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Outline

n I n t r odu ct ion

n F I R  filt e r s

n D iscr e t e  cos in e  t r a n s for m

n L o o k u p  t a b l e s

n Assem b ler ,  C com p iler , a n d  p r ogr a m m in g  h in t s

n S o f t w a r e  p i p e l i n i n g

n Com p ile r  e fficie n cy

n Con clu s ion
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TMS320C6x Processor

n Architecture

4 8-way VLIW DSP processor

4RISC instruction set

4 2 16-bit multiplier units

4Byte addressing

4Modulo addressing

n Applications

4Wireless base stations

4 xDSL modems

4Non-interlocked pipelines

4Load-store architecture

4 2 multiplications/cycle

4 32-bit packed data type

4No bit reversed addressing

4Videoconferencing

4Document processing
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Signal Flow Graph Notation
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Multiplication
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Branch



5

FIR Filter

n D iffe r e n ce  equ a t ion  (in n e r  p r odu ct )

y (n )  =  2  x (n ) + x (n  -  1) + x (n  -  2) + x (n  - 3)

y(n)

x(n) z-1 z-1 z-1
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n Vector dot product plus circularly buffer input
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Optimized Vector Dot Product on the C6x

n P r ologu e

4R e t im e  d ot  p r oduc t  to  com p u t e  t w o t e r m s  p e r  cycle

4 I n it ia l ize poin t e r s : A5 for  a (n ), B 6  for  x (n ), A7  for  y (n )

4M ove n u m b e r  of t im e s  t o loop  (N ) d ivid e d  b y  2  in t o  A2

n I n n e r  loop

4P u t  a (n ) a n d  a (n +1 ) in  A 0  a n d

x (n ) a n d  x (n + 1 ) in  A 1  (p a c k e d  d a t a )

4M u lt ip ly  a (n ) x (n ) a n d  a (n +1 ) x (n +1 )

4Accu m u la t e  e v e n  (od d ) in d e x e d

t e r m s in  A 4  (B4)

4D e cr e m e n t  loop  cou n t e r  (A2 )

n S t or e  r e s u lt

R e g M e a n in g

A0
B 1

a (n ) | | a (n +1 )
x (n ) | |  x (n +1 )

A2 (N  – n )/ 2

A3
B 3

a (n ) x (n )
a (n +1 ) x (n +1 )

A4
B 4

y
e v e n

(n )

y
o d d

(n )

A5
B 6
A7

& a

& x
& y
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 FIR Filter Implementation on the C6x

MVK  .S1 0x0001,AMR ; modulo block size 2^2
MVKH .S1 0x4000,AMR ; modulo addr register B6
MVK  .S2 2,A2 ; A2 = 2 (four-tap filter)
ZERO .L1 A4 ; initialize accumulators
ZERO .L2 B4

; initialize pointers A5, B6, and A7
fir LDW  .D1  *A5++,A0 ; load a(n) and a(n+1)

LDW  .D2  *B6++,B1 ; load x(n) and x(n+1)
MPY  .M1X A0,B1,A3 ; A3 = a(n) * x(n)
MPYH .M2X A0,B1,B3 ; B3 = a(n+1) * x(n+1)
ADD  .L1  A3,A4,A4 ; yeven(n) += A3
ADD  .L2  B3,B4,B4 ; yodd(n) += B3

[A2] SUB  .S1  A2,1,A2 ; decrement loop counter
[A2] B    .S2  fir ; if A2 != 0, then branch

ADD  .L1  A4,B4,A4 ; Y = Yodd + Yeven
STH  .D1  A4,*A7 ; *A7 = Y

Throughput of two multiply-accumulates per cycle 
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Discrete Cosine Transform (DCT)

n D C T  of s e q u e n ce x (n )  defin e d  on  n  in  [0, N -1]
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A Fast DCT Implementation

x(0) 8 X (0)

x(1) 16 X (4)

x(3) 16 X (6)

x(2) 16 X (2)

x(6) 16 X (7)

x(5) 16 X (1)

x(4) 16 X (5)

x(7) 16 X (3)

a1

a4

a2

a3

a5[Arai, Agui & Nakajima]

