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Introduction
 and M

otivation

Trends
�

increased custom
 design

�
com

petition drives aggressive tuning w
ith focus on

perform
ance

�
quicker turnaround (design re–use is key)

�
focus on m

anufacturability

A
utom

atic
 circuit optim

ization is essential
�

for the highest possible perform
ance

�
for rapid, repeatable and robust tuning (productivity)

�
for design re–use

�
for objective com

parisons of circuit alternatives
�

to ensure m
anufacturability
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Introduction
 and M

otivation

�
m

anual tuning is a slow
, iterative and error–prone procedure

�
it relies on hum

an intuition and experience

U
pdate

design
S

im
ulate

G
ood

enough?

D
esign

 re±
use is not easy!
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S
om

e D
efinitions

S
tatem

ent of the problem
�

given a logically correct schem
atic, optim

ally assign sizes
to transistors and/or w

ires
�

m
etrics: delay, slew

, area, signal integrity, param
etric yield

O
ptim

ization
 problem

m
in

f(x)
s.t.

c
e (x)

�
0

s.t.
c

l (x)
�

0
s.t.

c
g (x)

�
0

s.t.
x

l �
x

�
x

u

O
bjective function

E
quality constraint

Inequality constraints

Sim
ple bounds

{

M
inim

ax optim
ization

m
inx

[
m

ax
i

fi (x)
],

i�
1,2,���,m

S
em

i±
infinite problem

m
inx

f(x)
s.t.

g(x,p)
�

0
forall

p
�

P
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D
esired Features

D
esign requirem

ents
�

ratio±
ing of transistor sizes

�
grouping of sim

ilar structures
�

ease of use and back±
annotation of results

�
accom

m
odation of com

plex tim
ing constraints

�
layout constraints

�
sim

ultaneous transistor/w
ire sizing

A
lgorithm

ic requirem
ents

�
convergence (local? global?)

�
m

inim
ax optim

ization
�

flexible constraints and objective functions
�

m
anufacturability (ability to tune at m

ultiple process
corners)

�
failure recovery
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Taxonom
y

D
ynam

ic tuning
�

based on tim
e±

dom
ain sim

ulation of the circuit
�

accurate but slow
; lim

ited to sm
all circuits

�
requires input patterns; tunes only identified paths

�
best suited to sm

all data±
flow

 circuits or `̀cross sectionsº

S
tatic tuning

�
based on static tim

ing analysis of the circuit
�

all paths considered at once
�

no input patterns required; w
orks w

ell on control circuits

S
tatistical tuning

�
M

onte C
arlo analysis across process corners

�
extrem

e case analysis
�

yield prediction
�

design centering
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D
ynam

ic
 Tuning

O
bjective fn.

&
 constraints

S
im

ulation info.
(netlist, patterns,
device m

odels)

N
onlinear

optim
izer

C
ircuit

sim
ulator

D
one?

Y

N

B
ack annotate
results on

Variables &
sim

ple bounds

x
new

Function &
gradient values

the schem
atic

Tuner
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D
ynam

ic T
uning

A
dvantages

�
accurate and realistic

�
detects failing circuits

�
false paths are avoided

D
isadvantages

�
inherits all the w

eaknesses of transient sim
ulation

± slow
, can handle only sm

all circuits
±

 requires input patterns

�
paths to be tuned m

ust be identified and sensitized
�

requires a w
orking circuit to begin

�
vulnerable to om

ission of tacit requirem
ents

± loading on previous stage
±

 rise/fall tim
e

±
 shrinking of non±

sw
itching transistors
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D
ynam

ic
 Tuning ±

 M
ethodology Im

pact

�
dynam

ic tuning is best applied to pre±
layout schem

atics

�
after extraction, correspondence betw

een transistor sizes
and diffusion capacitances is lost =

>
 im

possible to tune
(poses a new

 extraction challenge)!

�
since specification of a dynam

ic tuning run is quite involved,
save tuning criteria as attributes of the schem

atic

�
encourages design re±

use; changes the paradigm
!

