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W Introduction

TECH

= Both static and dynamic power are the important issue in deep
submicron design

= Performance is important issue

= The objective of this work is to minimize total power consumption
while maintain the target clock period
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Retiming Algorithm

TECH

= Linear Programming

Can easily be modified to handle any linear objective

= Bellman-Ford Algorithm

Can handle large circuits

4
May, 2006




| J,ttad

IA TECH CAD LABORATORY

Power Minimization

TECH

= Minimize total number of Flip-flop to reduce flip-flop power

= Using dual Vdd and Vth to minimize static and dynamic power
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W Retiming and Voltage Scaling

TECH

= C. E. Leiserson and J. B. Saxe, “Retiming synchronous
circuitry,” Algorithmica 1991

= K. Usami and M. Horowitz, “Clustered Voltage Scaling
Technique for Low-Power Design“, ISLPED 1995

= N. Chabini and W. Wolf, “Reducing Dynamic Power
Consumption in Synchronous Sequential Digital Designs Using
Retiming and Supply Voltage Scaling,” TVLSI 2004
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Power Minimization with Retiming
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W Retiming Formulation

Ohjectre: Minimize {FI(v) — FO(v)} - r(v) (53)
Minimize the number of ﬂip-ﬂ@ bt 10

I ) —rlp) < |MI!\3’MIEE R4
Constraints: r(u) —r(v) < wleyy), Vey, (54)

s r(u) —r(v) < W{u,v) -1, ¥D(u,v) > L, Yu,v €V (55)
= Num. FF. has to be satisfied
r(u) < w(e,,) + r(v)
= Num. FF. on critical paths has to be greater than zero

wie) O 0 0 0
D D—td 3>
r(v) 0 0 0

V is the set of gates and E is the set of edges.ve Vande € E

r(v) is the number of FF. moved from fanout of node v to fanin of node v
w(e,,) is the FF. count on edge u,v,

D(u,v) is the maximum delay on path u,v 10
W(u,v) is minimum number of FF. on path u,v Ve, 2008
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W Retiming Formulation

Obijective: Minimize {FI(v) — FO(v)} - r(v) (53)
Minimize the number of flip-flops (FF.) | subject to:

Constraints: r(u) —r(v) < weyy), Yeyy €E (54)

T r(u) —r(v) < W{u,v) -1, ¥D(u,v) > L, Yu,v €V (55)
= Num. FF. has to be satlsfleD
<w(e ) +r(v)

= Num. FF. on critical paths has to be greater than zero

Only these 2 FF. can move out of u

V is the set of gates and E is the set of edges.ve Vande € E

r(v) is the number of FF. moved from fanout of node v to fanin of node v
w(e,,) is the FF. count on edge u,v,
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@ Retiming Formulation

TECH

Obijective: Minimize {FI(v) — FO(v)} - r(v) (53)
Minimize the number of flip-flops (FF.) | subject to:

'I‘fU-) —T ('L’) < ul(Eu,il)! Veuw

Constraints: r(u) —r(v) < W(u,v) - 1, ¥D(u,v) > L, Yau,v € 1

Num. FF. has to be satisfied

r(u) <w(e,,) +r(v)
um. FF. on critical paths has to be gre@

r(1)-r(3)<0 = r(1)<r(3) Cycle Time (L) =2
D— Db

D(1,2) = 2 W(1,2)=0
D(13) =3 W(1,3) =1
D(2,3) = 2 W(2,3) = 1

V is the set of gates and E is the set of edges.ve Vande € E
r(v) is the number of FF. moved from fanout of node v to fanin of node v
w(e,,) is the FF. count on edge u,v,

D(u,v) is the maximum delay on path u,v
W(u,v) is minimum number of FF. on path u,v
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@ Retiming Formulation

TECH

Obijective: Minimize {FI(v) — FO(v)} - r(v) (53)
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'I‘fU-) —T ('L’) < ul(Eu,il)! Veuw
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D(u,v) is the maximum delay on path u,v
W(u,v) is minimum number of FF. on path u,v
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Non-critical Gates for Power Minimization
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o/
/

Non-critical gates:
What should we do?