n Ar r o w s  r e p r e s e n t  m u lt iplica t ion  b y  -1

n a 1= 0 .707,  a 2= 0 .541,  a 3= 0 .707,  a 4= 1 .307,  a 5= 0 .383

DCT coefficients in
bit-reversed order
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Bit Reversed Sorting on the C6x

n I n -p la ce com p u t a t ion s  u s in g  d iscr e t e  t r a n s for m s

4 I n p u t  or  ou t p u t  v a lu e  a t  in d e x  1 0 1 0 2  a t  in d e x  0 1 0 1 2

4E m u la t e  b it -r e v e r s e d  a d d r e s s in g  on  C 6 x : in  t r a n s for m -

dom a in  filt e r in g ,  a v o i d  b y  p e r m u t in g  filt e r  coefficien t s

n L in e a r -t im e con s t a n t -s p a ce a lgor it h m

4C h a d  C ou r t n e y , “B it - R e v e r s e  a n d  D i g i t - R e v e r s e : Lin e a r -

T im e  S m a ll Look u p  T a b le  Im p lem e n t a t ion  for  t h e

T M S 3 2 0 C 6 0 0 0 ,” T I  A p p lica t i on  N ote S P R A 4 4 0 ,  5 /98

4H igh e r  r a d ix t r a n s for m s  u s e  d igit -r e v e r s e d  a d d r e s s in g

4D ivid e -a n d -con q u e r  a p p r oa ch  a u g m e n t e d  b y  l o o k u p

t a b les  for  s h or t  b it  len g t h s

4Avoid  s w a p p in g  v a l u e s  t w i c e
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Linear-Time Bit-Reversed Sorting

0

0

0

0

0

0 1

1

1

1

1

0

n2

m0

n1

m1

n0

m2

Normal
order

1

x[n2 n1 n0]

Bit-reversed
order

X[m2 m1 m0]

x[0 0 0]

x[0 0 1]

x[1 1 1]

X[0 0 0]

X[1 0 0]

X[1 1 1]

I n s t M e a n in g

clr clear  b i t  f i eld

e x t ex trac t  b i t

f ield

l m b d g ive posi t ion
of lef tm os t  b i t

n or m N orm al i z e
in teger; g ive #

red u n d a n t

s ign  b i t s

s e t S et  bi t  f ie ld
to on es

C6x bit operations
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Lookup Table Bit-Reversed Sorting

n S t or e  p r e -com p u t e d  b it -r e v e r s e d  in d ice s  in  t a b le

n Goa l s  fo r  hand-coded  im p lem e n t a t ion

4M in im ize  a cces s e s  t o m e m or y  (equ a l t o a r r a y len g t h )

4M in im ize  execu t ion  t im e

n L im it a t ion s  on  C 6 x a r ch it e ct u r e

4F ive con d it ion a l r e g is t e r s :  A0, A1, A2, B 0 , a n d  B 1

4D e lay  o f  5  cyc le s  fo r  b ranch  and  4  cyc le s  fo r  l oad / s to re

4N o m or e  t h a n  fou r  r e a d s  p e r  r e g is t e r  p e r  cycle

4O n e  r e a d  of r e g is t e r  file on  a n ot h e r  d a t a  p a t h : m a in t a in
copy of loop  cou n t e r  a n d  a r r a y  p oin t e r  in  e a ch  d a t a  p a t h

n E x a m p le: As s u m e  t r a n s for m  of  le n g t h  2 5 6

4Ar r a y in d ice s  fit  in t o a  b y t e  (look u p  t a b l e  i s  2 5 6  b y t e s )

4D a t a  a r r a y  i s  a  2 5 6 - w o r d  a r r a y  (1 6  b it s  p e r  coe fficie n t )
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Lookup Table Bit-Reversed Sorting

; A3 256-word array, B5 256-byte bit-rev index lut
MVK  .S1  255,A2 ; index to swap 0 … 255

|| MVK  .S2  255,B2    ; 255 bit reversed is 255
|| ZERO .L1  A1 ; don’t swap first index
|| MV   .L2  A3,B3     ; B3 also points to data

