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O
utline

1.
M

otivation

2.
C

ircuit analysis (S
P

E
C

S
)

3.
Tim

e–dom
ain gradient com

putation (S
P

E
C

S
)

4.
C

ircuit optim
ization (JiffyTune w

ith LA
N

C
E

LO
T)

5.
C

onclusions and future w
ork
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P
art 1: M

otivation
�

optim
ization of custom

, high–perform
ance digital circuits is

usually a tedious, m
anual process

�
the tim

e spent in closing the loop on delay, area and pow
er

requirem
ents is too long

U
pdate

design

S
im

ulate

G
ood

enough?
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�
circuit analysis is com

putationally expensive
– evaluation of device m

odeling equations
– equation solution

 

D
evice m

o
d

el

S
o

lu
tio

n

evalu
atio

n

�
m

ust attack both segm
ents!
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�
activity factor of a digital circuit is usually low

; try to exploit this
m

ulti–rate or latency behavior

tim
e

tim
e
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�
avoid the accuracy overkill

�
variable accuracy analysis is useful for critical path analysis

�
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low
 accuracy

high accuracy
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P
art 2: C

ircuit A
nalysis

C
lassical circuit analysis

C
onsider a circuit w

ith nonlinear capacitors (C
’s), nonlinear

resistive elem
ents and current sources (L’s).

C
C

v .C
�

A
L iL
�

0

w
here C

C  = capacitance m
atrix

iC
,

v
C  = currents, voltages of the C

’s
iL

,
v

L  = currents, voltages of the L’s
A

L  = incidence m
atrix of the L’s

N
ow

 m
odel  iL

�
Y

v
L
�

J (adm
ittance form

ulation).
C

C v .C
�

A
L (Y

v
L
�

J)
�

0

v .C
�

–
C

–1C
A

L Y
v

L
–

C
–1C

A
L J

B
ut since  v

L
�

A
TL v

C ,

v .C
�

–
C

–1C
A

L Y
A

TL v
C

–
C

–1C
A

L J

�
of the general form

 x .
�

A ^x
�

B ^u

�
coupled, nonlinear D

A
E

s
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C
lassical C

ircuit A
nalysis

E
quation form

ulation
M

N
A

, S
TA

, TLA
A

lgebraic, non–

Integration for all tim
e

TR
, B

E
, B

D
2, G

ear
A

lgabraic, 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

�
1%

 relative tim
ing accuracy

�
O

(n
1.4)  grow

th of run tim
e w

ith circuit size
�

size of circuit analyzed is lim
ited to about 10,000 transistors
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S
P

E
C

S
: K

ey Idea

v .C
�

–
C

–1C
A

L YA
TL vC

–
C

–1C
A

L J

iL

vL

iL
�

y
vL
�

j

iL
�

Jpc
�

1
vf �

v0 �
v

f

v
0 f(v)

dv
Jpc

v0
vf

v .C
�

–
C

–1C
A

L
J

pc

Im
plications of this approxim

ation
�

nonlinearity of equations elim
inated

�
if  C

C  is independent of vC  im
plicit nature of equations

elim
inated (i.e., assum

e that all capacitances are constant)
�

if  C
C  is diagonal, equations are scalar (i.e., all capacitors are

grounded)
�

all currents are piecew
ise constant (pw

c) in tim
e, voltage slopes

are pw
c in tim

e, voltages are piecew
ise linear (pw

l) in tim
e

�
integration becom

es trivial; event–driven analysis possible
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S
P

E
C

S
: M

odeling and A
nalysis

iL

vL

iL

vL
v .C

�
–

C
–1C

A
L J

pc  and v .L
�

–
A

TC
–1C

A
L J

pc

1.
E

very tim
e an elem

ent of J
pc  ‘‘jum

ps,” an event occurs; only
one elem

ent of iL  changes; update v .C  and v .L .

2.
ttarget �

vtarget –
vpresent

v .L
; update all affected event tim

es.