We can use the voltage scaling for non-critical gates
after retiming to minimize total power consumption

15
May, 2006



Urcad

' h Low-to-High V,, Conversion

= Level Converter (LC) requirement

kly on

siatic current fow
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W Voltage Scaling Formulation

TECH

Objective: MILP Formulation
4
Minimize gate power + LC power Minimize (3> " pok- 2op) + O ple-me)  (58)
vel k=1 eck
Subject to:
Constraints: Z {
_ T,p=1YveEV 50)
Each gate has to be assigned to o
only one voltage state Timing constraints:
4
D dup-Top+s(v) <L, YweV  (60)
Arrival time + gate delay of each ’ -
node < target clock period kb e ) o) £ o) Ve S (01

s(v) >0, VweV  (62)

Level converter (LC) constraints:

Level converter inserted if low V g4 4 )
node drives high V44 node D Fui Tui— ) Fug - Tuj+D-mle) 20, Vec B (63)

i=1 i=1
Integer constraints:

T,k E 10,1}, Yyve V (64)
m(e) € {0,1}, Yec E (65)
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MILP Formulation

4
Minimize (3 Y pop-zop) + O pe-me)  (58)

vel k=1 eckE

Subject to:

/
< i: Tyk =1, Vv D (59) ‘ Vdd High Vﬂ.‘ Low (Xv'4= 1)

Timing constraints: ‘ VvV dd H|gh V_rh ngh (Xv'3=1)

4
D dup-Top+s(v) <L, YweV  (60)
k=1
4

Z dy k - Ty ke + dic - m{'—‘?} + S{U} = 3{1'}-. \"?Ieu,v eFE {61) @ vdd Low v‘|’h Low (xvlzz 1)

k=1

s(v) >0, VweV  (62)

Level converter (LC) constraints: \@ vdd Low v'I'h H|gh (xv,1= 1)

4 4

S Zui Tui— D Zug Tug+D-mle) 20, Ve E  (63)
i=1 §=1

Integer constraints:

T,k E 10,1}, Yyve V (64)
m(e) € {0,1}, Yec E (65)
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Voltage Scaling Formulation

GEORGIA
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MILP Formulation
(58)

Minimize {Z i?ﬂ.k - Top) + (Y Pl - me)
s(u)=0
d(u) = 1 s(v)

Subject to:
4
Y Tmr=1,YveV (59)
k=1

(60)

1

Timing constraints:
4
Zdu,k “Tyk+ev)< L, YveV

L=1

glv) >0, YoeV

@u,k + di. - m{'-'?} + S{U} = 3{1'}-. @{61)
: (62)

Level converter (LC) constraints:

4 4
S Zui Tui— D Zug Tug+D-mle) 20, Ve E  (63)

i=1
T,k € {0,1}, Yo eV (64)
m(e) € {0,1}, Ye € E (65)
19
May, 2006

=1

Integer constraints:




J)t:acad

EORGIA TECH CAD LABORATORY

= = Voltage Scaling Formulation

TECH

MILP Formulation

Minimize {'Z Zp.,_.;; Ty ;}+{z Plc - e ) (58)

vel” k=1

Subject to: S(U) = O

S ep=1 VeV (59 d(u) = 1 s(v) = 2

k=1

Timing constraints:

4

D dup-Top+s(v) <L, YweV  (60)
k=1

@u,k + di. - m{'-'?} + S{U} = 3{1'}-. @{61)

S0) =0, eV (62)

Level converter (LC) constraints:

4 4
S Zui Tui— D Zug Tug+D-mle) 20, Ve E  (63)
i=1 §=1

Integer constraints:

T,k E 10,1}, Yyve V (64)
m(e) € {0,1}, Yec E (65)
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= = Voltage Scaling Formulation

TECH

Cycle time (L) =

MILP Formulation

Minimize {'Z Zp.,_.;; Ty ;}+{z Plc - e ) (58)

