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Introduction
 and M

otivation

�
custom

 design poses challenges in perform
ance (delay and

slew
), area, pow

er, noise, etc.,.
�

com
petitive environm

ent drives aggressive circuit tuning
�

form
erly a m

anual, tedious, error±
prone procedure

U
pdate

design
S

im
ulate

G
ood

enough?

D
esign

 re±
use not easy!
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D
ynam

ic
 Tuning

�
dynam

ic tuning im
plies autom

atic tuning based on dynam
ic or

`̀pattern±
drivenº sim

ulation

�
hence dynam

ic tuning requires `̀input patternsº or `̀vectorsº

�
tuning only as good as patterns capture sw

itching situations

Size

A
ccuracy

S
tatic

Tuning

D
ynam

ic

P
iecew

ise
S

P
IC

E
±

based

10K1K

�
25%

�
5%

�
1%

S
ensitivity

com
putation

approxim
ate

Tuning

10 30
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D
ynam

ic
 vs. S

tatic T
uning

A
dvantages

 of static tuning

�
can handle larger problem

s (or problem
s of the sam

e size
faster)

�
does not require sensitization patterns

�
tunes only the `̀w

orst±
caseº or `̀m

ost pessim
isticº condition

�
m

ore applicable to control±
flow

 than data±
flow

 circuits

�
requires either pre±

characterized cells or sim
ulation on the fly

A
dvantages

 of dynam
ic tuning

�
m

ore accurate than static tuning

�
does not suffer from

 the false±
path problem

�
m

ore applicable to data±
flow

 than control±
flow

 circuits

�
has no problem

 w
ith custom

 circuits

T
he

 tw
o types of tuning com

plem
ent each other at

different stages
 of the design process and on dif

ferent
kinds

 of circuits.
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tatem
ent of the D

ynam
ic T

uning P
roblem

G
iven

�
a w

orking circuit schem
atic w

ith initial transistor sizes

�
input signals or patterns or stim

uli

�
a precise statem

ent of circuit perform
ance requirem

ents

D
eterm

ine
�

optim
al transistor size assignm

ents

W
hile

 supporting...
�

flexible objective functions and constraints

�
sim

ple bounds

�
ratio±

ing  of transistors and grouping of sim
ilar structures

�
delay, rise/fall tim

e, area and pow
er m

easurem
ents

�
m

inim
ax optim

ization: m
inx

[
m

ax
i

{
fi (x)

}
]

�
easy±

to±
use graphical user interface in schem

atic environm
ent

M
ust be able to tune a

 circuit w
ith a few

 100s of tunable
transistors

 in a few
 m

inutes of C
P

U
 tim

e.
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S
am

ple
 D

ynam
ic T

uning P
roblem

Tri±
state

 driver

D
_out

D
_in

D
_in

E
n

�
fast path D

_in "
 D

_out w
hen enabled (m

inim
ize delay)

�
break±

before±
m

ake on P
_drv and N

_drv (constraints)

± sm
all m

argin if D
_in sw

itches, larger m
argin if E

n sw
itches
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S
tructure

 of a D
ynam

ic T
uner

S
im

ulator and gradient calculator

C
ircuit schem

atic

P
atterns

m
odels

N
etlist

O
ptim

ization
problem

description

F
unction and gradient values

Y
N

B
ack±

annotate

C
lobber transistor

w
idths w

ith new
w

idths from
 non±

N
onlinear optim

izer

D
one?

D
evice

linear optim
izer
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M
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Introduction and m
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2.
C

ircuit sim
ulation

±
 S

P
IC

E
±

like sim
ulation

±
 piecew

ise±
approxim

ate sim
ulation

3.
Tim

e±
dom

ain gradient com
putation

4.
N

onlinear optim
ization

5.
C

ase study

±
 JiffyTune: algorithm

s and im
plem

entation

±
 hum

an interface

±
 application to P

ow
erP

C
 m

icroprocessor design

±
 m

ethodology im
pact and im

plications

±
 historical perspective
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C

onclusions, future w
ork and pointers to the reading list
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S
im

ulation

S
P

IC
E

±
like

 sim
ulators

�
increm

ental in tim
e

�
analytic device m

odels (gradients and continuity required)
�

�
 1%

 num
erical accuracy

�
lim

ited to about 10K
 transistors

�
�

(n
1.5) in size com

plexity, �
(n) in sim

ulation interval

P
iecew

ise
 approxim

ate sim
ulators

�
exam

ples: S
P

E
C

S
, A

C
E

S
, P

ow
erM

ill
�

m
odeling approxim

ations , typically piecew
ise approxim

ate i±
v

characteristics, constant (grounded) capacitances
�

event±
driven

�
special step a priori to create device m

odels from
 S

P
IC

E
 m

odels
�

5%
 accuracy, 2 orders of m

agnitude speedup over S
P

IC
E

�
100K

 transistors easily handled
�

�
(n) in size com

plexity, �
(n) in sim

ulation interval

T
uning

 accuracy is only as good as underlying
sim

ulator and device m
odels!
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S
P

IC
E

±
like

 S
im

ulation

E
quation form

ulation
M

N
A

, S
TA

, T
LA

A
lgebraic, non±

Integration for all tim
e

T
R

, B
E

, B
D

2, G
ear

A
lgebraic, non±

Linearization until convergence
N

ew
ton iterations

D
evice m

odel evaluation
and solution
S

parse LU
 factorization

A
lgebraic, linear

equations

linear equations

linear O
D

E
s

�
device m

odel evaluation tim
e is significant

B
oth

 device m
odeling and analysis m

ust be attacked
to get reasonable speedups!
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 A
pproxim

ate C
ircuit S

im
ulation

P
IE

C
E

W
IS

E
A

P
P

R
O

X
IM

A
T

E
S

P
E

C
S

, A
C

E
S

,

i

v

C
IR

C
U

IT
S

P
IC

E
i =

 f(v)