�
can use a static tim

er autom
atically to generate dynam

ic
tuning problem

s

S
tatic

tim
er

1. D
eterm

ine paths
2. P

rune circuit
3. S

ensitize paths
D

ynam
ic

tuner

S
tatic and dynam

ic tuning com
plem

ent each other!



O
f 67:14

O
ptim

ization Techniques for H
igh±

P
erform

ance D
igital C

ircuits
C

. V
isw

esw
ariah, IC

C
A

D
 '97 E

m
bedded Tutorial, S

ession 4B

D
ynam

ic
 Tuners

D
E

LIG
H

T.S
P

IC
E

 (N
ye et al, 1988)

�
S

P
IC

E
±

based
�

m
inim

ax P
H

A
S

E
 I±

II±
III optim

ization by m
ethod of feasible

directions
�

handled sem
i±

infinite constraints
�

tailored to sm
all analog circuits

JiffyT
une

 (C
onn et al, 1996)

�
S

P
E

C
S

±
based (device m

odeling sim
plifications, fast

event±
driven sim

ulation at reduced accuracy)
�

relies on fast adjoint gradient com
putation

�
uses the general purpose nonlinear optim

ization package
LA

N
C

E
LO

T
± trust±

region approach
±

 augm
ented Lagrangian m

erit function
�

tailored to large circuits (5K
+

 transistors)
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G
radient C

om
putation

C
ircuit tuning is best approached by m

eans
of gradient–based nonlinear optim

ization
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G
radient C

om
putation

N
ever use D

erivative Free (D
F) if D

erivative (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

T
hat's w

hy gradient com
putation is so im

portant!
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G
radient C

om
putation

G
radient com

putation is often the bottleneck

 

G
radient

F
unction

evaluation

evaluation

N
onlinear

optim
ization

A
dm

inistration
and overhead

�
exam

ple: 1,000 transistor circuit, all transistors tunable
�

50 m
easurem

ents in the objective function and constraints
�

50 iterations to convergence
�

num
ber of gradients required =

1,000 transistors x 6 param
eters per transistor

x 50 m
easurem

ents x 50 iterations = 15 m
illion!
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D
irect and A

djoint S
ensitivity C

om
putation

D
irect m

ethod

�
directly differentiate electrical characteristics of devices:

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

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 ^ +
±

v ^
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D
irect M

ethod

P
rocedure

�
add a zero±

valued source at each param
eter

�
run a nom

inal transient sim
ulation

�
turn off the original sources; activate the zero±

valued
sources w

ith the results of the nom
inal sim

ulation

�
solve the `̀sensitivity circuitº

�
re±

use nom
inal LU

 factors at each tim
e point

�
any num

ber of m
easurem

ents, one param
eter

�
can run the nom

inal and sensitivity sim
ulations

sim
ultaneously

�
in our previous exam

ple:
num

ber of gradient analyses =
 1000 transistors x 6

param
eters per transistor x 50 iterations =

 300,000
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A
djoint

 M
ethod via T

ellegen'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

�
i

ib
i v ^b

i �
i Tb

v ^b
�

i Tb
A

T
v ^n

�
[A

ib ] T
v ^n

�
0

�
� �

� ^
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
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A
djoint S

ensitivity via T
ellegen's T

heorem
, C

ontd.

Tellegen's theorem
 applied to a perturbed circuit

�
v ^b, i ^b

vb, ib

vb
�

�vb, ib
�

�ib

�
i

vb
i i ^b

i
�

�
i

ib
i v ^b

i
�

0

�
i

(vb
i �

�vb
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 into �I

–
�vI

i ^I �
�V

s

�iV
v ^V

�
�others typical

term
,

and then into 
�f

�
�

�
k
�p

k
, w

e can pick up all the gradients �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

Typical
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 perform

ance v
Ik , �f

�
�v

Ik .

�
choose i ^Ik

�
±1

�
pick off the required sensitivities:

�f
�Ij �

±v ^Ij
�f

�R
j �

iR
j

i ^R
j

and
Thus

.