3.
U

pdate the event queue and continue by picking m
ost

im
m

inent event on the queue.
�

Variable accuracy analysis achieved
�

R
elative tim

ing error due to approxim
ation is proportional to

� ��
�

i
v .L � �� 2

 w
hich is very advantageous for digital circuits.
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S
P

E
C

S
: The S

teady–S
tate P

roblem

A B C
D

EP
seudo–segm

ent
�

i ^L
�

iL

iL

vL
�

if v .AL
�

0, w
e have an ‘‘increasing event”

�
then if v .CL

�
v .AL

–
�

iL
C

eq
�

0

�
find 

�
i ^L
�

v .AL
C

eq   so that v .BL
�

0
�

interpolate later if necessary to create the pseudo–segm
ent

D
B

E
; schedule the elem

ent to traverse the segm
ent and reach

either D
 or E

�
extend this schem

e to m
ultiple dim

ensions
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S
P

E
C

S
: S

am
ple W

aveform
s
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C
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G
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tim
e
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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 1σ 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

�
steady–state level errors incurred
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P
art 3: Tim

e–D
om

ain G
radients

signal

tim
e

change in delay
S

ensitivity of delay w
.r.t. w

idth = ∂delay/∂w
idth

�
tim

e–dom
ain sensitivity com

putation is a unique feature of
S

P
E

C
S

�
sensitivity com

putation is increm
ental; not by finite difference or

perturbation m
ethods

�
both the adjoint and direct m

ethods have been im
plem

ented
�

sensitivity com
putation is a sm

all overhead on nom
inal transient

sim
ulation run
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S
ensitivity A

nalysis by the D
irect M

ethod

v
�

iR
�v�p
�

i
�R�p
�

R
�i�p

v ^
�

i
�R�p
�

Ri ^

+
–

+
–

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 differentiate 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 
�vR

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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S
ensitivity 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 ]

Then
�

TA
�

[
�f�x ] T

So
�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

�
electrical form

ulation based on Tellegen’s theorem
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A
djoint S

ensitivity via Tellegen’s Theorem

�
� �

� ^
sam

e
topology

A
ib
�

0

vb
�

A
Tvn

�
i

vb
i i ^b

i �
v Tb

i ^b
�

[A
Tvn ] 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

A
pplication of Tellegen’s theorem

 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

(�vb
i i ^b

i �
�ib

i v ^b
i )
�

0
K

ey relation!
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A
djoint S

ensitivity C
om

putation

C
onsider a circuit w

ith only resistors and current sources:
�

C
urrent source:      iJ

�
J;

�iJ
�

�J

Typical
term

�
(�vJ

i ^J
�

�J
v ^J )

�
R

esistor:  vR
�

iR
R;

�vR
�

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:  �Js

�
�vJ

i ^J
�
�Js

�
�J

v ^J
�
�Rs

iR
i ^R

�R

�
G

iven a scalar perform
ance function f(vJ �s), �f

�
�

�f
�vJ

�vJ .

�
C

hoose i ^J
�
�
�f
�vJ

�
P

ick off the required sensitivities:

�f�J
�
�

v ^J
�f
�R
�

iR
i ^R

and
Thus

.

�
A

ny num
ber of param

eters can be accom
m

odated at once!
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S
ensitivity A

nalysis in S
P

E
C

S

i�
i

(v,
p)

didp
�

�i�v
dvdp
�

�i�p
or

i ^�
G ^v ^�

I ^x

i

v
v ^

G ^

�
sensitivity or adjoint circuit consists of m

ostly disconnected
capacitors

�
little ‘‘spurts” of charge sharing occur at the tim

es of the events
of the original nom

inal circuit
�

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

�
com

pute delay sensitivities as follow
s:

vcross
�

vN
�t�

tcross
dvcross

dt
�

0
�

ddp
vN (t,p)

�
�vN�t

����t�
tcross dtcross

dp
�
�vN
�p

����t�
tcross

dtcross
dp

�
–

v ^N
v .N

�����t�
tcross
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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
�vN
�p

Tim
e(ns)
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P
art 4: C

ircuit O
ptim

ization
�

designers spend O
O

D
LE

S
 of tim

e m
anually tuning their

(custom
) circuits by adjusting transistor w

idths
�

slow
, tedious, error–prone process w

ith circuit analysis in the
inner loop

G
iven

�
a circuit schem

atic w
ith initial transistor sizes

�
input signals or stim

uli
�

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

axi
{

fi (x)
}

]

�
easy–to–use graphical user interface in schem

atic environm
ent
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JiffyTune O
verview

S
P

E
C

S

JiffyTune

Lancelot

�
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

JiffyTune ‘‘E
ngine”
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W
hat is Lancelot?