S
W

IT
C

H
C

O
S

M
O

S
, P

A
R

C
H

Accuracy

R
un tim

e

P
ow

erM
ill

�
discretization in i±

v characteristics allow
s event±

driven
sim

ulation and variable accuracy

�
event±

driven sim
ulation leads to latency/m

ulti±
rate exploitation

�
creative integration m

ethods em
ployed to avoid m

atrix equations
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M
ini±

outline

1.
Introduction and m

otivation

2.
C

ircuit sim
ulation

3.
Tim

e±
dom

ain gradient com
putation

±
 introduction to gradient com

putation

±
 direct and adjoint m

ethods

±
 extension to nonlinear circuits and tim

e±
dom

ain

4.
N

onlinear optim
ization

5.
C

ase study

±
 JiffyTune: algorithm

s and im
plem

entation

±
 hum

an interface

±
 application to P

ow
erP

C
 m

icroprocessor design

±
 m

ethodology im
pact and im

plications

±
 historical perspective

6.
C

onclusions, future w
ork and pointers to the reading list
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T
im

e±
dom

ain
 G

radient C
om

putation
signal

tim
e

sensitivity
�

lim
�

w
idth�

0
�

delay
�

w
idth

�
delay

�
�delay
�w

idth

�
w

e w
ould like to determ

ine sensitivities not by finite differences
or by perturbation, but by increm

ental m
ethods ; perturbation

m
ethods are inefficient and num

erically ill±
behaved

�
perform

ance m
easures like delay, slew

, pow
er, noise, area are

sensitivity functions
�

tunable param
eters like transistor w

idths, interconnect sizes are
sensitivity param

eters
�

in the direct m
ethod, the sensitivity of any num

ber of functions
w

ith respect to one param
eter can be com

puted efficiently
�

in the adjoint m
ethod , the sensitivity of one function w

ith respect
to any num

ber of param
eters can be com

puted efficiently
�

both m
ethods are typically im

plem
ented as part of circuit sim

ulator
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ental
 S

ensitivity and C
hain R

uling
delay

�
t1

�
t2

�delay
�PW

�
�t1

�PW
�

�t2
�PW

�
�t1
�Ids

�Ids
�W

eff �W
eff

�PW
�

�
i

�t1
�C

i

�C
i

�W
eff �W

eff

�PW
�

�t2
�Ids

�Ids
�W

eff �W
eff

�PW
�

�
i

�t2
�C

i

�C
i

�W
eff �W

eff

�PW

�t1
�C

i

�C
i

�area
�area
�W

eff

�W
eff

�PW
�

�t1
�C

i

�C
i

�perim
eter

�perim
eter

�W
eff

�W
eff

�PW

�
num

ber of `̀electricalº gradient com
putations can be very large

�
exam

ple: problem
 w

ith 10 delays, 10 slew
s and 1 pow

er
function, w

ith 100 tunable transistors
�

num
ber of gradient evaluations (conservatively) =

 40 iterations x
41 functions x 100 tunable transistors x 6 electrical param

eters
per transistor �

 1 M
illion!

�
dependent (ratio±

ed) transistor w
idths can be accom

m
odated

sim
ilarly by chain ruling

Increm
ental

 sensitivity com
putation has to be

extrem
ely ef

ficient!
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ensitivity
 A

nalysis by the D
irect M

ethod

v
�

iR
�v�p

�
i �R�p

�
R

�i
�p

v ^
�

i �R�p
�

R
i ^

+
±

+
±

R
i ^

i �R�p

v ^
+

±

R
i

v

v
�

V

�v�p
�

�V�p
v ^

�
�V�p

+
±

+
±

i�
I

�i
�p

�
�I
�p

i ^�
�I
�p

i�
C

dvdt
�i
�p

�
C

��p
( dvdt )�

dvdt �C�p
i ^�

C
dv ^

dt
�

�C�p
v .

C
C

�C�p
v .

i
+

±
v

i ^ +
±

K
ey: directly dif

ferentiate B
C

R
s
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D
irect M

ethod: P
rocedure

�
replace elem

ents by directly differentiating B
C

R
s to get

sensitivity circuit

�
reuse LU

 factors of original solution

�
any num

ber of functions, only one param
eter

E
xam

ple:

+±
R

2

R
1

R
3

R
4

V
5

R
2

R
1

R
3

R
4

iR
1

+
±

+± v ^R
4

�
problem

 is to find �v
R

4

�R
1  , so p

�
R

1

�
replace V

5  by a short; add a voltage source in series w
ith R

1 ;

solve for v ^R
4 ; that is the required answ

er!
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D
irect M

ethod: E
xtension to N

onlinear C
ircuits

i�
i

(v,p)
di
dp

�
�i
�v

dvdp
�

�i
�p

extra source

or
i ^�

G ^
v ^�

I ^x

i

v

Ieq

isolution

v
solution

G
eqL

inear
m

odel
:

i�
G

eq
v

�
Ieq

�
in the sensitivity circuit,i ^�

G
solution

v ^�
I ^x

�
LU

 factors can be re±
used

�
think of it as the sensitivity of the linearized equivalent circuit at
the D

C
 solution
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irect M
ethod: E

xtension to T
im

e±
dom

ain

�
series of linear(ized) equivalents

tim
e

nom
inal circuit

sensitivity circuit

P
roblem

s

�
LU

 factors can be re±
used only if the Jacobians are identical

�
Jacobians are identical provided tim

e points are identical
�

tim
e points selected, how

ever, only w
ith consideration to

solution of nom
inal circuit, hence m

ay not be suitable to the
sensitivity circuit

�
m

ust either use conservative tim
e±

steps or interpolate
Jacobians

�
event±

driven sim
ulators m

ay have an advantage if event tim
es

of original and sensitivity circuit are inherently identical

�
can find `̀fullº transient sensitivity, like v ^(t)  or i ^(t)
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 A

nalysis by the A
djoint M

ethod

M
atrix

 form
ulation of adjoint m

ethod
A

x
�

b

A
�x�p

�
�A�p

x
�

�b�p

G
iven

a
scalar

function
f(x),

�f
�p

�
[ �f
�x ] T[ �x�p ]

Postulate
A

T�
�

[ �f
�x ]

T
hen

�f
�p

�
�

TA
[ �x�p ]

�
�

T[ �b�p
±

�A�p
x]

�
re±

use LU
 factors of original solution; LU

 factors of A
T are

U
T and L

T

�
any num

ber of param
eters, only one function

�
the adjoint of a dynam

ical system
 x .�

A
x

�
u is x .̂�

�
A

Tx ^�
u ^

�
electrical form

ulation based on Tellegen's theorem
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Tellegen's T
heorem

A
ib

�
0

�
�

current
of

branches
incident

at
each

node
�

0

v
b

�
A

Tv
n

�
v

bi �
v

n
ifrom ±

v
n

ito
�

i

branches

nodes

�
1,

0
A

�
topological

incidence
m

atrix
�

v
b Tib

�
0

�
�

instantaneous
pow

er
of

branch
�

0

K
C

L

K
V

L

C
onservation of energy

Tellegen's theorem

�
� �

� ^
sam

e
topology

�
i

v
b

i
i ^b

i �
v

Tb
i ^b

�
[A

Tv
n ] T

i ^b
�

v
Tn

A
i ^b

�
0

�
i

ib
i

v ^b
i �

i Tb
v ^b

�
i Tb

A
T

v ^n
�

[A
ib ] T

v ^n
�

0
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djoint
 S

ensitivity via T
ellegen's T

heorem

A
pplication

 of T
ellegen's theorem

 to a perturbed circuit

�
v ^b,

i ^b

v
b,

ib

v
b

�
�v

b,
ib

�
�ib

�
i

v
b

i
i ^b

i
�

�
i

ib
i

v ^b
i

�
0

�
i

(v
b

i �
�v

b
i )

i ^b
i �

�
i

(ib
i �

�ib
i )

v ^b
i �

0

�
i

(�v
b

i
i ^b

i �
�ib

i
v ^b

i )
�

0
K

ey relation!

