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Abstract neous current. Krstiet al [5] propose a timed ATPG

We present an integer-linear-programming-based algorithm and a probability-based algorithm to estimate the
approach for estimating the maximum instantaneous cur-maximum instantaneous current. In the timed ATPG [5]
rent through the power supply lines for CMOS circuits. It approach, a set of signals whose simultaneous switching
produces the exact solutions for the maximum instantaproduces high current is assigned transitions and timed
neous current for small circuits, and tight upper bounds for ATPG is used to derive test patterns. In the probability-
large circuits. We formulate the maximum instantaneouspased approach, a set of selected gates is assigned weights
current estimation problem as an integer linear program- based on their possible current contribution at the given
ming (ILP) problem, and solve the corresponding ILP for- time. Next, these weights are propagated backwards to the
mulae to obtain the exact solution. For Iarge circuits we primary inputs’ and the patterns for maximum instanta-
propose to partition the circuits, and apply our ILP-based neous current are derived using these values. A genetic-
approach for each sub-circuit. The sum of the exact solu-y|gorithm-based approach for finding lower bounds for the
tions of all sub-circuits provides an upper bound of the maximum instantaneous current has been proposed in [4].
exact solution for the entire circuit. Our experimental This approach applies a genetic algorithm to identify pat-
results show that the upper bounds produced by OUfigmg causing high instantaneous current through iteratively

approach combined with the lower bounds produced by 8yenerating new patterns for simulation. The new patterns
genetic-algorithm-based approach confine the exact solu—are generated using genetic operations, based on “good”

tion to a small range. patterns derived in the previous iterations. All techniques,
1. Introduction except [6], target finding a lower bound of the exact solu-

With increasing demands for high reliability in modern tion. They are heuristic procedures and the quality of the
VLSI designs, accurate estimation of the maximum instan-ower bounds can not be precisely measured. The algorithm
taneous current during the design process is becomingroposed in [6] for estimating maximum instantaneous cur-
essential. Excessive instantaneous current through th&ent obtains an upper bound of the exact solution. However,
power and ground (P&G) nets may result in performancedue to the assumption that all signals (primary inputs and
degradation due to large voltage drops along the P&G net#ternal signals) are uncorrelated, the estimated maximum
and circuit failures due to electromigration. instantaneous current for most circuits represents a loose

For CMOS circuits, instantaneous current is mainly upper bound.
due to signal switching, which, in turn, depends on the In this paper we propose an integer-linear-
input patterns applied to the circuits. To cause signalprogramming-based technique to obtaingkactsolutions
switching, a two-vector sequencé,= (v1,V,), has to be  for the maximum instantaneous current for small circuits,
applied at the inputs. One way to find the maximum instan-and tight upper bounds for large circuits. We model the
taneous current would be to simulate all possible patternsproblem as an integer linear programming (ILP) problem.
For a circuit withn primary inputs, this would require sim- Solving the corresponding ILP formulae allows us to obtain

ulation of 4' patterns. This is practical only for circuits with the exact solutions. However, this approach may not be

a small number of primary inputs. suitable for large designs because of the large number of
Several approaches have been proposed for maximuriariables involved. Therefore, we propose to partition a
instantaneous current estimation [6][5][4]. Kriplaeti al large circuit into sub-circuits, and then obtain the exact

[6] present a pattern-independent algorithm (iMax algo-solution of each sub-circuit by solving its corresponding
rithm) to find an upper bound on the maximum instanta-ILP formulae.Since the worst-case solution for each sub-
circuit can be computed, the sum of the worst-case

*This work was supported by the National Science Foundation under solutions of all sub-circuits corresponds to an upper bound
grant MIP-9503651, California MICRO and Synopsys/EPIC Inc. of the worst-case solution for the entire circuit.




The contributions of our ILP-based approach for the maximum instantaneous current, we derive a set of trans-
estimation of the maximum instantaneous current areformation rules for converting the logic functions of primi-
twofold. First, the exact worst-case solutions derived bytive gates into ILP formulae. Using these rules, we
our approach for small circuits can be used to evaluate théransform the logic description of a circuit into a set of
estimation quality of other approaches for the maximum integer linear constraints. Then, maximizing instantaneous
instantaneous current. Second, the upper bounds of theurrent corresponds to optimizing an objective function
worst-case solutions for large circuits, together with the with respect to the set of linear constraints. In the follow-
lower bounds derived by other approaches give designering, we describe our transformation rules.
proper guidelines for estimating the exact worst-caseRule 1. The logic function of am-input OR gate can be
solutions. Our experimental results show that our approachrepresented ag<x;+xo+...+X M*y, Wherexy, X, ..., X
produces, on the average, an upper bound on the maximurire the inputs of the gate, apds the output of the gate.
instantaneous current which is 47% tighter than the oneThe values 0kq, X%, ..., ¥, andy are limited to 0 and 1.
obtained by iMax algorithm [6]. Also, the upper bounds g e 2. The logic function of aminput AND gate can be
derived by our approach, combined with the lower bou”dsrepresented ASI*Y<X +Xot ...+ X Sy+(M-1), wherexy, %o,

derived by a genetic-algorithm-based approach [4] confine . .
the exact solutions to a small range. To our knowledge, the™”’ n are the inputs of the gate, ands the output of the