SUB  .S1  A2,1,B1 ; B1=A2-1
sort .trip 255 ; tell assembler loop 255X
  [A2] LDBU .D2 *B5[B1],B7 ; B7=next bit-rev index
  [A2] SUB  .S1  A2,1,A2 ; decrement loop counter
||[B1] SUB  .S2  B1,1,B1 ; B1=A2-1
||[A1] MV   .L1  B2,A4     ; A4=B2 for swapping
||[A1] MV   .L2  A2,B4 ; B4=A2 for swapping
||[A1] LDW  .D1 *A3[A2],A6 ; A6=data at index
||[A1] LDW  .D2 *B3[B2],B6 ; B6=data at bit-rev index

CMPGT .L1 A2,B7,A1  ; A1=switch next values
|| MV   .L2  B7,B2 ; B2=bit-rev index
||[A1] STW  .D1  A6,*A3[A4]; swap data
||[A1] STW  .D2  B6,*B3[B4]
||[A2] B    .S2  sort ; if A2 != 0, then branch

Throughput
of 3 cycles/

coefficient
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Better Lookup Table Bit-Reversed Sorting

n I m p r ove  execu t ion  t im e  by  53%

4F or  a  2 5 6 -le n g t h  d a t a  a r r a y, on l y  1 2 0  s w a p s  occu r

4U s e  2  1 2 0 -elem e n t  a r r a ys : in d ex  a n d  b it -r e v e r s e d  in d ex

; A5 and B5 120-byte index and bit-reversed index lut
MVK  .S1  120,A2 ; loop counter

|| MV   .S2  A3,B3     ; A3/B3 point to array data
sort .trip 120 ; tell assembler loop 120X

LDBU .D1 *A5++,A4 ; A4=index
|| LDBU .D2 *B5++,B4 ; B4=bit-reversed index

MV   .S1 B4,A7 ; swap indices to swap vals
|| MV   .S2 A4,B7
|| LDW  .D1 *A3[A4],A6
|| LDW  .D2 *B3[B4],B6
  [A2] SUB  .S1 A2,1,A2 ; decrement loop counter
||[A2] B    .S2 sort ; if A2 != 0, then branch
|| STW  .D1 A6,*A3[A7]
|| STW  .D2 B6,*B3[B7]

Throughput
of 1.4 cycles/

coefficient
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Assembly Optimizations

n H a n d  cod in g  o p t i m iza t ion s

4U se  in s t r u ct ion s  in  p a r a llel

        add .L1 A1,A2,A2

     || sub .L2 B1,B2,B1   ; parallel instruction

4F ill N O P  d ela y  s l o t s  w i t h  u s e fu l in s t r u ct ion s

4M a n u a l loop  u n r ollin g

4P a ck  t w o  16-b it  n u m b e r s  in  a  3 2 -bit  r e g is t e r : r e p la ce

t w o L D H  in s t r u ct ion s  w it h  L D W  in s t r u ct ion

n Assem b ler  o p t i m iza t ion s

4Ass ign s  fu n ct ion a l u n it s  w h e n  n ot  s p e cified

4P a ck  a n d  p a r a l lel ize lin e a r  a s s e m bly la n g u a g e  cod e

4S oft w a r e  p ipel in in g
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C6x C Compiler

n S o f t w a r e  d e v e l o p m e n t  in  a  h igh -leve l la n g u a g e

4 I n it ia liza t ion  a n d  r e s ou r ce a lloca t ion

4C a ll t im e -cr it ica l loop s  in  a s s e m bly

4C + +  com p iler s  a r e  u n d e r  d e v e lop m e n t

n Com p ile r  op t im iza t ion

4D isa b le  sym bolic d e b u g g i n g  t o  e n a b l e  o p t i m iza t ion

4O p t im ize  r e g i s t e r s , loca l in s t r u ct ion s ,  globa l  p r o g r a m  flow ,

s o f t w a r e  p i p e l i n i n g ,  a n d  a c r o s s  m u lt iple  f i les

4U s e  v o l a t i l e  k e y w or d  t o  p r e v e n t  r e m ova l of w a it  loop s