M
otivation

�
if w

e can m
anipulate the above equation into

�
I

�
�v

I
i ^I �

�V
s

�iV
v ^V

�
�others typical

term

and then into
�f�

�
�

k
�p

k
then w

e can pick up (in the lim
it) all the required sensitivities �f��p

k
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A
djoint

 S
ensitivity C

om
putation

C
onsider a circuit w

ith only resistors and current sources:

�
for any current source:      iI �

I;
�iI �

�I

T
ypical

term
�

(�v
I

i ^I �
�I

v ^I )

�
for any resistor:  v

R
�

iR
R

;
�v

R
�

iR
�R

�
R

�iR
�

�R
�iR

B
y choosing v ^R

�
R

i ^R , w
e get typical

term
�

iR
i ^R

�R
.

�
total circuit:  �Is

�
�v

I
i ^I �

�Is

�
�I

v ^I �
�R

s

iR
i ^R

�R

�
given a scalar perform

ance function f(v
I ), �f�

�
�f
�v

I
�v

I .

�
choose i ^I �

�
�f
�v

I

�
pick off the required sensitivities:

�f�I
�

�
v ^I

�f
�R

�
iR

i ^R
and

T
hus

.

�
any num

ber of param
eters can be accom

m
odated at once!
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A
djoint

 M
ethod: A

n E
xam

ple

R
2

R
1

R
3

R
4

I1
R

2

R
1

R
3

R
4

+± v ^I1
I ^2

�
choose I ^2

�
�

1

iR
1 i ^R

1 �R
1

�
iR

2 i ^R
2 �R

2
�

iR
3 i ^R

3 �R
3

�
iR

4 i ^R
4 �R

4
�

�I1 v ^I1
�

�v
I2

�
�v

R
4

�v
R

4
�R

1
�

iR
1 i ^R

1 ,
�v

R
4

�R
2

�
iR

2 i ^R
2 ,

�v
R

4
�R

3
�

iR
3 i ^R

3 ,
�v

R
4

�R
4

�
iR

4 i ^R
4

�v
R

4
�I1

�
�

v ^I1

�
note that �v

R
4

�R
1

�
0,

�v
R

4
�R

2
�

0,
�v

R
4

�R
3

�
0

and
�v

R
4

�R
4

�
0

�
can re±

use LU
 factors of nom

inal solution

A
ll param

eters handled at once!
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esign
C

handu V
isw

esw
ariah

A
djoint

 S
ensitivity: C

ontrolled S
ources

C
urrent±

controlled
 current source

T
ypical

term
�

�v
1

i ^1
�

�i1
v ^1

�
�v

2
i ^2

�
�i2

v ^2

�
�v

1
i ^1

�
�i1

v ^1
�

�v
2

i ^2
�

v ^2
(�

�i1
�

��
i1 )

K
E

Y
 T

E
R

M
!

C
hoose

i ^2
�

0
(current

source)

v ^1
�

±
�

v ^2
(voltage±

controlled voltage source)

v
1

�
0

i1
v

2
i2

�
�

i1

v ^1
�

�
�

v ^2
i ^1

v ^2
i ^2

�
0

+±

+±

+±

+±

�

�
�

�
final typical term

 is �
v ^2

i1
��

�
control is reversed!



O
f 77:27

D
ynam

ic Tuning for H
igh±

P
erform

ance C
ustom

 D
igital D

esign
C

handu V
isw

esw
ariah

A
djoint

 S
ensitivity: E

xtension to T
im

e±
dom

ain

R
ecall �

I

�
�v

I
i ^I �

�V
s

�iV
v ^V

�
�R

s

iR
i ^R

�R
�

�C
s

??

K
E

Y
 T

E
R

M
!

v
CiC

+
±

T
ypical

term
for

C
s

�
�v

C
i ^C

�
C

�
dv

C
dt

v ^C
�

�C
dv

C
dt

v ^C

these
have

go
although

a
�v

C (t0 )
term

w
ould

be
handy

� tf

t0

T
ypical

term
dt� � tf

t0

�v
C

i ^C
dt

±
C

v ^C
�v

C � tft0 � � tf

t0

C
v .̂C

�v
C

dt± ����� �	 � tf

t0

v ^C
v .C

dt ����� 
� �C

�
����� �	 � tf

t0

(i ^C
�

C
v .̂C )

dt ����� 
�

�v
C

�
C

v ^C (tf )
�v

C (tf )�
C

v ^C (t0 )
�v

C (t0 )�
����� �	 � tf

t0

v ^C
v .C

dt ����� 
�

�C
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 D
igital D

esign
C

handu V
isw

esw
ariah

A
djoint S

ensitivity: E
xtension to T

im
e±

dom
ain, C

ont'd.

�
to get rid of the unw

anted term
s, i ^C

�
�

C
v .̂C  and v ^C (tf )

�
0

S
olution:

 run tim
e backw

ards!!

�
�

�
k

�
t, usually �

�
t0

�
tf �

t

�
m

ake use of the fact that Tellegen's theorem
 holds for any

choice of tim
e point in the tw

o circuits

�
then i ^C (�)

�
C

dv ^C
d�

�
�

C
dv ^C (t)

dt
�

�
C

v .̂C (t) and choose

v ^C (tf )
�

v ^C (�
�

t0 ) as an initial condition w
ith value 0

�
so finally, typical

term
�

C
v ^C (t0 )

�v
C (t0 )�

����� �� � tf

t0

v ^C
v .C

dt ����� �	

�C

�
required sensitivity becom

es a convolution integral; in fact, all
sensitivities becom

e convolutions
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igital D

esign
C

handu V
isw

esw
ariah

A
djoint

 S
ensitivity: F

unction T
ricks

�
the left hand side of the general relation

�
Is

� tf

t0

(±�v
I

i ^I )
dt� �

V
s

� tf

t0

(�iV
v ^V )

dt� �
�

k
�p

k

m
ust be chosen to be �f by good choices of i ^I  and v ^V

�
sam

pling of v ^I
(t�

t1 ): choose i ^I �
�

�(t�
t1 ) so that

�v
I |t�

t1 �
�

�
k

�p
k

�
pow

er: choose
�

1

0
tstart

tend

v ^V

so that � tend

tstart

�iV
dt�

�
�

k
�p

k

�
rem

em
ber to m

ap t s to � s
�

E
lm

ore delay is easily expressed as an integral, too



O
f 77:30

D
ynam

ic Tuning for H
igh±

P
erform

ance C
ustom

 D
igital D

esign
C

handu V
isw

esw
ariah

A
djoint

 S
ensitivity: C

rossing D
elays

C
rossing

 delay sensitivity

v
cross

�
v

N
�t�

tcross

dv
cross
dp

�
0

�
ddp

v
N (t,p) �t�

tcross �
�v

N
�t

����t�
tcross

dtcross
dp

�
�v

N
�p

����t�
tcross

dtcross
dp

�
±

v ^N
v .N

�����t�
tcross

�
dtcross

dp

tcross

v ^N |t�
tcross

v
cross

v
N

t

v .N |t�
tcross
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C

handu V
isw

esw
ariah

S
ensitivity

 C
om

putation: W
rap±

up

D
irect m

ethod
�

directly differentiate B
C

R
s

�
any num

ber of functions, one param
eter

�
can re±

use LU
 factors (m

odulo tim
e±

point m
ism

atch)

