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for (i=0;i<n;i++)
  for (j=0; j<3; j++)
    for (k=1; k<7; k++)
      B[j] = A[i*4+k];

SDRAM

D$

� 'DWD�VWRUDJH

ERWWOHQHFN

      B[j] = A[i*4+k];

 ������������	����


      B[j] = A[i*4+k];

� 'DWD�WUDQVIHU

ERWWOHQHFN

      B[j] = A[i*4+k];
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Data transfer and
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specific
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± KLJK�YROXPH

± ORZ�SRZHU

± VPDOO�VL]H
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± SRZHU��SHUIRUPDQFH�GHWHUPLQHG�E\�WKH�GDWD�WUDQVIHU

DQG�GDWD�VWRUDJH�QRW�E\�WKH�DULWKPHWLF�DQG�ORJLF
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5HODWLYH�HQHUJ\
SHU�RSHUDWLRQ
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&DFKH�PLVV
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�
�
��
��
��
��
��
��
��

3RZHU
GLVWULEXWLRQ�LQ

&38V

6WRUDJH

,QWHUFRQQHFW

&ORFNV

2WKHU

�
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5HODWLYH�HQHUJ\�SHU�RSHUDWLRQ

��E�FDUU\�VHOHFW

��E�PXOWLSOLHU

�[���[���65$0��5�

�[���[���65$0��:�

([WHUQDO�,2�DFFHVV

��E�0HPRU\�WUDQVIHU

Power(m
emory)

Power(arith
metic)

= 33

#%%���
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�
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Communication:

Computer:
graphics

Consumer:
audio/video

data

image

speech

  fax, protocols

Mobile: GSM,SDMA, WLAN(OFDM,turbo codec)
Wired: xDSL
Network: ATM layer 3-4

2D -> 3D graphics
Medical imaging

Audio codec: MPEG2,voice codec
Video codec: MPEG2,H.263,MPEG4,JPEG2000
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± 'DWD�WUDQVIHUV

± 0HPRU\�VL]H

' ����)���%������
����%
�
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± 6\VWHP�EXV�ORDG

± 3RZHU�GLVVLSDWLRQ�LQ�PHPRULHV

� VL]H�RI�PHPRU\

� IUHTXHQF\�RI�DFFHVV

� WHFKQRORJ\��9''��RQ�FKLS�RII�FKLS�

' ��
������%������
����%
�
�����
± &ORFN�F\FOHV
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± DUFKLWHFWXUH�H�J��7UL0HGLD�70����

± UHIHUHQFH�&�FRGH�IRU�DSSOLFDWLRQ

H�J��03(*���0RWLRQ�(VWLPDWLRQ

'  
��
± PDS�DSSOLFDWLRQ�RQ�DUFKLWHFWXUH

' .���/�+
���
�������
 me@work> tmcc -o mpeg4_me mpeg4_me.c
Thank you for running TriMedia compiler.
(Your program uses 257321886 bytes memory,
 78 Watt, 428798765291 clock cycles)
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± 7UDQVIRUPV�&�FRGH�RI�WKH�DSSOLFDWLRQ

± %\�IRFXVLQJ�RQ�PXOWL�GLPHQVLRQDO�VLJQDOV��DUUD\V�

± 7R�EHWWHU�H[SORLW�SODWIRUP�FDSDELOLWLHV
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' #�	������&
± &DYLW\�GHWHFWLRQ�LQ�&7�VFDQV

± 'HWHFW�GDUN�UHJLRQV�LQ

VXFFHVVLYH�LPDJHV

± ,QGLFDWH�FDYLW\�LQ�EUDLQ

➱�%DG�QHZV�IRU�RZQHU�RI�EUDLQ

' #%%���
��������
��&
± &RPSXWHU�7RPRJUDSK\�LQ�PHGLFDO�LPDJLQJ
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' "���������4�����%��
�5�(��������������
�	������
± DOO�IXQFWLRQV��LPDJHBLQ>1�[�0@W����!�LPDJHBRXW>1�[�0@W