�
any num

ber of param
eters can be accom

m
odated at

once!
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A
djoint M

ethod

P
rocedure

�
add a zero±

valued source at each m
easurem

ent point

�
run a nom

inal transient sim
ulation

�
turn off the original sources; activate the zero±

valued
sources appropriately

�
reverse tim

e and control

�
solve the `̀adjoint circuitº

�
re±

use the LU
 factors at each tim

e point (m
odulo

tim
e±

point m
ism

atch problem
s)

�
obtain gradients by convolving nom

inal and adjoint
w

aveform
s

�
any num

ber of param
eters, one m

easurem
ent

�
in our previous exam

ple:
num

ber of gradient analyses =
 50 m

easurem
ents x 50

iterations =
 2,500
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A
djoint Lagrangian S

ensitivity C
om

putation
M

otivation
�

the gradient com
putation is the bottleneck; it is the stum

bling
block in being able to tune an entire circuit m

acro

�
if the problem

 has m
 m

easurem
ents and p tunable param

eters,
w

e need to com
pute m

 y p gradients at each iteration

�
if m

 >
> p, the direct m

ethod is used, w
hich involves solving

an associated sensitivity circuit p tim
es

�
if p >

> m
 the adjoint m

ethod is used, w
hich involves solving

an associated adjoint circuit m
 tim

es

Is there a w
ay of solving an associated circuit just once to

obtain
 all the gradients of interest?

A
djoint Lagrangian form

ulation
�

for the purposes of optim
ization, yes, it is possible to get all

the required gradients at once!

�
key observation: optim

izer m
inim

izes scalar m
erit function
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A
n

 E
xam

ple to D
em

onstrate the T
heory

p
1 ,p

2 ,
���,p

n

+±

slope
�

v .1
slope

�
v .2

m
in

d
1

s.t.
d

2
�

0

�
�

d
1
�

�d
2
�

12
�

d
22

d
1

d
2

p
1 ,p

2 ,
���,p

n

p
1 ,p

2 ,
���,p

n

N
om

inal sim
ulation

S
ensitivity run #1
�d

1
�p

i
�

–
1v .1 conv(p

i )
�

i

�d
2

�p
i
�

–
1v .2 conv(p

i )
�

i

S
ensitivity run #2

C
om

bine the gradients
�
�
�p

i
�
�d

1
�p

i
�

(�
�

d
2�
)
�d

2
�p

i
�

i
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A
n E

xam
ple to D

em
onstrate the T

heory
, C

ontd.

p
1 ,p

2 ,���,p
n

+±

slope
�

v .1
slope

�
v .2

m
in

d
1

s.t.
d

2
�

0
�

�
d

1
�

�d
2

�
12�

d
22

d
1

d
2

p
1 ,p

2 ,���,p
n

N
om

inal sim
ulation

S
ingle sensitivity run

h
1

h
2

h
1

�
±

1v .1
h

2
�

±
1v .2 (�

�
d

2�
)

���p
i �

conv(p
i )

�
i

G
radients

�
any num

ber of m
easurem

ents or constraints handled at once!
�

any num
ber of param

eters handled at once (inherent in adjoint)!
�

speedup �
 #m

easurem
ents
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E
xam

ple

R
un

 tim
e m

easurem
ents on an exam

ple
�

IO
m

ux circuit from
 an actual LP

M
 chip w

ith 6,900 M
O

S
FE

Ts,
770 R

C
 w

ire m
odels, 57 functions, 6,114 param

eters, 348,498
gradients

D
irect m

ethod
A

djoint
m

ethod
A

djoint
Lagrangian

G
radient com

putation
C

P
U

 tim
e (s)

39,041
(10.8 hours)

635.4
(10.6 m

inutes)
21.9

Total run tim
e (s)

39,233
827.1

213.6
R

un tim
e overhead

per sensitivity circuit
solution

3.3%
(6,114
solutions)

5.8%
(57 solutions)

11.4%
(1 solution)