�
original sources rem

oved; a new
 source is introduced in

conjunction w
ith the single sensitivity param

eter

�
`̀fullº transient sensitivity, e.g., �v

N (t)��W
eff  can be com

puted

A
djoint

 m
ethod

�
based on the `̀adjointº or transposed set of circuit equations;
m

ost intuitively approached via Tellegen's theorem

�
one function, any num

ber of param
eters

�
control reversed; tim

e run backw
ards

�
can re±

use LU
 factors (m

odulo tim
e±

point m
ism

atch)

�
sources rem

oved; a new
 source is introduced and m

anipulated
to express the single sensitivity function as a convolution

�
sensitivity results are convolutions, hence an overhead

�
`̀fullº transient sensitivity harder to com

pute
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M
ini±

outline
1.

Introduction and m
otivation

2.
C

ircuit sim
ulation

3.
Tim

e±
dom

ain gradient com
putation

4.
N

onlinear optim
ization

±
 term

inology
±

 basics of linear program
m

ing
±

 basics of nonlinear program
m

ing
±

 LA
N

C
E

LO
T

 and M
IN

O
S

±
 m

inim
ax optim

ization
±

 key m
essages

5.
C

ase study
±

 JiffyTune: algorithm
s and im

plem
entation

±
 hum

an interface
±

 application to P
ow

erP
C

 m
icroprocessor design

±
 m

ethodology im
pact and im

plications
±

 historical perspective

6.
C

onclusions, future w
ork and pointers to the reading list
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Term
inology

m
in

f(x)

s.t.
c

i (x)
�

0
i�

1,2,...,l

c
i (x)

�
0

i�
l�

1,
l�

2,
���,

l�
m

li �
x

i �
u

i
i�

1,2,���,n

�
objective function (m

axim
ize/m

inim
ize)

�
equality constraints

�
inequality constraints ( �

 and �
)

±
 often handled by introducing a slack variable si

c
i (x)

�
0

�
c

i (x)�
si �

0
s.t.

si
�

0

c
i (x)

�
0

�
c

i (x)�
si �

0
s.t.

si
�

0

±
 note that si  is a new

 variable of the problem

�
sim

ple bounds (either li  or u
i  can be unbounded)

�
constrained vs. unconstrained optim

ization
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Term
inology

, C
ont'd.

m
in

f(x)

s.t.
c

i (x)
�

0
i�

1,2,...,l

c
i (x)

�
0

i�
l�

1,l�
2,...,l�

m

li �
x

i �
u

i
i�

1,2,���,n

�
solution vectors x

1,
x

2,
���,

x
k,

���,
x

*

�
feasibility (feasible points, feasible regions)

�
activities are constraints that are `̀tightº

�
if f(x) or any of c

i (x) is a nonlinear function of x, w
e have a

nonlinear problem
�

linear program
m

ing: 1M
+

 variables is large but tractable

�
nonlinear program

m
ing: 1K

+
 variables is large but tractable

K
ey

 m
essage: use nonlinear program

m
ing to

 solve
nonlinear

 problem
s (all circuit tuning problem

s are
nonlinear)!

C
onsider

 good solutions to
 bad m

odels vs. less good
solutions

 to better (possibly nonlinear) m
odels!
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C
lassical T

heory
U

nconstrained
 optim

a
�

to m
inim

ize f(x),
f�

�
2

± Jacobian =
 �

x
f�

�f
�x

*i
�

0 is a necessary condition

± H
essian =

 �
2xx

f�
�

2f
�x

*i
�x

*j
�

0 is a sufficient condition

�
all eigenvalues of the H

essian m
ust be non±

negative
�

think of the second condition as ensuring `̀positive curvatureº
�

the second condition avoids saddle points and m
axim

a

C
onstrained

 optim
a: Lagrangian form

ulation
�

the m
inim

izer of f(x) subject to equality constrains
c

i (x)
�

0,
i�

1,2,...,l is a stationary point of the Lagrangian

�
(x,�)

�
f(x)�

�
l

i�
1 �

i c
i (x)

�
applying the above criteria, w

e get

±
 prim

al feasibility:  c
i (x

*)
�

0
�

i

±
 dual feasibility: �

x
f(x

*)�
�

l

i�
1 �

i �
x c

i (x
*)

�
0
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K
uhn±

T
ucker C

onditions for E
quality C

onstraints

m
in

f(x)

s.t.
c(x)

�
0,

f,
c

�
�

2

�
consider the set of all feasible directions, i.e., d such that

c(x
�

d)
±

c(x)
�

d
T�

c
�

0
�

optim
ality im

plies that there does not exist even a single
feasible descent direction, i.e.,

d
T�

f�
0

�
w

e know
 that if d

T�
c

�
0 then d is in the null space of �

c
�

d
�

Z
t for any t is therefore the set of all feasible directions,

w
here Z

 is a basis for the null space of �
c (or the colum

ns of Z
 are

a basis for that null space or the colum
ns of Z

 span the null space)

�
hence t TZ

T�
f�

0
�

t or Z
T�

f�
0 is the first±

order condition

�
just as f(x

�
d)

�
f(x)�

d
f	(x)�

1�2
d

2
f		(x) is a scalar

quadratic m
odel, f(x

�
d)

�
f(x)�

d
T�

f�
1�2

d
T

�
2f

d is a
quadratic m

odel for f(x)
�

using a quadratic m
odel for f(x) and c(x) and restricting ourselves

to feasible d, w
e derive the second±

order condition Z
T

�
2f

Z
�

0
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K
uhn±

T
ucker C

onditions for Inequality C
onstraints

m
in

f(x)

s.t.
c(x)

�
0

�
optim

ality now
 im

plies that there is no further descent direction
d for w

hich

c(x
�

d)
±

c(x)
�

d
T

�
c

�
0

d
T�

f�
0

�
�

f
 is a (negative) linear com

bination of the gradient of the
(active) constraints

�
the Lagrange m

ultipliers corresponding to inactive constraints
are zero

�
first±

order condition:

Z
T�

f�
0

w
here Z

 is a basis for the null space of the Jacobian of the
active constraints (w

hich have positive Lagrange m
ultipliers)

�
second order condition:Z

T
�

2f
Z

�
0
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ariah

W
hirlw

ind
 Tour of Linear P

rogram
m

ing

A
ctive

 set m
ethods (sim

plex)
m

in
f(x)

s.t.
c

i (x)
�

0

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

descent
direction

1
2

3

4

�
there is alw

ays a solution at a point w
here at least n constraints

intersect in n±
space (2 in the figure)

�
strategy: m

ove from
 one vertex to an adjacent vertex w

hile
seeking a decrease in the objective function

�
theoretical w

orst±
case com

plexity is exponential, but w
orks w

ell
in practice
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ariah

W
hirlw

ind
 Tour of Linear P

rogram
m

ing, C
ont'd.