ILP-based technique is the first reported methodology fordate- The values 0§, X, ...,y andy are limited to 0 and

obtaining the exact solution on the maximum instantaneous'- _ _ .
current. Rule 3. The logic function of an inverter can be repre-

sented asy = 1-x, wherex is the input of the gate, ayds
the output of the gate. The valuexaindy are limited to 0
nd 1.

ule 4. The logic function of a two-input XOR gate can be
epresented ag(xq - X)<SY<Xq+Xo<2-y, wherex; and x,

The rest of this paper is organized as follows. In Sec-
tion 2, we first introduce the current model used in this
paper. We, then, present a set of transformation rules fro
logic gates to ILP formulae, and propose a transformation
rule used for modeling the maximum instantaneous currenf } .
problem as an ILP problem. In Section 3, we formulate the@'® the inputs of the gate, apds the output of the gate.
maximum instantaneous current problem as an ILP prob-1he values okj, X andy are limited to 0 and 1.

lem. The partitioning strategy for large circuits is given in The following example illustrates the above rules.
Section 4. Section 5 gives the experimental results. SectiofFxample 2.1Consider the circuit in Figure 2(a). The inte-
6 concludes the paper. ger linear constraints obtained after applying the transfor-
2. Preliminaries mation rules are shown in Figure 2(b).
2.1 Current model o . . % H<at+bsf+l - o

Our methodology for estimating the maximum instan- gs<b+c<2g - %
taneous current operates at the gate Ieyel. Therefore, we @ j +(f-g)<shsf+g<2-h - 0
need a gate level current model. For estimating the maxi- k<c+d+e<3k - U
mum instantaneous current, we use the current model pro- . i=1-h oo 9

. : 5

posed in [6]. This model assumes that the current drawn ¢ k j<i+tk<2] - %

from the supply lines during switching of a signal is of a ©

triangular form as shown in Figure 1. The peak current is (@) (b)
Figure 2: The transformation from logic gates to ILP formula.

nout gate delay
rangtion For CMOS circuits the current through the supply
output — [ lines is mainly due to the switching on the signals. Based
trinusr'rtg:: ’\ on the general-delay model, and usingitex algorithm
waveform -— [6] we can obtain all possible switching times for each sig-
duration of the current pulse nal and calculate current contributions of all gates at all

Figure 1: Current model. times. The instantaneous current at tin@rresponds to
assumed to coincide with the transition at the input of thethe sum of the current contributions of all gates at time
gate. The value of the peak current and the duration of therhe instantaneous current at each time instance can be
current pulse are dependent on the gate type and the loaghodeled as a single function, and the instantaneous current

capacitance of the gate. for all time instances can be represented as a multi-func-
2.2 The transformation rules from logic gates to ILP tion. Since the ILP package that we use [7] can optimize
formulae only a single objective function, we need to transform the

To apply the ILP-based approach for estimating the optimization of a multi-function into the optimization a



single function. We use the following proposition to per- Subject to

form this transformation. IT|
Proposition 1. For anmroutput multi-function with out- ¥ @; = L (7)
puts ¢y, G, ..., G, the maximum value can be found by /=1 )
solving the following ILP formulae: (J)-kjsLx(1-ay), for1<j<|Tl; (8)
Maximize Ky+ko+...+Kpy, (1) O<kj<a;xL, for1<j<|T; 9)
Subject  agtagt.. 40, =1; ) ki <1(j), for1<j<|Tl; (10)
G - ksL*(1-a), I<i<m; 3) _ _ cic _
Oskisal*l_, 1S|Sm, (4) Tgl(t|) g|(t|_l) o g|(t|)l for LI—‘G‘ ’ t| -1 t| o T(g|)
k<ci, 1<ism  (5) <1< [T(g)]; (11)
whereky, k, ..., k, are real numbers, ardis a large posi- 1(1) = Max (T, (m) x [|gv(j)]m), fori<i< |G, 1<j<|T|
tive real number whose value is greater than or equal to any mo- = ' _
possible value of they, ¢, ..., G, The values ofiy, a5, ..., LOmO[T(g)]; (12)
Oy, are limited to 0 and 1. [€] .
Proof. Since the values af, Oy, ...,ayare limitedto ') = _Zl'gi(J)' forl<js< Tl ; (13)
i=

0 and 1, to satisfy constraint (2), oaemust be set to 1,
and others to 0. Constraints (3), (4), and (5) ensure that i

ajis setto 1, thek is equal tay; otherwisekis equalto 0. 4 i1 time instances, and the valuesogf oy, ..., o, are

