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Introduction

m Folding transform is used to systematically
determine the control circuits in DSP
architectures where multiple algorithm
operations are time-multiplexed to a single
functional unit  atifzace 7

Trading area for time in a DSP architecture

Reducing the number of hardware functional units by
a factor of N at the expense of increasing the
computation time by a factor of N
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An Example of Folding

b(n) c(n) -
2-Foldin
| g b(n) 21+9++ 21+1
a(n) y(n)
Scheduling

Cycle Add(e};fglput Add(ig;r)lput System Output

0 a(0) b(0) -

1 a(0) + 6(0) c(0) -

2 a(l) b(1) a(0) + b(0) + ¢(0)

3 a(l) + b(1) c(1) —

4 a(2) b(2) a(l) + b(1) + c(1)

5 a(2) + b(2) e(2) -~
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Folding Transform
o ok 4

7 Folding factor=N

j o sseezoco-o- | Nl+v
ORI R ST I R

3 T
Dp(U S5 V) =[N(I+w(e))+v]-[Nl+Py+u)=Nw(e)—Py+v—u

—

(1)U is executed in H, and V Is executed in H,,
(2)Data leave H, at NI+u and reach H,, at NI+v
(3)H,, is plpellned bf P, stages 3

4 (1045)+1 =
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Folding Transform

m Folding set

Ex: a folding set S, ={A,¢,A} for N=3 for a
functional unit means A, is executed at time
31+0 (S,]0), and A, Is executed at time 3|+2
(S412)
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Folding Transform

<

Dp(U S V)=[N({I+w(e))+v]—[Ni+Py+u]=Nuw(e)—Py+v—u
(5,11
Dr(1-52) = 4(1)-1+1-3=1
Dr(1=-5) = 4(1)-1+0-3=0
Dp(1—=6) = 4(1)-1+2-3=
Dr(1=-7) = 4(1)-1+3-3=3
Dr(1->8) = 4(2)-1+1-3=05
Dr(3—=1) = 4(0)-1+3-2=0
Dr(4—>2) = 40)-1+1-0=0
Dp(5—3) = 4(0)—-2+2-0=0
Dp(6—4) = 4(1)-2+0-2=0
Dr(7—23) = 4(1)-2+2-3=1
Dr(8—4) = 41)-2+0-1=1

(S,I1)

S,={4,2,3,1} for one adder with 1 stage pipelining P,=1

'S,={5,8,6,7} for one multiplier with 2 stages pipelining P,,=2

N=4
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Folding Transform

| (2)
D oxo—r OuUT
4
D 2D M
(0} |2} {S}l{l}
© {p.q} denotes 4/ +p and 4] +q
——‘Q}o ____________
b—=o| . |
c _QLD | 2D}
B B '
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DF(1—>2
DF(1—>5
DF(1—+6
DF(I—)7
DF(].—)S
Dp(3 -1
DF(4—>2
Dp5—>3
r(6 — 4
F(7—3
F(8— 4

/-—-\,—-\/-\,—..\
R S T

1 | S (A VO [ A

41)-1+1-3=1
41)=1+0-3=0
4(1)-1+2-3=2
4(1)-1+3-3=3
4(2)-1+1-3=5
400)-1+3-2=0
4(0)—1+1-0=0
4(0)-2+2-0=0

(1)=2+0-2=0
A(1)-2+2-3=1
(1)—2+0-1=1.



Retiming for Folding (1/6)

m Realizable folding: pr(Uu % Vv) >0

m Once valid folding sets have been
assigned, retiming can be used to either
satisfy this property or determine that the
folding sets are not feasible
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Retiming for Folding (2/6)

m Retiming constraints:
w,(e) = w(e) +r(V) - r(U),
DLUS3V)>0
Nw,(e) — Py +v—u > 0.
Nw(e)+r(V)-r{U)) - Py +v—u>0.