P
enalty

 function m
ethods: interior point m

ethods
�

start feasible
�

alw
ays stay feasible

�
use `̀barrier functionsº in m

erit function to stay w
ithin sim

ple bounds

�
exam

ple: �
(x)

�
f(x)�

1� �
i

log(x
i )  for the sim

ple bounds

x
i �

0 (�
 is a penalty param

eter)
�

polynom
ial com

plexity
�

less likely to suffer from
 degeneracy problem

s

P
enalty

 function m
ethods: exterior point m

ethods
�

feasible is guaranteed only at the solution

A
side

 for nonlinear program
m

ing
�

can use `̀barrierº function for inequalities in interior m
ethod m

erit

functions such as �
(x)

�
f(x)�

1� �
i

log
c

i (x)  for c
i (x)

�
0

�
can use penalty term

 for equalities in exterior m
ethod m

erit

function such as �
(x)

�
f(x)�

1� �
i

c
2i (x)
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handu V
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esw
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N
onlinear

 P
rogram

m
ing

D
erivative

 (D
) vs. D

erivative F
ree (D

F
) M

ethods
�

never use D
F

 if D
 is possible

±
 D

F
 popular since easy to understand

±
 D

F
 popular since easy to im

plem
ent

�
m

ost im
plem

entations of D
F

:

±
 useful only if # variables <

 20

±
 not robust

±
 not efficient (especially for circuit applications)

±
 no convergence theory

±
 how

ever, som
etim

es the only usable m
ethod

�
recent developm

ents

±
 D

F
 algorithm

s w
ith convergence theory and better

robustness have been developed...

±
 ... but they are applicable only to sm

all problem
s

±
 ... and are still inefficient (but parallelizable)

K
ey

 m
essage: never use D

F
 unless you have no choice!
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handu V
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esw
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N
onlinear

 P
rogram

m
ing

S
om

e
 general com

m
ents

K
ey

 m
essage: trem

endous progress in nonlinear opti
-

m
ization

 in the last 15 years!

�
global optim

ality is alm
ost im

possible to achieve or detect on
large±

scale problem
s

�
the best w

e can hope for is

±
 problem

 is convex  (in w
hich case w

e can achieve
and detect a global optim

um
)

±
 w

e converge to a local m
inim

um

±
 im

provem
ent is obtained!

�
exploit structure w

here possible

±
 exam

ple: sparsity or group partial separability

�
line±

search vs. trust±
region approaches

K
ey

 m
essage: requires sophisticated user or optim

ization
specialist

 to best exploit nonlinear optim
ization... using

the
 softw

are as a black box is not ideal!
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U
nconstrained

 N
onlinear O

ptim
ization

S
teepest descent (S

D
)

�
`̀low

 storageº solution, sim
ple and efficient per iteration

�
unfortunately, slow

 linear±
 or even non±

convergence

�
used early in the optim

ization to capture global behavior

S
afeguarded

 N
ew

ton's m
ethod and variations (N

M
)

�
(safeguarded) step in direction that m

inim
izes quadratic m

odel

�
second±

order convergence

�
m

ore expensive

�
used late in the optim

ization for fast asym
ptotic convergence

A
lternatives

�
m

odified N
ew

ton's m
ethod to guarantee positive definiteness of

H
essian of quadratic m

odel and hence descent

�
quasi±

N
ew

ton (low
 rank updates to the H

essian) (converts S
D

 to N
M

)

�
coordinate descent (B

A
D

) and its generalization, conjugate
directions (G

O
O

D
)

�
Levenberg±

M
arquardt
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U
nconstrained

 N
onlinear O

ptim
ization

S
teepest

descent

C
onjugate

gradients

N
ew

ton's
m

ethod

M
ethod

 of choice for large
 problem

s: conjugate gradient
(C

G
) iterations w

ith appropriate
 choice of pre±

conditioner
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M
IN

O
S

�
S

tanford, ca. 1980m
in

F
(x)�

c
Tx

�
d

Ty

s.t.
f(x)�

A
1 y

�
b

1
nonlinear

constraints
A

2 x
�

A
3 y

�
b

2
linear

constraints
lx

�
x

�
u

x

m
in

F
(x)�

c
Tx

�
d

Ty
�

�
Tk [f(x)

±
f ~(x)]�

12�
[f(x)

±
f ~(x)] T[f(x)

±
f ~(x)]

ly
�

y
�

u
y

s.t.
f ~(x)�

A
1 y

�
b

1
linearized

constraints
A

2 x
�

A
3 y

�
b

2
linear

constraints

w
here

f ~(x)
�

f(x)�
J

k (x±x
k )

(linearization)

nonlinear
linear

sim
ple

bounds

is rem
apped to

w
here

lx
�

x
�

u
x

ly
�

y
�

u
y

sim
ple

bounds

objective
function

L
agrangian

of
nonlinear

part
of

constraints

augm
entation
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M
IN

O
S

, C
ont'd.

�
large±

scale, general±
purpose, nonlinear optim

ization package

�
intuition:

±
 separate linear and nonlinear parts

±
 use active set m

ethods for the linear part (LP
±

like)

±
 use augm

ented Lagrangian for the nonlinear part

±
 m

inim
ize quadratic m

odel of the m
erit function

subject to linear m
odel of constraints (Q

P
)

±
 line±

search m
ethods  for m

inim
izing the quadratic

m
odel

�
in practice, very effective, especially if

±
 m

ost constraints are linear or near linear

±
 real num

ber of degrees of freedom
 at the solution is

not large
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LA
N

C
E

LO
T

�
large±

scale, general±
purpose, nonlinear optim

ization package
�

efficient, especially for nonlinear constraints
�

exploits structure via group partial separability

M
ajor Iteration

M
inor Iteration

�
update l or m value(s)

�
form

ulate augm
ented Lagrangian and iteratively:

�
trust±

region approach

�
sim

ple bounds handled explicitly and w
ell

�
m

inim
ize m

erit function

�
test for convergence

�
m

any options:
±

 l�
�l2  trust regions (box and sphere)