± QHZ�YDOXH�RI�SL[HO�GHSHQGV�RQ�LWV�QHLJKERUV

± QHLJKERU�SL[HOV�UHDG�IURP�EDFNJURXQG�PHPRU\

± DSSUR[LPDWHO\�����OLQHV�RI�&�FRGH��LJQRULQJ�ILOH�,�2�HWF�

± H[SHULPHQWV�ZLWK�1�[�0� �����[�����SL[HOV

± VWUDLJKWIRUZDUG�LPSOHPHQWDWLRQ����LPDJH�EXIIHUV

&RPSXWH
(GJHV

*DXVV
%OXU�[

5HYHUVH
'HWHFW
5RRWV

0D[
9DOXH

*DXVV
%OXU�\

main(){ /* Layer 1 code */
  read_image(IN_NAME, image_in);
  cav_detect();
  write_image(image_out);
}
void cav_detect() { /* Layer 2 code */
  for (x=GB; x<=N-1-GB; ++x) {
    for (y=GB; y<=M-1-GB; ++y) {
      gauss_x_tmp = 0;
      for (k=-GB; k<=GB; ++k) {
        gauss_x_tmp += in_image[x+k][y] * Gauss[abs(k)];
      }
      gauss_x_image[x][y] = foo(gauss_x_tmp);
    }
  }
}

"�����������������������

int foo(int arg1) { /* Layer 3 */
  /* arithmetic, data-dependent operations
   * to be mapped to data-path, controller
   */
}

void cav_detect() { /* Layer 2 code */
  for (x=GB; x<=N-1-GB; ++x) {
    for (y=GB; y<=M-1-GB; ++y) {
      gauss_x_tmp = 0;
      for (k=-GB; k<=GB; ++k) {
        gauss_x_tmp += in_image[x+k][y] * Gauss[abs(k)];
      }
      gauss_x_image[x][y] = foo(gauss_x_tmp);
    }
  } /* Makes code for data access */
} /* and data transfer explicit */
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Processor 
Data Paths

L1
cache

L2
cache

Cache
Bank

Combine

local latch 1
& bank 1

local latch N
& bank N

Exploit memory hierarchy

Off-chip SDRAM

Exploit limited life-time

Avoid N-port Memories

Reduce redundant transfersIntroduce Locality

Meet real-time constraints

 ����
3������%������ !�
❶�
�
����+���
������
�����

± (OLPLQDWH�UHGXQGDQW�WUDQVIHUV�DQG�VWRUDJH

� 0��%�
��������������+���
������
�����
± ,PSURYH�UHJXODULW\�RI�DFFHVVHV�DQG�GDWD�ORFDOLW\

❸�
�
��������
��������������
������$%����
����
± 'HWHUPLQH�ZKHQ�WR�PRYH�ZKLFK�GDWD�EHWZHHQ�PHPRULHV

WR�PHHW�WKH�F\FOH�EXGJHW�RI�WKH�DSSOLFDWLRQ�ZLWK�ORZ�FRVW

❹�
�
��
������%����
����
± $UUDQJH�GDWD�LQ�WKH�FRUUHFW�SODFH�LQ�PHPRU\�WR����

PLQLPL]H�PHPRU\�VL]H�DQG�����PDNH�HIILFLHQW�XVH�RI

PHPRU\�IHDWXUHV�VXFK�DV�FDFKH�ORFNLQJ�DQG�DVVRFLDWLYLW\
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± FRGH�FDQ�EH�UHZULWWHQ��GLIIHUHQW�H[HFXWLRQ�RUGHU�

