%41��"7-0/H���X$6(A+%51#%$64651��)[+%(<�P$1"�BY46(A+%E1����-3T

� ����
 �|����� � ����? ���	��� � �A� �


M�;$6/DC �e46��(�)[+%(�->��I�Cn/ (A"�+%51B<"7-041����->��� �X/H��"�+%�1B<),+1(S��/HIU/�(|E6���1��$6-0/ (���B�/ �1Ifa1+%�6/ (|EG���1�m$6-�/ (���B�+1�0u��<V a6&S�
/ �1Iga6�lu�� 2h(�/D�Lc�p �¦��+3BP$1+Hk��P$1���X�������."QC����1��B�B>+H)�+%56(l-0/ 4641"7�1#M->���P$1+1I6+ ��+ # � TZc�$1�0��]646��(A"7->�����P/H��(A��BP51����B
/ (A�Y46(A��B���������I3"7�Z�P$1"�B�B������."Q+1�}T 
M�e��(AB���I6��B���(W"?EG�
�P$1�eI6���P/H"���Be+H)`+%56(�E6���1��$6-0/ (.�0"7-041����->�����P/H��"�+%�1BDT�
M�e�P$1���
46(A��B������;(A��BX51�Q�.B�)[+%(���/HIU/ (hE6���1��$6-0/ (���B��G),+ ����+Hk���I_E �3(A��BP51����Bh),+1(�a1+%�6/ (�E6���1��$6-0/ (.� B�T

�'��� ��� &%���
� �3/6���3�����H/ 
 �����������


M�Y$6/DC �;"7-041����->��������I{�*k�+
��/@IU/ (�E6���1��$6-0/ (���B�TSc�$1��B.�
E6���1��$6-0/ (���B�/ (A�e�P/ �H���j):(W+%-��P$1�Y��c a6c�dY&'E6���1��$�N
-0/ (.�_BX51"Q�.�fI6��C ����+%4G��I9E��R�P$1�fVMu�c�����2�+%(.46+%(�/@��"�+%�'o�p �ts*T¤d¬(�/ �1# �Z+H);E6���1��$6-0/ (.� B0E6/HB���IJ+%�¥�P$1�Z+nC���(�/H���
��+%-04651�X/H��"�+%�6/H�6��+%-�41�Q��]1"��A�O"�B<I6��B���(A"7E6��IZ"7�3o�p �ts*T 
M��$6/DC ����+%�1B�"�I6��(A��IZ�P$1��->��I6"756-¢��+%-041����]%"��A�0/ �1I>�P$1�;$6/ (WI

p��



1
1 1

1
1

2

2
2
2

2

2
2

11 1 1 1

2
2

2
2

2
2
2

1

1
1
1

1

2
2

2
2

2
2
2

1
1 1 1

1

2
2

2
2

2

2
2

1
1 1 1

1

2
2

2
2

2

2
2

1
1 1

1
1

2
2

2
22
22

1
1

1

1
1

2 2 2 22 22

1
1

1

1
1

2 2

2

2

2

2

2

Pb=5

Pa=1

Pb=4

Pa=2

Pb=2

Pa=4

Pb=1

Pa=5

1
1 1

1
1 2

2
2

2

2

2

2

1
1 1

1
1

2

2
2
2

2

2
2Pb=3

Pa=3

3 Tasks of Stage 1 are

5 Tasks of Stage 2

1
1

1

1
1

2

2

2

2

2

2

2

1
1

1

1
1

2

2

2

2

2

2

2Pa=6

Throughput=0.33/sec

Throughput=0.33/sec

Throughput=0.33/sec

Throughput=0.33/sec

Throughput=0.5/sec

Throughput=0.33/sec

Time

Time

Time

Time

Time

Time

re-distributed

3 Tasks of Stage 2
are re-distributed

are re-distributed

\|"Q#156(A�0��r 6Su:���?51B.�P(�/H��"�+%�¤+H)|B��P/H# �Y46/ (A�."Q�."Q+1�1"?�1#�)[+%(�/>�Ak�+HN�B��P/@# �;/ 4641��"���/H��"�+%�

p r



Machine
Peak

Performance
of a Single Node

Start-up Time
(µsec)

Transmission
Time per Byte

(nsec/byte)

IBM SP2 266 Mflops 40 28.6

Cray T3E 600 Mflops 28 5.45
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(a) First-Order Doppler-Factored STAP

(a) Third-Order Doppler-Factored STAP
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Number of
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    Stage 1
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Processing
     Stages

    Stage 1
    Stage 2

    Stage 3

    Stage 1

       Computations

    Stage 1
Weight Computation

 Weight Application

 Doppler Processing

Sequential Execution

    Stage 1

             28 µsec

     499,000 µsec

    1,270 µsec

Number of
     tasks

    Stage 1
       128

       128

      10560

Invloved Time on IBM SP-2
Sequential Execution

    Stage 1

             110 µsec

     221,000 µsec

   700 µsec

Time on SGI/Cray T3E
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• TheLAPACK subroutine,cgesvd, is usedto performsingle-precisioncomplex-numbersingularvaluedecompo-
sition (SVD) on SP-2.

• T denotes the sequential execution time of each task in a stage on IBM SP-2.
• Ni denotes the number of tasks in a stage.

Processing
stage Functionality

Experiment 1 Experiment 2

T (µsec) Ni T (µsec) Ni

Stage 1 FFT 88 64 260 128

Stage 2 Covariance matrix
factorization

68,500 64 807,718 128

Stage 3 Weight adaptation
and beamforming

1,900 8192 7,575 32,768
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