±
 various preconditioners and initializations available

±
 approxim

ate/accurate bounded quadratic problem
 (B

Q
P

) solver
�

has successfully handled 20,000 variable problem
s w

ith 20,000
nonlinear constraints; has been tested on 15,000 test cases
representing 1,000 unique problem

s
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H
ow

 LA
N

C
E

LO
T

 W
orks

�
(x,�,�)

�
f(x)�

�
i

�
i

c
i (x)�

12� �
i

c
i (x) 2

com
posite function

for unconstrained
m

inim
ization

objective
function

Lagrangian
penalty function
to w

eight feasibility
x

1

x
2

m
in

f(x
1 ,x

2 )
0

�
x

1
�

a
0

�
x

2
�

b

±�
f

a

b

x
k u

v

w

Trust region
Q

uadratic m
odel

S
im

ple bounds
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M
inim

ax O
ptim

ization

�
the original problem

 is m
inx

[
m

ax
i

{
fi (x)

}
],

i�
1,2,���,m

�
not directly differentiable

�
rem

ap to m
in

x,z
(z)

s.t.
z

�
fi (x)

�
i

x
x

*

f1 (x)
f2 (x)

z

x
k

S
pecial considerations

�
initialize z to m

axfi (x) directly after the first function evaluation

�
optim

ality condition: �
i

�
*i

�
�

1, so initialize �
i �

�
1�m

�
i

�
can handle m

inim
ax problem

s in other w
ays
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ndy
 and C

handu's T
op±

10 K
ey M

essages!
T

im
e to

w
ake up!

1.
R

eplace good solutions to bad m
odels by potentially less good

solutions to better m
odels!

2.
U

se nonlinear optim
ization on nonlinear problem

s!
3.

S
w

apping objective function and constraints does not a new
 IC

C
A

D
paper m

ake!
4.

Trem
endous progress has been m

ade in nonlinear optim
ization in

the last 15 years; do not use outdated m
ethods!

5.
N

ever use derivative±
free m

ethods unless you have no choice!
6.

In circuit tuning, C
P

U
 tim

e is dom
inated by sim

ulation and gradient
com

putation; m
ust leverage optim

izer to reduce num
ber of iterations!

7.
E

fficient sensitivity com
putation is essential to any high±

perform
ance

circuit tuner!
8.

C
arefully specify all aspects of the problem

 you really w
ant to solve

(forces careful understanding of the circuit and problem
 being posed)!

9.
`̀B

lack boxº optim
ization under±

utilizes capabilities of a package
(and often leads to greatly sub±

optim
al solutions)!

10.A
ny sim

ulation±
based optim

ization is inherently noisy!
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M
ini±

outline

1.
Introduction and m

otivation

2.
C

ircuit sim
ulation

3.
Tim

e±
dom

ain gradient com
putation

4.
N

onlinear optim
ization

5.
C

ase study

±
 JiffyTune: algorithm

s and im
plem

entation

�
sim

ulation

�
gradient com

putation

�
nonlinear optim

ization

±
 hum

an interface

±
 application to P

ow
erP

C
 m

icroprocessor design

±
 m

ethodology im
pact and im

plications

±
 historical perspective

6.
C

onclusions, future w
ork and pointers to the reading list
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C
ase

 S
tudy: JiffyT

une

�
dynam

ic circuit optim
ization tool called JiffyTune has been

developed at IB
M

 over the last 16 m
onths

±
 circuit sim

ulated by S
P

E
C

S
 (piecew

ise approxim
ate,

event±
driven, fast circuit sim

ulation program
)

±
 takes advantage of both direct and adjoint transient
sensitivity com

putation

±
 uses LA

N
C

E
LO

T
 (augm

ented Lagrangian,
trust±

region±
based, large±

scale, general±
purpose

nonlinear optim
ization package)

�
has successfully tuned circuits w

ith up to 500 tunable
transistors

�
has been used by about 50 designers in about 2,700 tuning
runs in m

any different technologies and sites of IB
M

�
hum

an interface and m
ethodology issues carefully taken into

account during developm
ent

�
w

as extensively used on dom
ino circuits of a custom

,
high±

perform
ance, P

ow
erP

C
 m

icroprocessor



O
f 77:52

D
ynam

ic Tuning for H
igh±

P
erform

ance C
ustom

 D
igital D

esign
C

handu V
isw

esw
ariah

JiffyT
une: F

eatures at a G
lance

�
accom

m
odates delay, slew

, area and pow
er functions

�
supports m

inim
ax optim

ization

�
any com

bination of w
eighted constraints and objective

function(s) perm
itted

�
all three types of constraints (equality, less±

than and
greater±

than) can be specified

�
ratio±

ing of transistors allow
ed

�
sim

ilar instances can be grouped for regular layout

�
autom

atic failure±
recovery  allow

s optim
izer to take aggressive

steps

�
tw

o m
anufacturability m

odes  im
plem

ented

±
 post±

tuning inform
ation m

ode at various process
corners

±
 sim

ultaneous tuning at m
ultiple process corners

�
easy±

to±
use hum

an interface for problem
 specification as w

ell
as back±

annotation of results

�
specialized stopping criteria and considerations for noise



O
f 77:53

D
ynam

ic Tuning for H
igh±

P
erform

ance C
ustom

 D
igital D

esign
C

handu V
isw

esw
ariah

JiffyT
une: S

oftw
are O

verview

S
P

E
C

S

JiffyT
une

LA
N

C
E

LO
T

�
adm

inistration

�
chain ruling ad nauseam

X
new

X
old

g,
J

f,f�

User interface
Problem specification

User interface
Back annotation

Circuit, models,
optimization criteria

Optimized circuit

JiffyT
une ``E

ngineº
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S
P

E
C

S
: P

iecew
ise A

pproxim
ate C

ircuit S
im

ulation

iL

v
L

iL

v
L

M
odeling

�
piecew

ise constant i±
v characteristics (�

 1%
 error)

�
linearized junction and diffusion capacitances (�

 1%
 error)

�
gate capacitances linearized and grounded (�

 5%
 error)

A
nalysis

�
tree/link form

ulation of circuit equations
�

event±
driven sim

ulation to exploit latency and m
ulti±

rate
behavior

�
increm

ental processing of K
C

L and K
V

L equations w
henever a

device m
oves from

 one segm
ent of its i±

v table to the next
�

relative tim
ing error inversely proportional to square of signal

slope
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S
P

E
C

S
 S

um
m

ary

U
pside

�
speed: 70x (6,000 events per second on a w

orkstation)

�
capacity:  10x (0.25M

 transistors)

�
accuracy:  greater than 1s

 of delays w
ith 5%

 relative tim
ing

accuracy; w
orst case is 10%

�
used in 12 IB

M
 sites for

±
 tim

ing verification

±
 functional verification

±
 tuning

±
 pow

er estim
ation

of digital and m
em

ory circuits

D
ow

nside
�

constant±
grounded±

capacitance±
assum

ption causes inaccuracy

�
stiff circuits  a problem

�
no inductors
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S
ensitivity

 A
nalysis in S

P
E

C
S

i�
i

(v,
p)

di
dp

�
�i�v

dvdp
�

�i
�p

or
i ^�

G ^v ^�
I ^x

i

v
v ^

G ^

�
sensitivity or adjoint circuit consists of m

ostly disconnected,
grounded capacitors

�
little `̀spurtsº of charge sharing occur instantaneously at the
tim

es of the events of the original nom
inal circuit

�
event inform

ation from
 nom

inal sim
ulation is saved

�
results of sensitivity or adjoint circuit yield required sensitivities;
convolution is required in the case of adjoint sensitivity

�
both direct and adjoint m

ethods im
plem

ented

�
sensitivity or adjoint circuit repeatedly solved w

ith appropriate
excitation
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S
ensitivity

 A
nalysis in S

P
E

C
S

, C
ont'd.