ZLWKRXW�FKDQJLQJ�WKH�DOJRULWKP¶V�UHVXOW��

' �
�
����+���
������
�����
± HOLPLQDWH�UHGXQGDQW�WUDQVIHUV�DQG�VWRUDJH

± HQDEOH�IXUWKHU�ORRS�DQG�FRQWURO�WUDQVIRUPDWLRQV

' �$%���������������
± UHGXFH�QXPEHU�RI�PHPRU\�DFFHVVHV�IURP�&38

❶

N

M

�
�
����+���
������
)������������� ❶

for (x=0; x<N; ++x) 
  for (y=0; y<M; ++y)
    gauss_x_image[x][y]=0;

for (x=1; x<=N-2; ++x) {
    for (y=1; y<=M-2; ++y) {
      gauss_x_tmp = 0;
      for (k=-1; k<=1; ++k) {
        gauss_x_tmp += image_in[x+k][y]*Gauss[abs(k)];
      }
      gauss_x_image[x][y] = foo(gauss_x_tmp);
    }
  }
}

M-2

N-2

�DFFHVVHV��1��0����1������0���
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N

M

N-2

M-2

�
�
����+���
������
)�������������

for (x=0; x<N; ++x) 
  for (y=0; y<M; ++y)
    if ((x>=1 && x<=N-2) && 
        (y>=1 && y<=M-2)) {
      gauss_x_tmp = 0;
      for (k=-1; k<=1; ++k) {
        gauss_x_tmp += image_in[x+k][y]*Gauss[abs(k)];
      }
      gauss_x_image[x][y] = foo(gauss_x_tmp);
    } else {
      gauss_x_image[x][y] = 0;
    }
  }
} 

�DFFHVVHV��1��0
JDLQ�LV�������

❶

�
�
����+���
������
�������������
' 2�����
��:���%�������
�
����+���
������
�����

± DGYDQFHG�VLJQDO�VXEVWLWXWLRQ�DQG�SURSDJDWLRQ

± DOJHEUDLF�WUDQVIRUPDWLRQV��DVVRFLDWLYLW\�HWF��

± VKLIWLQJ�³GHOD\�OLQHV´

± UH�FRPSXWDWLRQ

± WUDQVIRUPDWLRQV�WR�HOLPLQDWH�ERWWOHQHFNV

IRU�VXEVHTXHQW�ORRS�WUDQVIRUPDWLRQV

�

��

��

��

��

���

���

���

DFFHVVHV VL]H F\FOHV

2ULJLQDO

')�WUDIR

❶
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' 0��%���
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�����
± LPSURYH�UHJXODULW\�RI�DFFHVVHV

± LPSURYH�WHPSRUDO�ORFDOLW\��SURGXFWLRQ�↔�FRQVXPSWLRQ

' �$%���������������
± UHGXFH�WHPSRUDU\�VWRUDJH�DQG��DQWLFLSDWHG��%*�VWRUDJH

VWRUDJH�VL]H�1

0��%���
������
�����

for (j=1; j<=M; j++)
  for (i=1; i<=N; i++)
    A[i]= foo(A[i]);

for (i=1; i<=N; i++)
  out[i] = A[i];

for (i=1; i<=N; i++) {
  for (j=1; j<=M; j++) {
    A[i] = foo(A[i]);
  }
  out[i] = A[i];
}

VWRUDJH�VL]H��

❷

*DXVV
%OXU�[

0��%���
������
)�������������

&RPSXWH
(GJHV

*DXVV
%OXU�\

N x M

❷

)ROG�DQG�ORRS�PHUJH

N x M

)URP�1�[�0�WR
��[�0�EXIIHU�VL]H
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 for (x=0; x<N; ++x) {
   for (y=0; y<M; ++y) {
     if (x>=1 && x<=N-2 && y>=1 && y<=M-2) {
       gauss_x_tmp=0;
       for (k=-1; k<=1; ++k) {
         gauss_x_tmp += image_in[x+k][y]*Gauss[abs(k)];
       }
       gauss_x_image[x][y]= foo(gauss_x_compute);
     } else {
       gauss_x_image[x][y] = 0;
     }
   }
 }

 for (y=0; y<M+3; ++y) {
   for (x=0; x<N+2; ++x) {
     if (x>=1 && x<=N-2 && y>=1 && y<=M-2) {
       gauss_x_tmp = 0;
       for (k=-1; k<=1; ++k) {
         gauss_x_tmp += image_in[x+k][y]*Gauss[abs(k)];
       }
       gauss_x_image[x][y] = foo(gauss_x_compute);
     } else {
       if (x<N && y<M) {
         gauss_x_image[x][y] = 0;
       }
     }
   }
 }