(d e a d  cod e ) a n d  u n u s e d  v a r ia b les  (s h a r e d  r e s ou r ce)
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Efficient Use of C Data Types

n i n t  i s  32  b i t s  ( w i d t h  o f  C P U  a n d  r e g i s t e r  b u s s e s )

n 1 6  b it  x  1 6  b it  m u lt iplica t ion  in  h a r d w a r e

4m u lt iplyin g  s h ort  i s  4x  fa s t e r  t h a n  m u lt iplyin g  i n t

4 a d d in g  p a ck e d  s h or ts  i s  2x  fa s t e r  t h a n  a d d in g  i n t

n 3 2 -bit  b y t e  a d d r e s s in g  (a cce s s  t o 4 G b y t e  r a n ge)

n lon g  i s  40  b i t s

4 u s e fu l for  e x t e n d e d  p r e cis ion  a r it h m e t ic (8  gu a r d  b it s )

4 p e r for m a n ce  pen a lt y

4 in  a s s e m bler , .lon g  m e a n s  3 2  b it s

n C 6 7 x  a d d s  s u p p or t  for  f loa t  a n d  d ou b l e
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Volatile Declarations

n O p t im izer  a void s  m e m or y  a cce s s e s  w h e n  p oss ib le

4C o d e  w h ich  r e a d s  from  m e m o r y  l o c a t i o n s  o u t s i d e  t h e

scope of  C (  su ch  a s  a  h a r d w a r e  r e g i s t e r ) m a y  b e

op t im ized  ou t  b y  t h e  com p iler

4T o  p r e v e n t  t h i s ,  u s e  t h e  v o l a t i l e  k e y w or d

n E x a m p le:  w a i t  f o r  l o c a t i o n  t o  h a v e  v a l u e  0 x F F F F

         unsigned short *ctrl;    /* wait loop */
         while(*ctrl != 0xFFFF);  /* loop would be removed */

volatile unsigned short *ctrl;    /* safe declaration */
         while(*ctrl != 0xFFFF);
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Software Pipelining

n E n a b led  wi th  -o2  and  -o3  com p ile r  op t ions

n E x a m p le

4S t a ges  o f t h e loop  a r e  A,  B ,  C,  D,  a n d  E

4A  m a x i m u m  o f  f i v e  s t a g e s  e x e c u t e  a t  t h e  s a m e  t i m e

Trip count

Redundant loops

Loop unrolling

Speculative execution
(epilog removal)

[Fig. 4-13, Prog. Guide]
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Trip Count and Redundant Loops

n T r ip cou n t  i s  m in i m u m  n u m b e r  of t im e s  a  loop
execu t e s

4M u s t  b e  a  con s t a n t

4U s e d  in  s oft w a r e  p ipel in in g  b y  a s s e m bler  op t im izer  if
loop  cou n t s  d o w n

4Com p iler  ca n  t r a n s for m  s om e loop s  t o cou n t  d o w n

4 I f com p iler  ca n n ot  d e t e r m in e  t h a t  a  loop  w ill a l w a y s
execu t e  for  t h e  m in im u m  t r ip cou n t , t h e n  it  g e n e r a t e s  a
r e d u n d a n t  u n p ipel in e d  loop

n Com m u n ica t in g  t r ip cou n t  in for m a t ion  in  C

4U s e  -o3  a n d  -p m  com p iler  o p t i o n s

4U s e  _n a s s e r t  in t r in s ic

_n a s s e r t (N  > =  1 0 );
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 Specifying Minimum Iteration Count

; Procedure Dotp with 3 arguments placed in a4,b4,a6
Dotp: .proc a4, b4, a6 ; beginning of procedure

.reg p_m, m, p_n, n, prod, sum, len
mv  a4, p_m ; pointer to vector m
mv  b4, p_n ; pointer to vector n
mv  a6, len ; vector length
zero sum

loop: .trip 40 ; minimum iteration count
ldh *p_m++, m
ldh *p_n++, n
mpy m, n, prod
add prod, sum, sum