O
verhead per gradient

0.06%
0.001%

0.00003%
R

un tim
e per gradient

112 m
s

1.82 m
s

0.063 m
s (63 ms)
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C
om

plexity
 A

nalysis
R

un tim
e of direct m

ethod
R

un tim
e of adjoint m

ethod

A
djoint Lagrangian run tim

e
R

un tim
e w

ith heuristic choice of m
ethod

T
he 3±

D
 plots on this page

have been deleted so that
the docum

ent can be
view

ed w
ith G

hostview

T
he 3±

D
 plots on this page

have been deleted so that
the docum

ent can be
view

ed w
ith G

hostview
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A
pplication to P

iecew
ise A

pproxim
ate S

im
ulation

�
i±

v characteristics are approxim
ated by piecew

ise
approxim

ate functions

�
w

hen the i±
v characteristics are differentiated, very sim

ple
elem

ents are obtained

�
event tim

es of the nom
inal circuit correspond one±

to±
one

w
ith the event tim

es of the sensitivity or adjoint circuits =
>

tim
e±

point m
ism

atch problem
s are solved!

�
in S

P
E

C
S

, the sensitivity or adjoint circuit consists of
disconnected grounded capacitors w

ith im
pulses of

charge being exchanged at event tim
es

�
convolution of piecew

ise approxim
ate w

aveform
s is

efficient and can be com
puted in an event±

driven fashion

�
particularly in this context, adjoint com

putation of
sensitivities is extrem

ely attractive!
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G
radient C

om
putation: S

um
m

ary
�

m
ethod of choice for large circuits is the adjoint m

ethod
�

the adjoint m
ethod is even m

ore attractive if the optim
izer

builds a scalar m
erit function

�
adjoint Lagrangian form

ulation requires close cooperation
betw

een the sim
ulator and the nonlinear optim

izer
�

sensitivity com
putation involves plenty of chain ruling and

com
bining of gradients (bew

are of errors!); diffusion
capacitances m

ust be taken into account
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

N
ever use gradient±

free approaches if you have a choice!
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O
utline

1.
Introduction and m

otivation

2.
D

ynam
ic tuning

3.
G

radient com
putation

�
direct and adjoint m

ethods

4.
S

tatic tuning

5.
S

tatistical tuning

6.
N

onlinear optim
ization as applied to circuit tuning

7.
O

bservations and guidelines

8.
S

pecial topics

�
interconnect tuning

�
pow

er, clock and ground netw
orks

�
signal integrity

9.
R

esearch opportunities
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S
tatic Tuning

A
T

out �
m

ax(A
T

i �
d

ij )

�
all paths considered at once

�
arrival tim

es (A
Ts) and required arrival tim

es (R
A

Ts) com
puted

at each node of the graph; the difference is the slack
�

no input vectors required
�

analysis is conservative in both early and late m
odes

�
various tim

ing checks can be perform
ed as part of the

analysis
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C
onvex

 F
unctions and C

onvex S
ets

�
f(x) is convex if the line joining any tw

o points f(xa ) and
f(xb ) lies on or above the function

x
a

x
b

f

x
a

x
b

f

C
onvex

N
on±

convex
�

form
ally, f(x) is convex if

f(�x
a �

�x
b )

�
�f(x

a )�
�f(x

b )
�

�
�

�
�

1,
�

�
0,

�
�

0

�
any local m

inim
um

 of a convex function is a global
m

inim
um
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C
onvex

 P
roblem

s

m
in

f(x)

s.t.
c(x)

�
0

is a convex problem
 if f(x) is convex and the feasible

region is a convex set; i.e., f(x) and c(x) are both convex
functions

�
any local solution of a convex problem

 is a global solution

P
osynom

ials

g(x)
�

�
j

�
j �

i

x
�

ij

i
,

�
j �

0,
�

ij
�

�

�
a posynom

ial is like a polynom
ial but w

ith positive
coefficients and real exponents

�
by substituting xi =e

zi , w
e can m

ap a posynom
ial into a

convex function
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Transistor
 S

izing

m
in

A
rea

s.t.
D

elay
�

T
arget

�
area �

 S xi  
 is a posynom

ial
�

delay m
 R

C
, R

 m
 x

–1, C
 m

 x w
ith positive coefficients

�
path delay = S gate delays    �

 is a posynom
ial

�
hence both the objective function and the constraint are
posynom

ials
�

they can be m
apped into convex functions

�
any local solution is therefore a global solution!