Dp(U S V)
r(U) —r(V) < N

Dp(U S V)
r(U)-—r(V)s[ —— J
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Retiming for Folding Constraint

(1) —r(2) < -1

r(1) =r(5) <0
r(1) —r(6) <0
r(l) -r(7) <1
r(1) —r(8) <1
r(3) —r(1) <0
r(4) —r(2) <0
r(5) —r(3) <0
r(6) —r(4) < -1
r(7)—r(3) £ -1
r(8) —r(4) < -1

Edge | Folding Equation
12| Dp(l 52)=-3
1=-5| Dp(l—>5)=0
126 | Dp(l—>6)=2
17| Dp(l—>7)=7
18| Dr(1 28 =5
3—1 DF(S—} 1) =0
42| Dpr(4d—-2)=0
5=3| Dr(5-3)=0
6 >4 | Dp(6 >4)=-4
7T—=3! Dp(7T—3)=-3
8—=4| Dp(8 > 4)=-3
DSP in VLSI Design Shao-Yi Chien

10



Retiming for Folding (4/6)

m Constraint graph
r(1)=-1
(2)=0
r(3)=-1
r(4)=0
r(5)=-1
r(6)=-1
r(7)=-2
r(8)=-1
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Retiming for Folding (5/6)

(S,3) & s

IN T

ouUT

-------
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{2}

g L0}
p (2}
o 3L

4 L,

{0} [{2} {B}Lll
o]
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{p.q) denotes 4/ +p and 4/ +q
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Retiming for Folding (6/6)

m Another point of view

Apply cutset retiming
atc, and c, to
add/subtract w delays

(53)

73 11 B
\ ouUT

IN“?1

@*iﬁ%
S

+;_‘

(513

Retiming for Folding Constraint

r(1) — 7(2) < -1

r(1) —r{5) <0
r(l) —r(6) <0
r(1) —r(7) <1
r(l) —r(8) <1
r(3) -r(l) <0
r(4) —r(2) <0
r(5) —r(3) <0
r(6) -r(4) < -1
r(7) -r(3) < -1
r(8) —r(4) < -1

=>»add/subtract Nw ONn Edze | Folding Equation
1=22| Dp(l > 2)=-3
DF 15| Dp(l—>3) =0
1—-6| Dp(l56)=2
To make D>=0 127 De(L27) =7
158| Dr(158) =5
31| Dp(3-1)=0
42 DF(4—>2) =0
53| Dp(5-3)=0
6 =4 | Dp(6—4)=—4
7T—=3 | Dp(7T—3)=-3
8 =4 DF(8—>4):—3
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Register Minimization
Technigues (1/8)

m Lifetime analysis

A procedure used to compute the minimum
number of registers required to implement a
DSP algorithm in hardware
EX:

m a lives during time unit {1, 2, 3, 4}

= b lives during time unit {2, 3, 4, 5, 6, 7}

m C lives during time unit {5, 6, 7}
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Register Minimization '
Technigues (2/8)

m Lifetime analysis—Ilinear lifetime chart

cycle 2,2, 2:'1.2}:)0b1b2(3001(:2 # live

0 0
1 1
. 2 2
cycle # live 3 2 cycle a b.c. #live
0 0 ) 2 0 ——20 =
1 ] ; ; 1 !
pi 2 7 3 2 2
3 2 g g 3 2
4 — 2 10 2 4 —e 2
5 ’) i1 2 5 2 4
i2 2 _
6 2 13 3 6 2E_
7 — oo— |2 14 2 T ———— 2{1F3
A 15 2
16 2
17 2
Minimum number of o ; 3 iterations with
required registers " M

period N=6
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Register Minimization

m EX: transpose matrix

|

ad !
[Le{
S U

O AR
— o> o o~
= S O
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4

F» wY

[ |
R L /|
% ﬂ_/‘ &7 4

] Q —_ 4
Technigues (3/8) .
c J
: : : : : o b
m Lifetime analysis—lifetime table ¢ )
% ;
Tout ut:TngutHatenCy ‘P\
/';H‘p ‘ Lmed
Sample Tinput Tzlout Ta’z’ff T?/u’tput (Tmp;e 'ﬁe;oitput)
a 0 0 0 4 0—4
b 1 3 2 7 17
j| c 2 6 4 10 2 — 10
d 3 1 —2 5! 30
€ 4 4 0 8 4 — 8
f 5 7 2 11 5— 11
g 6 2 —J 6 6 — 6
h 7 5 — 9 7—9
J 1 8 8 0 12 8 — 12
lllegal'->add latency 4
Shao-Yi Chien 16
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Register Minimization
Technigues (4/8)

oyele abcdef ghi #live
0 0
1 1
2 2
3 3
4 —e 4
5 ¢ 4
6 4
7 . 4
8 . 4
9 ® 4+0=4
10 . 3+1=4
1 . 2+2=4
12 — |+3=4