[len] sub len, 1, len
[len] b   loop

mv sum, a4
.endproc a4 ; return a4
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Software Pipelining Limitations

n O n ly in n e r m ost  loop m a y  b e  p ipel in e d

n Any o f  t he  fo l lowing  in s ide  a  l oop  p reven t s

soft w a r e  p ipel in in g  [P r og.  Guide ,  Sec t ion  4 .3 .3 ]

4F u n ct ion  ca lls  (in t r in s ics  a r e  ok a y)

4Con d it ion a l  b r e a k  (ea r ly  exi t )

4Alt e r a t ion  of loop  in d e x  (con d it ion a l or  u n con d it ion a l)

4R e q u ir e s  m or e  t h a n  3 2  r e gis t e r s

4R e q u ir e s  m or e  t h a n  5  con d it ion a l r e g i s t e r s

n C  in t r in s ics  a llow  e x p licit  a cce s s  t o  specia l

a r ch it e ct u r a l fe a t u r e s  s u ch  a s  p a ck e d  d a t a  t y p e s
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C Compiler Efficiency
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C Compiler Efficiency
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C Compiler Efficiency
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C Compiler Efficiency

n D iffe r e n t  C  com p ile r  op t im iza t ion s  for  F I R  filt e r

4M  ou t p u t s  a n d  N  filt e r  coe fficie n t s

4E a ch  a ch ieves  a  t h r ou g h p u t  of 2  M A C s /cycle

4L e a s t  over h e a d  in  # 2  (s t i l l  25% over h e a d )

Redundant
Load

Elimination

Outer Loop
Unrolling

Factor

Inner Loop
Unrolling

Factor
Intrinsics Clock cycles Overhead

8 2 × M(N+11)/2 + 22 11M/2+22

4 2 × M(N+9)/2 + 47 9M/2 + 47

2 2 × M(N+19)/2 + 19 19M/2+19

×× 2 4 M(N+24)/2 + 24 12M+24

×× 2 2 M(N+19)/2 + 19 19M/2 + 19
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Conclusion

Arithmetic
ABS
ADD

ADDA
ADDK
ADD2
MPY

MPYH
NEG

SMPY
SMPYH
SADD
SAT

SSUB
SUB

SUBA
SUBC
SUB2
ZERO

Logical
AND

CMPEQ
CMPGT
CMPLT

NOT
OR

SHL
SHR

SSHL
XOR

Bit
Management

CLR
EXT

LMBD
NORM

SET

Data
Management

LD
MV

MVC
MVK

MVKH
ST

Program
Control

B
IDLE
NOP

C6x Instruction
Set by Category

(un)signed multiplication
saturation/packed arithmetic 
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Conclusion

.S Unit
ADD NEG
ADDK NOT
ADD2 OR
AND SET
B SHL
CLR SHR
EXT SSHL
MV SUB
MVC SUB2
MVK XOR
MVKH ZERO

.L Unit
ABS   NOT
ADD   OR
AND   SADD
CMPEQ   SAT
CMPGT   SSUB
CMPLT   SUB
LMBD   SUBC
MV   XOR
NEG   ZERO
NORM

.M Unit
MPY SMPY
MPYH SMPYH

.D Unit
ADD   ST
ADDA   SUB
LD   SUBA
MV   ZERO
NEG

Other
NOP IDLE

C6x Instruction Set by Category

Six of the eight functional units can perform add, subtract, and move operations
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Conclusion

n C  com p ile r ’s  p e r for m a n ce w it h  A N S I  C  cod e  fa r
fr om  op t im a l (a v e r a g e  of 2 .4 t im e s  s low e r )

n M a n u a l  C code  opt im iza t ion  r e d u ces  execu t ion
t im e  (by 50%, i .e .  a v e r a g e  of 1 .2 t im e s  s low e r )

n C  cod e  op t im iza t ion s  a r e  d ifficu lt

4N u m e r ou s  p oss ib i l i t i es

4S ign ifica n t  r e -or g a n iza t ion  of cod e  r e q u ir e d

4N o gen e r ic a lgor it h m  for  op t im iza t ion

n C 6 2 x  a s s e m bly cod e  fr om  T I : Ar it h m e t ic, filt e r s ,
F F T /DCT,  Vit e r b i d e cod e r s , m a t r ice s
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