�
note that E

lm
ore delay is a posynom

ial function of
transistor and w

ire sizes
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T
ILO

S
 (F

ishburn 1985)

P
rocedure

�
set all transistors to the m

inim
um

 size (m
inim

um
 area

solution)

�
conduct a static tim

ing analysis using E
lm

ore (or P
enfield±

R
ubinstein) delay m

odels

�
find the sensitivity of delay to transistor size for all
transistors on the critical path

�
bum

p us the size of the transistor w
ith the largest negative

sensitivity by a fixed increm
ent

�
repeat until delay cannot be im

proved further

�
entire delay±

area trade±
off curve can be generated
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Inaccuracies
 in T

ILO
S

P
ath at a tim

e m
odel is inadequate

A

BCDE
F

�
m

ay be better to size A
 than B

, C
 and D

�
if F

±
E

 is near±
critical and A

±
D

 is critical, size A
, not D

�
C

O
N

T
R

A
S

T
 (V

aidya 1989) solves the convex problem
exactly

�
there have been subsequent efforts to incorporate pow

er
optim

ization and sim
ultaneous gate/w

ire tuning in the
sam

e general fram
ew

ork
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P
ros

 and C
ons of S

tatic T
uning

A
dvantages

�
fast (linear tim

e com
plexity); can handle large circuits

�
pattern±

independent; all paths considered at once
�

interconnect easily accom
m

odated into basic algorithm

D
isadvantages

�
poor delay m

odel; tuning gains are suspect
± E

lm
ore and other R

C
±

based delays inadequate
±

 lum
ping into `̀equivalent invertersº inadequate

�
im

proving the delay m
odel often destroys the posynom

ial
form

, sacrificing the guarantee of a global solution
�

conservative and prone to false±
path problem

s
�

not applicable to full±
custom

 circuitry or circuits w
ithout

delay rules
�

non±
w

orking circuits are not detectable

V
ery interesting and challenging area of research!
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O
utline

1.
Introduction and m

otivation

2.
D

ynam
ic tuning

3.
G

radient com
putation

�
direct and adjoint m

ethods

4.
S

tatic tuning

5.
S

tatistical tuning

6.
N

onlinear optim
ization as applied to circuit tuning

7.
O

bservations and guidelines

8.
S

pecial topics

�
interconnect tuning

�
pow

er, clock and ground netw
orks

�
signal integrity

9.
R

esearch opportunities
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S
tatistical

 Tuning

Y
ield loss on a fabrication line

�
catastrophic (e.g., dust particles)

�
param

etric (or circuit±
lim

ited)

Im
pact of param

etric yield loss
�

in non±
sorted designs, bad parts have to be discarded

�
in sorted designs like m

icroprocessors, poor yield
m

eans few
er parts in the `̀high profitº bins

�
variations dom

inated by A
C

LV
 effects

�
general goal is to characterize the variability in param

eter
space and then m

ap the variability into perform
ance

space

A
ggressive tuning can drive a design into

a precipitous corner of the design space!
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Variability and U
ncertainty

P
1

P
2

U
ncertainty

V
ariability

1
2

3
4

5
6

7
8 9 10

�
variability arises from

 know
n sim

ulatable phenom
ena like

V
dd or processing variations

�
uncertainty arises in the face of unknow

n or unsim
ulatable

phenom
ena like substrate noise or m

odeling errors

�
uncertainty forces conservatism

 in the design in order to
guarantee sufficient yield
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P
aram