Subject to: - S(LI) - O S(V) =
ki:rv,k =1, VeV (59) d(LI) =1 d(v) -

Timing constraints:

=1
4

Y duk - Tk + die - mie) + s(u) < 8(v), Veyy €E (61)

_ WEowEV @ gu) +du) <2 s(v) + d(v) <2

Level converter (LC) constraints:
4 4
S Zui Tui— D Zug Tug+D-mle) 20, Ve E  (63)
i=1 j=1

Integer constraints:

T,k E 10,1}, Yyve V (64)
m(e) € {0,1}, Yec E (65)
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= o VOl|tage Scaling Formulation

MILP Formulation

4
Minimize (3 Y pop-zop) + O pe-me)  (58)

vel k=1 ecE
Subject to:
4
Y Tmr=1,YveV (59)
k=1
Timing constraints:
4
D dup-Top+s(v) <L, YweV  (60)
k=1
4
Z dyk - Ty e + dic - mie) + s(u) < s(v), Vey, € B (61)
k=1

s(v) >0, VweV  (62)

Level converter (LC) constraints:

4
i=1 j=1

Integer constraints:
m(e) =

T,k E 10,1}, Yyve V (64)
m(e) € {0,1}, Yec E (65)
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Convert from ILP to LP

TECH

W
Clowvdd @ X171 %70

, = x(u) {
1 = high vdd ‘ X, 1=0 x, ,=1

Assume only two states for illustration purpose
23
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Compute new m,, ot6
0.6 0
Solve LP by @ @ . @ : @
setting m(e) = 0 if m(e) < mth o\ 1

Otherwise m(e) = 1

Relax LP solution

\While |Gain| > Thresholgd
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@ Gradient Search Algorithm for LC RelaxaubrRd

GEORGIA
TECH

m,, = 0.5

Compute new m,, 1
1 0
Solve LP by
settin% tr::(e) = 0 if(rr)l(e) 1< mth 0 1
erwise m(e) = . 0 ‘

Relax LP solution

Voltage Assignment Relaxation

\While |Gain| > Thresholgd
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Voltage Assignment

Four possible voltage assignment:

= High V4, low V,, node

Fastest gate, high dynamic power, high leakage power

= High Vg, high V,, node

High dynamic power, low leakage power

= Low V4, low V,, node

Low dynamic power, high leakage power

Slowest gate, low dynamic power, low leakage power




@ Utcad
Possible Supply Voltage As&gnm@ﬁt

Feasible Solution Infeasible Solution

e © 0:0
O @
@@
®—8-®

© @ ©
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LP Relaxation for Voltage State ASS|gnment

TECH

Voltage Mapping Algorithm

input: LP-based voltage scaling with LC inserted
output: ILP-based voltage scaling with reduced LC set
1. T = topological ordering of gates;

2. assign low-Viz+high-V3, to all Pls;

3. while (T is not empty)

4 v =T.pop;

5. dly(v) = oy Tk - Gogk;

. vdd(v) = 2y1 + Ty a;

T v — Vi L+Vy-H;

if (Ju e FI{v)|miey.) =1) @ LC '@
L — Iffl-_rd—H}

L

10.  if [DadtT—

11. v Vi H:

[/ LC removal

12. if (Ju e FI{v)|u = V-H & mie, ) =1 or
u=VyL & mle,,) =1 and v =V L)

13. m{Eu,v::l — 0

/{ Vin mapping

14, if (v = Vy-H & diy(v) < delay(Vy-H+Viy-H)) @ low Vdd
15. o o— E"’th—L; ]

16.  if (v= VL & diy(v) < delay(VyL+Vy-H)) ‘ high Vdd
17. v — VL

28
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LP Relaxation for Voltage State ASS|gnment

TECH

Voltage Mapping Algorithm

input: LP-based voltage scaling with LC inserted
output: ILP-based voltage scaling with reduced LC set
1. T = topological ordering of gates;

2. assign low-Viz+high-V3, to all Pls;