0��%���
������
)������������������ ❷

0��%���
������
��������������
' 2�����
�������;:����%���
������
�����

± LQWHUFKDQJH��EXPS��UHYHUVH��XQUROOLQJ

± ERG\�PHUJH��ERG\�PHUJH�LI��ERG\�VSOLW

± ORRS�PHUJH��ORRS�VSOLW

± VWULS�PLQH��GHFLPDWH

± «

�

��

���

���

���

���

���

DFFHVVHV VL]H F\FOHV

2ULJLQDO

')�WUDIR

/RRS�WUDIR

❷
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#A = 100

� 3��RULJLQDO�� ���DFFHVV�[�SRZHU�DFFHVV� ����

Processor 
Data Paths

Reg
File

M
Main

memory

P = 1

M’

P = 0.1

M’’

P = 0.01

100 110

�
�
��������<������������
����

� ,QWURGXFH�PHPRU\�KLHUDUFK\

± UHGXFH�QXPEHU�RI�UHDGV�IURP�PDLQ�PHPRU\

± KHDYLO\�DFFHVVHG�DUUD\V�VWRUHG�LQ�VPDOOHU�PHPRULHV

❸

� 3��DIWHU�� �����[�����������[���������[��� ��

�
�
�������
' �
�
����+���
������
��������������������$��

��%���������
)����
����������	�
��
± 6WHS����ILJXUH�RXW�GDWD�UH�XVH�SRVVLELOLWLHV

± 6WHS����FDOFXODWH�SRVVLEOH�JDLQ

± 6WHS����GHFLGH�RQ�GDWD�DVVLJQPHQW�WR�PHPRU\�KLHUDUFK\

❸

int[2][6] A;

for (h=0; h<N; h++)
 for (i=0; i<2; i++)
  for (j=0; j<3; j++)
   for (k=1; k<7; k++)
    B[j] = A[i][k]; LWHUDWLRQV

DUUD\�LQGH[�����L���N�
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����������	�
��
± 6WHS����ILJXUH�RXW�GDWD�UH�XVH�SRVVLELOLWLHV

± 6WHS����FDOFXODWH�SRVVLEOH�JDLQ

± 6WHS����GHFLGH�RQ�GDWD�DVVLJQPHQW�WR�PHPRU\�KLHUDUFK\

LWHUDWLRQVIUDPH� IUDPH� IUDPH�

DUUD\�LQGH[
6*2

6*1

❸

N*2*3*6

CPU

1*2*1*6

N*2*1*6

�
�
������������

N*M

N*1

3*1

image_in

M*3

1*3

gauss_x

M*3

3*3

gauss_xy/comp_edge

M*3

1*1

N*M*3

N*M

N*M N*M*3

N*M*3

N*M*3 N*M

N*M

image_out

0

N*M*8 N*M*8

❸

CPU CPU CPU CPU CPU
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N*M

3*1

image_in

M*3

gauss_x gauss_xy comp_edgeimage_out

3*3 1*1 3*3 1*1

N*M

N*M*3 N*M*3 N*M

N*M

0

N*M*3 N*M

N*M*3 N*M*8 N*M*8 N*M*8 N*M*8

M*3 M*3

�0
%

6'
5$
0

��
.%

&D
FK
H

��
��
%

5H
J)
LOH

❸

for (y=0; y<M+3; ++y) {
  for (x=0; x<N+2; ++x) {
    if (x>=1 && x<=N-2 && y>=1 && y<=M-2) {
      gauss_x_tmp = 0;
      for (k=-1; k<=1; ++k)
        gauss_x_tmp += image_in[x+k][y]*Gauss[abs(k)];
      gauss_x_image[x][y] = foo(gauss_x_compute);
    } else {
      if (x<N && y<M) gauss_x_lines[x][y] = 0;
    }
    /* Other merged code omitted … */
  }
}