eter S
pace and P

erform
ance H

istogram
s

p
1

p
2

99%

90%
60%

p
1

p
2

1
2

3
4

V
alues

of
�

#

�

D
istribution of param

eters
P

erform
ance contours

P
erform

ance histogram
12

3
4
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P
roblem

 S
tatem

ent

G
iven

�
a design specification

�
a target perform

ance
�

a m
odel of the variability and uncertainty

D
eterm

ine
�

a m
inim

al representative sam
pling of the param

eter space
± M

onte C
arlo m

ethods

�
the expected spread of the perform

ance
± extrem

e case analysis

�
the distribution of the perform

ance
± yield estim

ation

�
how

 to change the design to im
prove the perform

ance
± design centering
±

 yield optim
ization
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M
onte

 C
arlo A

nalysis

�
sam

ple the param
eter space

�
use correlation and principal com

ponent analysis to
reduce the dim

ensionality of the sam
pled space

�
the sam

pled points are like process corners

�
run a sim

ulation or tuning at each sam
ple point

�
given sufficient sam

ple points, can predict w
orst±

 and
best±

case behavior, distribution of perform
ance, yield

E
xam

ple
�

convert a nom
inal tuning problem

 to a problem
 across the

process corners j:

c(x)
�

0
�

c
j (x)

�
0

m
inx

f(x)
�

m
inx

[m
ax
j

fj (x)]

m
inx

[
m

ax
i

fi (x)
]

�
m

inx
[

m
ax
ij

fij (x)
]
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E
xtrem

e
 C

ase A
nalysis

�
attem

pts to predict the w
orst±

case behavior of the circuit

�
also need to predict the best±

case behavior for short
paths

�
statistical analysis too expensive for large circuits

S
hortcut

�
perform

 analysis on typical circuit for typical perform
ances

�
com

pute the sensitivity of perform
ances to param

eters to
determ

ine the direction in w
hich the param

eters m
ust be

m
oved to m

im
ic w

orst±
case behavior

�
identify extrem

e±
case param

eter sets

�
use these param

eter sets on all other circuits

U
nfortunately, sensitivities can be different

for different perform
ances and for different

circuits/circuit fam
ilies.
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Yield E
stim

ation
�

yield is determ
ined in param

eter space
�

m
any academ

ic approaches such as yield integrals and
geom

etric m
ethods

p
1

p
2

1

2

3
4

V
alues

of
�

#

�

P
erform

ance contours

P
erform

ance histogram

�
�
�
�
�
�
�

�
�
�
�
�
�
�

�
�
�
�
�
�
�

�
�
�
�
�
�
�

�
�
�
�
�
�
�

�
�
�
�
�
�
�

1
2

3
4

Y
ield loss

�
instead, can use intelligent sam

pling to build perform
ance

m
odel as a function of the im

portant param
eters

(response surface m
odel R

S
M

) and derive com
plete P

D
F

characterizing the perform
ance
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Y
ield

 O
ptim

ization and D
esign C

entering

Y
ield optim

ization
�

very expensive, instead:
± optim

ize the perform
ance of the w

orst circuit

±
 optim

ize the perform
ance of the extrem

e circuits

±
 optim

ize yield as estim
ated by intelligent sam

pling

�
once a good R

S
M

 is built, yield optim
ization can be

R
S

M
±

based

D
esign

 centering
�

attem
pts to create robust designs by `̀centeringº the circuit

in the feasible region

�
the technique used m

ay be geom
etric or `̀m

ethod of
m

om
entsº
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S
tatistical

 Tuning: T
he B

ottom
 Line

�
statistical design and tuning is obviously crucial to
obtaining reasonable yields and hence profits

�
design for m

anufacturability (design for profit) m
ust be an

integral part of the design m
ethodology

�
obtaining m

eaningful statistical m
odels is a challenge

�
m

anufacturability analysis is an art practised by a few
experts!

�
M

onte C
arlo and extrem

e–case analyses are the m
ost

popular techniques since they are easy to understand and
the m

ost accessible am
ong available tools

M
uch

 w
ork needs to be done in bringing

theoretical approaches proposed in the
literature to m

ainstream
 practice.
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S
tatic tuning
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S
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6.
N

onlinear optim
ization as applied to circuit tuning

7.
O

bservations and guidelines

8.
S

pecial topics
�

interconnect tuning
�

pow
er, clock and ground netw

orks
�

signal integrity
9.