3. while (T is not empty)

v =T.pop;

dly(v) = Yy Tue - ok

vdd(v) = 2y1 + Ty a;

v — Vi L+Vy-H;

N Vid mapping
8. if (Ju e FI{v)|miey.) =1) v

NS

g. dd 44
10. /7 if (vdd(v) > 0)
11. vV H:

[/ LC removal
12. if (Ju e FI{v)|u = V-H & mie, ) =1 or
u=VyL & mle,,) =1 and v =V L)

13. ey, ) — 0

/{ Vin mapping

14, if (v = Vy-H & diy(v) < delay(Vyy-H+Vy-H)) @ low Vdd
15. v — Vm—L;

16.  if (v= VL & diy(v) < delay(VyyL+Vy-H)) . high Vdd
17. i +— Vm—L;
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LP Relaxation for Voltage State ASS|gnment

Voltage Mapping Algorithm
input: LP-based voltage scaling with LC inserted

output: ILP-based voltage scaling with reduced LC set

1. T = topological ordering of gates;
2. assign low-Viz+high-V3, to all Pls;
3. while (T is not empty)

v =T.pop;

dly(v) = Yy Tue - ok
vdd(v) = 2y1 + Ty a;

v — Vi L+Vy-H;

N Vid mapping
8. if (Ju € FI(v)|mleyy) =1)

NS

0. L — Iffl-_rd—H}

10. if (vdd(v) = 0)

11. o +— If?dl-_r-H}

[/ LC

12. @}E‘ijlu =VuH& m@
=L & mie, ) =1 and v =17

13. ey, ) — 0

/{ Vin mapping

14.  if (v = Vy-H & diy(v) < delay(VyyH+V-H))
15. v — Vm—L;

16.  if (v = Vy-L & diy(v) < delay(VyrL+Vy-H))
17. i +— Vm—L;

LC

@ low Vdd

@ high vdd

30
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LP Relaxation for Voltage State ASS|gnment

TECH

Voltage Mapping Algorithm

input: LP-based voltage scaling with LC inserted
output: ILP-based voltage scaling with reduced LC set
1. T = topological ordering of gates;

2. assign low-Viz+high-V3, to all Pls;

3. while (T is not empty) ASSlgned vddH'gh to V
4. v =T.pop;

5. dly(v) = Yho Tok - do; Slk = 2.2

. vdd(v) = 2y1 + Ty a;

T. v — Vi L+Vy-H;

// Vaa mapping
8. if (Ju € FI(v)|mleyy) =1)

0. L — Iffl-_rd—H}
10.  if (vdd(v) > 0)
11. v Vi H;
[/ LC removal
12. if (Ju e FI{v)|u = V-H & mie, ) =1 or
uw=VyL&mle,,) =1and v =V L) DIY =1 DIY = 2.1
13. ey, ) — 0
[ Ven 15'15-13" I hlgh vdd low th hlgh Vdd hlgh v‘l’h
14. v = Vy-H & diy(v) < delay (Ve BpGs,-H))
15. v — Vm—L;
16. \Uf (v = Viy-L & diy(v) < delay (Vi L+V/-H))
17. -L;
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LP Relaxation for Voltage State ASS|gnment

TECH

Voltage Mapping Algorithm

input: LP-based voltage scaling with LC inserted
output: ILP-based voltage scaling with reduced LC set
1. T = topological ordering of gates;

2. assign low-Viz+high-V3, to all Pls;

3. while (T is not empty) Assugned vddngh to V
4. v =T.pop;

5. dly(v) = Yho Tok - do; Skk=1.5

. vdd(v) = 2y1 + Ty a;

T. v — Vi L+Vy-H;

// Vaa mapping
8. if (Ju € FI(v)|mleyy) =1)