for (y=0; y<M+3; ++y) {
  for (x=0; x<N+2; ++x) { /* first in_pixel initialized */
    if (x==0 && y>=1 && y<=M-2)
      for (k=0; k<1; ++k)
        in_pixels[(x+k)%3][y%1] = image_in[x+k][y];
    /* copy rest of in_pixel's in row */
    if (x>=0 && x<=N-2 && y>=1 && y<=M-2)
      in_pixels[(x+1)%3][y%1] = image_in[x+1][y];
    if (x>=1 && x<=N-1-1 && y>=1 && y<=M-2) {
      gauss_x_tmp=0;
      for (k=-1; k<=1; ++k)
        gauss_x_tmp += in_pixels[(x+k)%3][y%1]*Gauss[Abs(k)];
      gauss_x_lines[x][y%3]= foo(gauss_x_tmp);
    } else
      if (x<N && y<M) gauss_x_lines[x][y%3] = 0;

�
�
����������
)������������������❸
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DFFHVVHV VL]H F\FOHV

2ULJLQDO

')�WUDIR

/RRS�WUDIR

'DWD�UHXVH

❸

�
�
��
������%����
����
' #�������%��������������������
��
��
��
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± UHGXFH�PHPRU\�VL]H�E\�³LQ�SODFLQJ´�DUUD\V�WKDW�GR�QRW

RYHUODS�LQ�WLPH��GLVMRLQW�OLIHWLPHV�

± SODFHPHQW�RI�DUUD\V�LQ�PDLQ�PHPRU\�WR�DYRLG�FDFKH

PLVVHV�GXH�WR�FRQIOLFWV

± H[SORLW�VSDWLDO�ORFDOLW\�RI�WKH�GDWD�LQ�PHPRU\�WR�LPSURYH

SHUIRUPDQFH�RI�H�J��SDJH�PRGH�PHPRU\�DFFHVV

VHTXHQFHV

❹
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Image_out

Image_in

DGGUHVV

WLPH

WLPH

DGGUHVV

WLPH

DGGUHVV

Image

2��%�
������
)������������������

for (y=0; y<=M+3; ++y) {
  for (x=0; x<N+5; ++x) {
    image_out[x-5][y-3] = …;
    
    /* code removed */

    … = image_in[x+1][y];
  }
}

for (y=0; y<=M+3; ++y) {
  for (x=0; x<N+5; ++x) {
    image[x-5][y-3] = …;
    
    /* code removed */

    … = image [x+1][y];
  }
}
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DFFHVVHV VL]H F\FOHV

2ULJLQDO

')�WUDIR

/RRS�WUDIR

'DWD�UHXVH

,Q�SODFH

�
�
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��������������������

for (i=0; i<30; i++)
  A[i] = A[i] + B[i];

�
�
�
�
�
�
�
�

A[1]

❹

� 1HHG�ERWK�$>�@��%>�@

DW�VDPH�PRPHQW

� $>�@�LV�LQ�FDFKH�DW

SRVLWLRQ��

� %>�@�DOVR�PDSSHG�WR

SRVLWLRQ�����������

� &RQIOLFW�PLVV��$>�@�LV

IOXVKHG�LQ�IDYRU�RI�%>�@

A[29]

A[0]�
A[1]�

B[29]

��

��
��

��

B[0]
B[1]

Main
memory

Cache
memory
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± :LWKRXW�WDNLQJ�FDFKH�SDUDPHWHUV�LQWR�DFFRXQW