R
esearch opportunities
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N
onlinear

 O
ptim

ization: T
erm

inology

�
inequalities typically converted to equalities using slack
variables:

c
i (x)

�
0

�
c

i (x)�
si �

0
s.t.

si
�

0

�
constrained vs. unconstrained optim

ization

�
linear vs. nonlinear program

m
ing

�
feasibility and feasible region

�
constraints that are `̀tightº are called activities

�
Lagrangian: 

�
(x,�)

�
f(x)�

�
i

�
i c

i (x)

�
optim

ality conditions: 
c

i (x
*)

�
0

 (prim
al feasibility) and

�
x �

(x
*,� *)

�
0

 (dual feasibility)
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S
om

e K
ey M

essages

�
circuit tuning is a nonlinear problem

; no am
ount of

fam
iliarity w

ith linear program
m

ing w
ill change this fact

�
w

e are interested in solving large problem
s

�
w

e are interested in general±
purpose optim

ization w
ith

general nonlinear constraints

�
the good new

s: there has been trem
endous progress in

large±
scale nonlinear optim

ization in the last 15 years

�
M

IN
O

S
 (active set and line±

search m
ethods): very

effective on constraints that are linear or near linear

�
LA

N
C

E
LO

T
 (trust±

region m
ethods): very effective w

ith
highly nonlinear constraints

�
C

U
T

E
 testing environm

ent allow
s the testing of several

optim
ization packages w

ith relatively low
 investm

ent
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M
IN

O
S

 (S
tanford, ca. 1980)

m
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
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H
ow

 LA
N

C
E

LO
T

 W
orks

�
(x,�,�)

�
f(x)�

�
i

�i
ci (x)�

12� �
i

ci (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
axi

{
fi (x)

}
],

i�
1,2,���,m

�
not directly differentiable, so 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

ax fi (x) after the first function evaluation

�
optim

ality condition: �
� *i

�
�

1
, so initialize 

�
i �

�
1�m

�
i

�
can handle m

inim
ax problem

s in other w
ays
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A
ndy

 and C
handu's T

op±
10 K

ey M
essages!

10.C
ircuit tuning is a nonlinear problem

.  The only guarantee
is convergence to a local stationary point (hopefully the
problem

 is convex and hopefully w
e get im

provem
ent).

9.
W

e need general–purpose, large–scale, robust optim
izers;

w
e require flexible objective functions and constraints

(exchanging objective function and constraints does not a
new

 IC
C

A
D

 paper m
ake).

8.
Trem

endous progress has been m
ade in nonlinear opti-

m
ization in the last 15 years; do not use outdated m

ethods!
7.

N
ever use derivative–free m

ethods unless you have no
choice!  E

fficient sensitivity com
putation is essential in any

high–perform
ance circuit tuner.

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!
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A
ndy

 and C
handu's T

op±
10 K

ey M
essages!

5.
‘‘B

lack box” optim
ization under–utilizes capabilities of a

package (and often leads to greatly sub–optim
al solutions)!

E
nhancem

ents like the ‘‘adjoint Lagrangian” form
ulation

require tinkering w
ith the optim

izer source.

4.
Follow

 S
eidel’s advice, ‘‘If you know

 it, use it!”

3.
C

arefully specify all aspects of the problem
 you really w

ant
to solve (forces careful understanding of the circuit and
problem

 being posed)!

2.
A

ny sim
ulation–based optim

ization is inherently noisy!