0. L — Iffl-_rd—H}
10.  if (vdd(v) > 0)
11. v Vi H;
[/ LC removal
12. if (Ju e FI{v)|u = V-H & mie, ) =1 or
uw=VyL&mle,,) =1and v =V L) DIY =1 DIY = 2.1
13. ey, ) — 0
[ Ven 15'15-13" I hlgh vdd low th hlgh Vdd hlgh v‘l’h
14. v = Vy-H & diy(v) < delay (Ve BpGs,-H))
15. v — Vm—L;
16. \Uf (v = Viy-L & diy(v) < delay (Vi L+V/-H))
17. -L;
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LP Relaxation for Voltage State Assignment

TECH

Voltage Mapping Algorithm
input: LP-based voltage scaling with LC inserted
output: ILP-based voltage scaling with reduced LC set
1. T = topological ordering of gates;
2. assign low-Viz+high-V3, to all Pls;
3. while (T is not empty)
4. v =T.pop;
5. dly(v) = oy Tk - Gogk;
. vdd(v) = 2y1 + Ty a;
T. v — Vi L+Vy-H;
// Va4 mapping \
8. if (Ju € FI(v)|mleyy) =1) 0 1
0. L — Iffl-_rd—H} 0
10. if (vdd(v) = 0) @ @
11. i +— I’?dd'H;
[/ LC removal
12. if (Ju e FI{v)|u = V-H & mie, ) =1 or
u=VyL & mle,,) =1 and v =V L)
13. ey, ) — 0
/{ Ven mapping
4. if (v = Vy-H & diy(v) < delay(V-H+Vip-H)) Assume only two states
15. v — Vm—L;
16. if (v = Vy-L & diy(v) < delay(V-L+Vy-H)) @ .
17. i +— Vm—L;
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@ Gradient Search Algorithm for LC Relax
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Compute for next m,,

m.rh = 0.5

Compute new my, 06
Solve LP by 002+(03-03(g 3)C °

setting m(e) = 0 if m(e) < mth o\ 1
Otherwise m(e) = 1

Relax LP solution

\While |Gain| > Thresholgd
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= pr POSt Refinement

Post Refinement

input: retimed and voltage scaled solution
output: refined voltage scaling solution

/[ clustering

1. perform static timing analysis;

2. mark all nodes with positive timing slack:
4. form clusters among marked nodes;

4. sort clusters based on its size;

// main loop
5. for (each cluster C')

6. while (there is power reduction)

7. for (each node v € C)

&. power_gain(v, slk(v), C);

0. z = max power gain node;

10, commit voltage change for z;

11. update slack for downstream nodes of z;
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= Introduction and Motivation

= Related Work

= Methodology

= Experimental Results

= Conclusions
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Impact of Retiming on Power e
Retiming + Scaling [Chabini04] min FF. retiming

V4 (UW) VgtV (UW) V4 (UW) VgtV (UW)
ckt GL GLF GL GLF GL GLF GL GLF
s641 2959 | 372.1 170 | 246.1| 316.6| 361.8| 187.4| 232.6
s713 311.1| 399.2| 181.9| 269.9| 330.5| 375.8| 199.4 | 244.6
s820 381 | 404.8 299 | 322.8| 400.8 415 296 | 310.3
s832 384 | 407.8| 307.4| 331.2| 403.9| 418.2| 299.9| 314.2
s838 383.5 543 | 247.6 407 | 436.9| 586.9| 283.6| 433.5
s1196 567.9| 758.3| 389.3| 579.7| 538.7 501 | 381.8| 434.1
s1238 567 | 764.6| 404.8| 602.3| 546.7 | 599.1| 395.5| 447.9
s1488 761.8 | 821.3| 568.1| 627.6 765 | 781.7| 535.7| 552.4
1494 761.4 | 835.2| 569.8| 643.5 765 | 781.7| 536.2| 552.8
Ratio - 1 - 0.76 - 0.93 - 0.66

GL = Gate Power + LC Power

GLF = Gate Power + LC Power + FF Power

37
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@ Power Comparison on Different Voltagé