Linear lifetime chart

DSP in VLSI Design
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Circular lifetime chart
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Register Minimization
Technigues (5/8)

m Data allocation using forward-backward register

yele abcdef ghi #live
0 0
1 1
2 2
3 3
4 4
5 4
4 4
i 4
8 4
9 4+0=4
10 3+1=4
11 2+2=4
12 1+3=4
N=9
Hashing

DSP in VLSI Design
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cycle | input: R1 | R2 | R3 | R4 |output cyclei input| Rl | R2 | R3 | R4 joutput
0 a 0 AN
\\ X
1 b aN| | by AN
; X
2 C\?\b\ AN 2
| ! L \
3 d\}\C\Xb\li*a\ 3
i RN
4 e ‘\d\\\C\_\b\\ Ea) a 4
< <N X
5 Nl ¢ e\ D d 5
RY X
6 @ ;\f\\e\_ C g 6
: AN
7 7
8 e 8
9 h 9
10
1t
1 12
Shao-Yi Chien
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Register Minimization
Technigues (6/8)

cycle | input | RI R2 R3

DSP in VLSI Design

R4 |output

0 AN

BN
1 b ANy

Y
2 c by ANy |

RN [ B
3 d\] © [ AN RN "

4 e\\d\ C\\b\b a
5 f\\e \@ \C\\\Ib d
x EY PZEY
6 @ fxl ex] by _¢ g
7 NN \@) b

'\
g e | IN
LY
9 f h |
10 C
11 f
12 i

OuUT
9l+6? ?9l+1,2,3,4,7,8
! 91+0,5
O— Rl |~ R2{+0 0O— R3 R4 —e

Py

9 +6

T9l+0,5
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Register Minimization
Technigues (7/8)

ircycle inputi R R2 R3 |output, cycle ] input | Rl R2 R3 |output
cycle a b c_  #live | ‘ |
—0 000 0 0
| 1 N
2 2 5
3 2
4 —e 2 3
5 2 4 a
6 240=2
7T —e—e— 24123
.6
! 7 b,c
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Register Minimization '
Technigues (8/8)

cycle { input | Rl R2 | R3 [output

X 6l+1
,{,a 61+1,2,5 X
b | a IN — Rl —%<o—> R2 R3 C

Cf6l +0,3,4

Z
_:

CR R e S R T N - DR T B o T B

){E@ b,c

DSP in VLSI Design Shao-Yi Chien 21



" S ) A
Register Minimization In Folded
Architecture (1/4)

m Perform retiming for folding
m Write the folding equations

m Use the folding equations to construct a lifetime
table

m Draw the lifetime chart and determine the
required number of registers

m Perform forward-backward register allocation

m Draw the folded architecture that uses the
minimum number of registers
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Register Minimization In Folded
Architecture (2/4)

m Lifetime table
Tinput Of NOde U is u+P,
Touput Of the node U is u + Py + maxy{Dp(U = V)}

(§,13) (S,

Dr(152) = 4(1)-1+1-3=1 node | Tinput = Toutput
Dr(1—=5) = 4(1)—1+0-3=0 1 459
Dr(1—56) = 41)-1+2-3=2 9 _
Dr(l=7 = 41)-1+3-3=3

Di(l—)S) — 4(2)-1+1-3=5 3 33
Dp(321) = 4(0)—1+3-2=0 =—— i 1—1
Dr(4—>2) = 4(00)—14+1-0=0 5 9 49
DFE5—>3% - 4%0%—?3 3*8 6 4 - 4
Dp(6 >4 = — 2+ =

Dr(7—3) = 4(1)-2+2-3=1 7 5—6
Dr(8 —4) = 41)-2+0-1=1 8 3—4
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Register Minimization In Folded
Architecture (3/4)

cycle 1234567 8 #live
0 0
| > 0
2 > 0
3 X 0
4 7 L— 1+0=1
5 1+0=1
6 l 2+0=2
7 1+0=1
8 1+1=2
9 —e 1+1=
DSP in VLSI Design Shao-Yi Chien

cycle | input | RI1 R2 |output
0
1
2
3 ] O\
4 n1\\69 g
N\
S BRVANRUAN
RN
6 My | g
7 "Ny
8 “ny
9 n n,
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Architecture (4/4)

o Number of registers: 6->2

ccccc

, 3 {2}
j ” —0 o—= QUT
4 ny :@ Ny :
ny \(I-f:) - " {(P}h‘" l
N "
| § o+ RI 1}§<‘}*"RZ
(0.2,3)

(p.q} denotes 4/ +p and 4 +q
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