1.
R

eplace good solutions to bad m
odels by potentially less

good solutions to better m
odels!
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O
utline

1.
Introduction and m

otivation

2.
D

ynam
ic tuning

3.
G

radient com
putation

�
direct and adjoint m

ethods

4.
S

tatic tuning

5.
S

tatistical tuning

6.
N

onlinear optim
ization as applied to circuit tuning

7.
O

bservations and guidelines

8.
S

pecial topics

�
interconnect tuning

�
pow

er, clock and ground netw
orks

�
signal integrity

9.
R

esearch opportunities
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O
bservations

 and G
uidelines

If you are evaluating a proposal, research paper or
vendor softw

are:
Y

N

1.
D

oes the tool have a proof of convergence?
�

�

2.
D

oes it use a nonlinear optim
izer that the nonlinear

optim
ization com

m
unity laughed off the face of the

earth several years ago?
�

�

3.
Is it gradient–based?

�
�

D
oes it stab blindly at n–dim

ensional space?
�

�
A

re the gradients com
puted by finite–differences?

�
�

4.
Is the sim

ulation/delay m
odel sufficiently accurate?

�
�

A
re the tuner gains credible?

�
�
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H
andy±

D
andy

 Q
uestionnaire, C

ont'd.

Y
N

5.
A

re there heuristics involved?
�

�

6.
W

ill the tool have m
anageable m

ethodology im
pact?

�
�

7.
Is the tool flexible for application to different
types of circuits?

�
�

8.
Is it easy to use?

�
�

D
oes it allow

 ratio±
ing?  G

rouping?
�

�
D

o the resulting circuits lend them
selves to your

layout style and tools?
�

�

If you checked even a single red box, render sw
ift judgm

ent!
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Introduction and m

otivation

2.
D

ynam
ic tuning

3.
G

radient com
putation

�
direct and adjoint m

ethods

4.
S

tatic tuning

5.
S

tatistical tuning

6.
N

onlinear optim
ization as applied to circuit tuning

7.
O

bservations and guidelines

8.
S

pecial topics

�
interconnect tuning

�
pow

er, clock and ground netw
orks

�
signal integrity

9.
R

esearch opportunities
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S
pecial Topics

Interconnect tuning
�

topic of a separate em
bedded tutorial by J. C

ong,
session 8B

 on Tuesday afternoon at 4:00 p.m
.

�
sim

ultaneous tuning of gates and w
ires has been show

n
to yield superior results

�
reduced±

order m
odeling has allow

ed analysis of large
interconnect netw

orks in an efficient m
anner; these

m
odels are am

enable to sensitivity com
putations

�
interconnect tuners w

ork best w
hen tightly coupled to

the floorplanner and layout data
�

several approaches:
± w

ire sizing
±

 buffer placem
ent

±
 topology changes

�
need a holistic solution

�
special considerations for clock and pow

er distribution
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S
pecial Topics

N
oise±

aw
are tuning

�
noise checking usually carried out on a static tim

ing basis

�
noise considerations pose additional constraints to the tuner

�
these constraints m

ay take the form
 of sem

i±
infinite

constraints; or they m
ay be derived from

 rules of thum
b

�
stability criteria can be additional m

etrics in the tuning problem

�
often a direct trade±

off betw
een noise im

m
unity and

perform
ance

�
channel lengths m

ay be tuned for additional noise im
m

unity
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O
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1.
Introduction and m

otivation

2.
D

ynam
ic tuning

3.
G

radient com
putation

�
direct and adjoint m

ethods

4.
S

tatic tuning

5.
S

tatistical tuning

6.
N

onlinear optim
ization as applied to circuit tuning

7.
O

bservations and guidelines

8.
S

pecial topics

�
interconnect tuning

�
pow

er, clock and ground netw
orks

�
signal integrity

9.
R

esearch opportunities
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R
esearch O

pportunities

�
tuning based on static tim

ing analysis (w
hile m

aintaining
accuracy, reasonable speed, convergence and the ability
to accom

m
odate custom

 circuitry)

�
trem

endous opportunity in applying statistical design
techniques to im

prove yields; at 1 G
H

z and above,
m

anufacturability is key!

�
noise±

aw
are tuning (on the heels of form

al noise analysis
tools)

�
increm

ental circuit H
essian com

putation

�
m

ixed integer/continuous problem
s

�
sem

i±
infinite problem

s

�
m

ulti±
criteria optim

ization

T
hank

 you for your attention!