Scaling Techniques (in uW)
ckt INIT CV Susamios) LP ILP
s641 434.3 374.5 232.6 230.6
s713 458 392.3 244.6 243.3
s820 425.7 412.4 310.3 309.7
$832 428.9 415.6 314.2 312.5
s838 627.3 579.6 433.5 428.6
s1196 646.8 616.2 434.1 434.1
s1238 648.4 619.1 447.9 446.6
s1488 796.1 773.8 552.4 551.4
$1494 795.5 773.2 552.8 550.5
ratio 1 0.94 0.66 0.66
time 28 sec 29 sec 44 sec 1 day
INIT = all nodes Vy4-H + Vy,-L CVS= clustered Voltage Scaling ag

LP = Linear Programming ILP = Integer Linear Programming May, 2006
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= Introduction and Motivation

TECH

= Related Work
= Methodology

= Experimental Results

= Conclusions
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W Conclusions

TECH

= Power minimization is an important VLSI design issue: both
static and dynamic power

= We propose a mathematical model to solve power optimization
Issue while maintain the target clock period

= The experiment results show up to 30% power reduction

40
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= o Delay and Power for Voltage S(:allﬁJ

config delay | dynamic | leakage
High-Vdd/Low-Vth gate | 1.00 1.69 0.44
Low-Vdd/Low-Vth gate | 2.53 0.36 0.44
High-Vdd/High-Vth gate | 124 1.69 0.058
Low-Vdd/High-Vth gate | 426 036 0.058
level conversion FF 11.39 5.07 1.34
level converter 1.77 1.03 0.25
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GEORGIA
TECH

Retiming Algorithm

= FF. edge has weight =
clock period * number of FF.

= If Bellman-Ford algorithm has a 1 1
feasible solution, the target
clock period is feasible \
\ Gate and

wire delay

=« Binary search is used to identify Flipflop
smallest feasible clock period
(cycle time)
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'h Retiming LP Formulation

Minimize {FI(v) — FO(v)} - r(v)

Subject to:

() — () < W(eus), Yeun € B
J”[:'L[j _ 'J”[:'U] < H;[.’H':'U]: H..D[:H-,H::I > L, Vu,veV

10 0 20 10
*é e
P4 > 0
1w % 2
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TECH

W Retiming Formulation

Obijective: Minimize {FI(v) — FO(v)} - r(v) (53)

Minimize the number of flip-flops (FF.) | subject to:

Constraints:

']1(”) _"“('U) = w&u.v): Veyy € E (54)
Num. FF. has to be satisfied -

r(u) —r(v) < W(u,v) -1, YD{u,v) > L, Vu,v €V

r(u) <w(ey,) + r(v)
Num. FF. on critical paths has to be greater than zero

w(e) 0 ) () 0] Cycle Time (L) =2
D(1,2) =2 DD W(1.2)= 0
D{1.3)=3  r(v) 0 0 0 w(1,3)=1
b@3)=2 W(2.3)=1

r(v) is the number of FF. moved from fanout of node v to fanin of node v
w(e,,) is the FF. count on edge u,v,

D(u,v) is the maximum delay on path u,v
W(u,v) is minimum number of FF. on path u,v
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@ Power Comparison on Different Voltagé-
Scaling Techniques (in uW)

TECH

ckt INIT CV Susamios) [l\r”wa\ixaﬁ] LP ILP
s641 434.3 374.5 253.9 232.6 230.6
s713 458 392.3 268.7 244.6 243.3
s820 425.7 412.4 327.7 310.3 309.7
s832 428.9 415.6 331.6 314.2 312.5
s838 627.3 579.6 440.1 433.5 428.6
s1196 646.8 616.2 439.0 434.1 434.1
s1238 648.4 619.1 454.1 447.9 446.6
s1488 796.1 773.8 S577.1 552.4 551.4
s1494 795.5 773.2 575.0 552.8 550.5
ratio 1 0.94 0.69 0.66 0.66
time 28 sec 29 sec 35 sec 44 sec 1 day

INIT = all nodes V4-H + VL CVS= clustered Voltage Scaling v, 206

MVS = modified Vdd/Vth and Sizing LP = Linear Programming ILP = Integer Linear Programming