F
unctions

�
any crossing tim

e (delay and slew
 are expressed as the

difference of tw
o crossing tim

es)

�
pow

er  in any voltage source over any sub±
interval of tim

e

�
transient node voltage (direct m

ethod only)

P
aram

eters
�

transistor w
idths (chain ruling done autom

atically)

�
resistor and capacitance values

Im
plem

entation
 notes

�
convolution in the adjoint m

ethod is carried out in an
event±

driven fashion

�
autom

atic heuristic to choose betw
een direct and adjoint

m
ethod (presently checks if # param

eters >
 3 * # functions)

�
can force direct or adjoint m

ethod
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fficiency
 of S

ensitivity A
nalysis in S

P
E

C
S

E
xam

ple
 1: P

ow
erP

C
 B

ranch S
can and S

elect C
ircuit

�
144 M

O
S

 transistors, 27 ns of sim
ulation

�
36 functions, 104 param

eters (m
ore internally)

�
nom

inal sim
ulation: 2 s on R

isc/S
ystem

 6000 m
od 590

�
sensitivity run tim

e: 10.9 s

�
overhead per adjoint sensitivity circuit sim

ulation =
 15%

�
overhead per gradient com

putation =
 0.14%

Logic
 panel m

odule IO
m

ux
�

6,166 M
O

S
 transistors, 770 resistors, 66 ns of sim

ulation

�
99 functions, 6,166 param

eters (m
ore internally)

�
nom

inal sim
ulation: 3 m

ins 5 s

�
sensitivity run tim

e: 20 m
ins 5 s

�
overhead per adjoint sensitivity circuit sim

ulation =
 6.5%

�
overhead per gradient com

putation =
 0.001%

 !!!!
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S
ensitivity

 R
esults on S

im
ple C

ircuit

±
1.98795

±
0.98795

0
2

4
6

8
10

A
nalytic

S
P

E
C

S
�v

N
�R

Tim
e(ns)

+±

R

C

v
N
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D
elay S

ensitivity R
esults

S
E

N
S

 D
A

T
A

delay

w
idth

3.80

4.00

4.20

4.40

4.60

4.80

5.00

5.20

5.40

5.60

5.80

6.00

6.20

5.00
10.00

15.00
20.00

�
delay sensitivity plotted as tangents to delay±

w
idth curve
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N
C

E
LO

T
 O

ptim
ization: S

pecial Issues

F
orm

ulation
�

m
inim

ax optim
ization (and initialization of Lagrange m

ultipliers)
im

plem
ented as described earlier

�
C

U
T

E
 testing environm

ent has allow
ed us to integrate M

IN
O

S
from

 S
tanford as an alternative optim

izer

P
roblem

s
 due to noise

�
any sim

ulation±
based optim

ization is inherently noisy

�
unable to recover from

 poor initializations; optim
izer often

w
astes tim

e going now
here

�
does not stop gracefully or predictably

S
pecial considerations for noisy optim

ization
�

tolerance for feasibility and line search break points

�
consideration of sm

all step beneath w
hich further progress unlikely

�
initial trust region radius

�
initial H

essian approxim
ation for secant m

ethods

�
stopping criteria
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M
anufacturability

 M
odes in JiffyT

une

�
general goal: m

ake param
etric m

anufacturability a push±
button,

transparent, easy±
to±

use part of tuning

`̀Inform
ationº

 m
ode

�
perform

 nom
inal tuning

�
as a postprocess, sim

ulate the tuned circuit at each process
corner

�
sum

m
arize the distribution of circuit perform

ance  across
process corners

S
im

ultaneous
 tuning at m

ultiple process corners
�

sim
ultaneously tune at all process corners; no surprises after

tuning is com
pleted

�
replicate and m

odify tuning criteria for all process corners i

±
 constraint: convert d(x)

�
t

 to d
i (x)

�
t

�
i

±
 objective function: convert m

inx
d(x) to m

inx
[m

ax
i

d
i (x)]

�
i

±
 m

inim
ax: convert m

inx
[m

ax
j

d
j (x)]

�
j to m

inx
[m

ax
i,j

d
ij (x)]

�
i,

�
j

�
run tim

e overhead is roughly n w
here n

�
num

ber
of

corners
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Tw
o±

step
 U

pdates

m
in

f(x)

u

x

x
k,

u
k

Trust region s.t.
c(x)�

u
�

0,
u

�
0

�
�

f(x)�
�[c(x)�

u]�
[c(x)�

u] 2

2�

x
k�

1,
u

k�
1

m
inim

ize
�

along
this

line
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Tw
o±

step U
pdates, C

ont'd.

Intuition
�

if a variable appears in the m
erit function in a know

n functional
form

, a second update can be applied to it w
ithout incurring the

cost of a new
 function/gradient evaluation

�
under m

ild assum
ptions, the second step can be outside the

trust±
region; convergence is still guaranteed

�
tw

o±
step updates lead to faster convergence, better

optim
ization efficiency

M
inim

ax
 problem

s
�

can be applied to the z variable in m
inim

ax problem
s;

m
inx

[
m

ax
i

fi (x)
] leads to

�
�

z
�

�
i

�
i [z

�
fi (x)�

u
i ]�

12� �
i

[z
�

fi (x)�
u

i ] 2

�
�

 is a quadratic in z and is therefore am
enable to tw

o±
step

updates
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JiffyT
une: T

he H
um

an Interface

�
good tools are useless w

ithout a good hum
an interface

�
JiffyTune engine is file±

driven and hence is not am
enable to

quick and productive design

F
eatures

 of C
adence interface

�
developed by actual circuit designer

�
all functionality provided from

 schem
atic diagram

±
 fam

iliar environm
ent %

 no steep learning curve

±
 visual and interactive

±
 com

plexities of tool hidden (but accessible)

�
enforces clear expression of otherw

ise tacit circuit requirem
ents

±
 JiffyTune is greedy!