± 0D\��RU�PD\�QRW��JLYH�ULVH�WR�FRQIOLFWV
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��������������������
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���������	�
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± 2UJDQL]H�GDWD�LQ�PHPRU\�LQ�VXFK�D�ZD\

WKDW�FRQIOLFWV�DUH�DYRLGHG

❹
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�������
)�����������������
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�
�
�
�
�
�
�

for (i=0; i<30; i++)
  A[i] = A[i] + B[i];

A[1]

❹

B[1]
for (i=0; i<30; i++)
  mem[2*i-i%4]=
    mem[2*i-i%4] + 
      mem[2*i-i%4+4];

i
Aadr
Badr

0
0

4

1
1

5

2
2

6

3
3

7

4
8

12

5
9

13

6
10

14

7
11

15

8
16

18

9
17

19

B[2]
B[3]

A[0]�
A[1]�
A[2]

B[29]
B[28]

B[0]

��

A[4]

��

A[3]
�
�
�
�
�
�
�

A[5]

B[1]
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6\VWHP�EXV�ORDG

2ULJLQDO

'76(

&DFKH
RSWLPL]DWLRQ

(
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DFFHVVHV VL]H F\FOHV

� /RFDO�DFFHVVHV�UHGXFHG�E\

IDFWRU��

� 0HPRU\�VL]H�UHGXFHG�E\

IDFWRU��

� 3RZHU�UHGXFHG�E\

IDFWRU��

� 6\VWHP�EXV�ORDG�UHGXFHG

E\�IDFWRU���

� 3HUIRUPDQFH�ZRUVHQHG

E\�IDFWRU��
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± &RPSOLFDWHG�DGGUHVV�DULWKPHWLF

± $GGLWLRQDO�FRPSOH[�FRQWURO�IORZ��ORRS�	�FRQGLWLRQDOV�
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�%�
����������
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' #�������
����
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± 6LPSOLI\�FRQWURO�IORZ

± 6LPSOLI\�DGGUHVV�DULWKPHWLF��FRPPRQ�VXE�H[SUHVVLRQ

HOLPLQDWLRQ��PRGXOR�H[SDQVLRQ��«

± 0DWFK�UHPDLQLQJ�H[SUHVVLRQV�RQ�WDUJHW�PDFKLQH

#��������%����
�������������

�

���

���

���

���

���

���

DFFHVVHV VL]H F\FOHV

2ULJLQDO

')�WUDIR

/RRS�WUDIR

'DWD�UHXVH

,Q�SODFH

'DWD�OD\RXW

$'237���PRGXOR

$'237���UHVW
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$SSOLFDWLRQV$SSOLFDWLRQV
$UFKLWHFWXUH�

,QVWDQFH

0DSSLQJ

$SSOLFDWLRQV

3HUIRUPDQFH
$QDO\VLV

3HUIRUPDQFH
1XPEHUV

Data transfer and
data storage
specific
rewrites in the
application code

Data transfer and
data storage

specific
platform

customization
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)XOO\�DVVRFLDWLYH��QR�RSWLPL]DWLRQ�
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± 7UDGH�RII�SRZHU�YHUVXV�F\FOH�EXGJHW

VWRUDJH
F\FOH
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SRZHU�>P:@
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&DFKH�3RZHU

0DLQ�PHPRU\�3RZHU

512256128966432

FDFKH�VL]H
>�ZRUGV�@

1

2

0

UHODWLYH
SRZHU
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± 3ODWIRUP�LQGHSHQGHQW�KLJK�OHYHO�WUDQVIRUPDWLRQV

± 3ODWIRUP�GHSHQGHQW�WUDQVIRUPDWLRQV�H[SORLW�SODWIRUP

FKDUDFWHULVWLFV��RSWLPDO�XVH�RI�FDFKH��«�

± 6XEVWDQWLDO�UHGXFWLRQ�LQ�SRZHU�DQG�PHPRU\�VL]H

GHPRQVWUDWHG�RQ�03(*����2)'0��+������$'6/�����
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