�
general–purpose nonlinear optim

ization package
�

designed for large–scale problem
s for w

hich it is rem
arkably

robust
�

efficient, especially for nonlinear constraints
�

com
petitive for sm

all and m
edium

 sized problem
s

P
roblem

 size and history
�

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

Technical features
�

augm
ented Lagrangian to handle general constraints

�
sim

ple bounds handled explicitly and w
ell

�
trust region approach

�
m

any options available
– l�

�l2  trust–region
– approxim

ate / accurate bounded quadratic problem
 (B

Q
P

) solver
– various preconditioners, different initializations
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H
ow

 Lancelot W
orks

�
(x,�,s,�)

�
f(x)

�
�m

�i
ci (x)

�
12
� �m

sii
ci (x) 2

com
posite function

for unconstrained
m

inim
ization

objective
function

Lagrangian
penalty function
to w

eight feasibility
x1

x2

m
in

f(x1 ,x2 )
0
�

x1
�

a
0
�

x2
�

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

O
riginal problem

M
inx

[
M

axi
{

fi (x)
}

]

R
em

apped problem

M
in

(kz)

Subject to
kz
�

fi (x)
for all i

S
pecial considerations

�
the scaling constant k helps create a w

ell–scaled problem
 and

helps w
ith stopping criteria

�
kz is initialized to the largest of the fi (x)�s after the first function
evaluation
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Lancelot: S
pecial Issues

P
roblem

s due to noise
�

unable to recover from
 poor initializations

�
optim

izer w
astes tim

e going now
here

�
does not stop gracefully or predictably

S
pecial considerations for noisy optim

ization
�

tolerance for feasibility
�

tolerance for 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

M
iscellaneous

�
slack variables updated at each m

ajor iteration
�

testing environm
ent has allow

ed us to integrate M
IN

O
S

 from
S

tanford as an alternative optim
izer
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R
esults

�
JiffyTune has been used to tune about 120 circuits of a custom
dynam

ic–logic m
icroprocessor; it is a key productivity tool

�
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!
�

produces ‘‘sensible” results, like progressively sizing up buffers,
and tapering stacks of transistors

�
design re–use a bonanza
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C
onclusions

1.
B

y sim
plifying device m

odels, w
e are able to perform

 fast,
event–driven circuit analysis.

2.
The sim

plified analysis lends itself to efficient tim
e–dom

ain
gradient com

putation by both the direct and adjoint m
ethods.

3.
The sim

ulation and gradient com
putation has been placed in the

inner loop of a nonlinear optim
ization package to tune custom

circuits.

Future w
ork

1.
Im

prove adjoint sensitivity perform
ance by event–driven

convolution; com
pute gradients in parallel.

2.
A

ccom
m

odate sem
i–infinite constraints; perhaps extend

JiffyTune to solve m
anufacturability problem

s.

3.
A

utom
atic recovery from

 non–w
orking circuits.

4.
Investigate efficient com

putation of the H
essian.
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S
P

E
C

S

P
IE

C
E

W
IS

E
A

P
P

R
O

X
IM

A
TE

S
P

E
C

S
i

v

C
IR

C
U

IT
A

S
/X

, S
P

IC
E

i = f(v)

S
W

ITC
H

PA
R

C
H

, C
O

S
M

O
S

Accuracy

R
un tim

e
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S
tatic vs. D

ynam
ic Tuning

Size

A
ccuracy

S
tatic

Tuning

JiffyTune

S
P

E
C

S
–

based
S

P
IC

E
–

based

10K

1K

�
30%

�
5%

�
1%

S
ensitivity

com
putation

�
need for pre–characterization

�
applicability to custom

 circuits

�
false–path problem

 vs. need for input vectors

S
tatic and dynam

ic tuning com
plem

ent each other!