�
adds significant additional functionality like grouping &

 ratio±
ing

�
overcom

es the drudgery of a file±
driven interface

�
configurable to different site/project environm

ents
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JiffyT
une

 Interface: M
ain F

orm

C
LK

G

C
LK

M
480ps

1400ps
rise tim

e <
=

 400ps
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JiffyT
une Interface: P

aram
eters F

orm

P
aram

eters
�

tunable/untunable transistors

�
upper/low

er bounds

�
grouping (tracking) of instances

�
individual settings

�
support for hierarchy
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une
 Interface: M

easurem
ents F

orm

C
LK

G

C
LK

M
480ps

1400ps
rise tim

e <
=

 400ps

M
easurem

ents
 (optim

iza
-

tion targets)
�

delay

�
rise/fall tim

e

�
area

�
m

inim
ax function
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JiffyT
une

 Interface: B
ack A

nnotation

B
ack

 annotation of results
�

sam
e constraints, 2.5x load

(0.6 pF
 "

 1.5 pF
)

�
new

 (suggested) transistor
w

idths and w
aveform

 data
back±

annotated on schem
atic



O
f 77:70

D
ynam

ic Tuning for H
igh±

P
erform

ance C
ustom

 D
igital D

esign
C

handu V
isw

esw
ariah

JiffyT
une: M

ethodology Im
pact

�
JiffyTune w

as used to tune120 circuits of a custom
dynam

ic±
logic m

icroprocessor and w
as found to be a key

productivity tool
�

m
easurem

ents, functions, w
eights, tunability, sim

ple bounds,
etc., are stored as attributes of schem

atic
�

they are indeed part of the intellectual exercise of designing a
good circuit

�
thus design re±

use  is encouraged
±

 w
hen device m

odels change
±

 for different loading and arrival tim
e situations

±
 w

hen design specifications change
±

 during design rem
ap

�
forces careful and explicit specification of circuit requirem

ents:
the issue becom

es how
 to correctly specify the optim

ization
problem

 rather than solving the optim
ization problem

 itself!
�

can create a pow
er±

delay or area±
delay tradeoff curve by

rerunning optim
izer

E
m

phasis
 shifts to: (a) starting w

ith a good topology
and

 a w
orking circuit, (b) posing the problem

 w
ell
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H
istorical

 P
erspective: D

E
LIG

H
T

.S
P

IC
E

W
. N

ye, D
. C

. R
iley

, A
. S

. V
incentelli, A

. L. T
its, 1988

�
accom

m
odates sem

i±
infinite constraints

�
hard and soft constraints; the latter have `̀goodº and `̀badº
values from

 w
hich the quality of the solution is judged

�
m

inim
ax P

H
A

S
E

±
I±

II±
III optim

ization by m
ethod of feasible

directions (alw
ays produces feasible design, m

onotonically
decreases m

erit function w
hile handling sem

i±
infinite

constraints)

�
im

plem
ents sensitivity in S

P
IC

E

W
eaknesses

�
sloooooooooooow

, tailored to sm
all analog circuits

�
hard to use
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H
istorical

 P
erspective: T

A
ILO

R

D
. M

arple, 1989
�

operates on the layout constraint graph of a cell

�
no separate post±

layout closure needed

�
uses constraint graph w

ith corner±
stitching data structure;

variable w
eight for each transistor arc

�
constructs a delay graph based on a single tim

e±
constant

approxim
ation (static)

�
then w

orks to m
inim

ize cell's pitch in one dim
ension

�
uses augm

ented Lagrangian w
ith penalty term

�
alternates steepest descent and steepest ascent to find saddle
point of Lagrangian

W
eaknesses

�
used on sm

all cells only (50 transistors)

�
no hierarchy

�
crude delay m

odel
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istorical
 P

erspective: Interconnect S
izing

J. C
ong, K

.±
S

. Leung, 1994

N
. M

enezes, S
. P

ullela, L. T
. P

ileggi, 1995
�

concurrent gate and interconnect sizing; flurry of interest in this
topic since

�
E

lm
ore delay approxim

ation for gates

�
m

om
ent m

atching m
odels for w

ires

�
form

ulated into a convex optim
ization problem

�
delay m

odels differentiated analytically to provide gradients

�
sequential quadratic program

m
ing (S

Q
P

) applied

±
 quadratic fit about last solution point

±
 m

inim
ize quadratic to get new

 solution vector

�
routability enhanced by sim

ple congestion w
eight factors

W
eaknesses

�
inaccurate gate delay m

odel
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M
ini±

outline

1.
Introduction and m

otivation

2.
C

ircuit sim
ulation

3.
Tim

e±
dom

ain gradient com
putation

4.
N

onlinear optim
ization

5.
C

ase study

±
 JiffyTune: algorithm

s and im
plem

entation

±
 hum

an interface

±
 application to P

ow
erP

C
 m

icroprocessor design

±
 m

ethodology im
pact and im

plications

±
 historical perspective

6.
C

onclusions, future w
ork and pointers to the reading list
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C
onclusions

�
dynam

ic tuning is possible and m
eaningful

�
1,000 tunable transistors w

ell w
ithin reach; perhaps 10,000

tunable transistors is not far out of reach

�
reasonable com

prom
ises on sim

ulation accuracy (piecew
ise

approxim
ate circuit sim

ulation) are both necessary and practical

�
gradients necessary to carry out tuning

�
adjoint m

ethod can be used to com
pute large num

ber of
gradients efficiently

�
sophisticated nonlinear optim

ization algorithm
s essential

�
extensions to m

anufacturability based on a
design±

of±
experim

ents paradigm
 straightforw

ard

�
having a tuning capability not only im

proves design tim
e and

circuit quality, it has m
ethodology im

pact too
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F
uture

 W
ork

�
accom

m
odation of sem

i±
infinite constraints, e.g., delay should

be less than a target for a range of pow
er supply voltages

�
parallel processing  for sensitivity com

putation

�
H

essian com
putation

�
autom

atic generation of problem
s from

 a static tuner; autom
atic

generation of stim
ulus patterns and problem

 constraints

�
exploitation of structure, e.g., group partial separability

�
form

ulation as a m
ixed integer±

continuous problem
 for discrete

transform
s

�
form

ulation im
provem

ents to speedup large optim
ization runs



O
f 77:77

D
ynam

ic Tuning for H
igh±

P
erform

ance C
ustom

 D
igital D

esign
C

handu V
isw

esw
ariah

R
eading

 List

�
classified into

±
 circuit optim

ization in general

±
 S

P
IC

E
±

like sim
ulation

±
 piecew

ise approxim
ate sim

ulation

±
 gradient com

putation

±
 nonlinear optim

ization

�
bibliography has been annotated

�
N

E
O

S
 hom

e page (take the state±
of±

the±
art optim

ization
softw

are for a test run):
http://w

w
w

.m
cs.anl.gov/hom

e/otc/S
erver/neos.htm
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