The four constraints ensure that only érean have a non- _limited to 0 and 1. The objective function (6) states that we
Zero value, Wh”e pthers are equal to ZEr0. Therefore_, maxizre going to maximize the instantaneous current. Con-
mizing the objec_t|ve fu_nctlon (1) results in the maximum straints (7), (8), (9), and (10) implement the multi-function
value of the mult.l-funcuon. ) optimization (see Proposition 1). Constraint (7) states that
3. ILP Formulation for the Maximum Instantaneous the maximum instantaneous current appears only at one
Current time instance. Constraint (11) states that the switching of
Before introducing our ILP formulation for the maxi- gategq; at timet, happens when the output values of the

mum instantaneous current we define the following nota-gate is different at timeg andt, ;. Constraints (12) refers

ﬁ/hereL is a large real number whose value is greater than
r equal to any possible value of the instantaneous current

tions: . N .
G is the set of all gates. to the msta.ntaneous current at tlnmantnb.uted by gatgi.
O is the gate with indek Thel operationMax can be .exp.resse_d as integer Ilnear_ con-
() the output value aj; at timet straints. (This transformation is tedious, and the details are
g . S ' omitted here.) This current corresponds to the maximum of
T is the set of all time instances.

all possible current contributions that gajecan have at

timej. Constraint (13) states that the instantaneous current
for the entire circuit at each time instance is derived by

T(g)) is the set of all possible transition times of the
output of gate;.

T, (m) =1, if a switching of gatg; occurs at timen. summing up the current contributions of all gates at the
= 0. otherwise. corresponding time instance. The optimal solution of the
objective function represents the maximum instantaneous

[T(gi)]j is the set of switching times of gajesuch that current.

these transitions contribute to the instantaneous 4. partitioning-based approach

current attimg: _ The time required for solving the ILP formulae grows
I, (1) s the current at timpcontributed by gate;. rapidly with the increase of the size of the circuit. We pro-
pose a partitioning-based approach to obtain upper bounds

[14,(1)]"is the current value at tinjeeontributed by the ¢ yhe worst-case solutions for larger circuits. This

output switching at timeof gateg;. approach partitions a large circuit into sub-circuits, and
1(j) is the total instantaneous current at tingfer applies our ILP-based approach for each sub-circuit to
the entire circuit). obtain the worst-case solution for each sub-circuit. After

The maximum instantaneous current problem can be forthese worst-case solutions are obtained, the summation of
mulated as follows: the solutions of all the sub-circuits represents an upper
7l bound of the worst-case solution for the entire circuit. In
Maximize 3 (6) this section, we investigate the partitioning issues in order
j=1 to achieve tight upper bounds of the worst-case solutions.



4.1 Modeling the maximum instantaneous current 5. Experimental Results

Our partitioning-based approach for obtaining a tight ~ To characterize the gate delays for different types of
upper bound on the maximum instantaneous current, in theyates and different loads, we have built lookup tables using
first step, uses the iMax algorithm [6] to produce an uppera transistor-level simulator DelayMill [3]. Also, lookup
bound of the instantaneous current at each time instancdables obtained by PowerMill [2] are used for estimating
As mentioned before, the bound given by iMax for eachthe values of the peak current and the duration of current
time instance is a loose upper bound. Then, all timepulse for different types of gates and different loads. Our
instances with non-zero upper bound of the instantaneousxperimental results are derived based on these delay and
current are put in the processing list. This list is next sortedcurrent tables, as well as the gate-level current models
in descending order of the corresponding upper bound.  shown in Section 2.1. We compare our results for the

We select the time instance with the highest uploermaximu.m instaptaneous current, to the resqlts obtained by
bound from the processing list and extract the part of the® genetic-algorithm-based approach [4] which produces a
circuit which contributes to this upper bound. We then lower bound of the solution, and to a random approach
apply a partitioning algorithm K-MAFM [1] to partition Which generates a set of weighted random patterns with
the part of the circuit into sub-circuits. The maximum num- Primary input switching probability of 0.9. The number of
ber of gates allowed in each sub-circuit is chosen as 300 if’PUt patterns generated by genetic-algorithm-based and
our experiment. Empirically, this value gives tighter upper "andom approach is 9600. Also, we compare our results to
bounds in a reasonable CPU time for our ILP-based techiN€ results obtained by iMax algorithm [6]. We use a com-

nique. After partitioning the extracted circuit into sub-cir- Mercial tool LINDO [7] to solve the ILP formulae.

cuits, we apply the ILP-based approach to each sub-circuit We chose 9 small MCNC benchmark circuits and the 8
and then sum up the exact solutions for the sub-circuitslargest ISCAS85 benchmark circuits. Table 1 shows the
The result represents a new, tighter upper bound (tighte€Stimated maximum instantaneous current for the 9 small
than the bound obtained by iMax) of the instantaneous curMCNC benchmark circuits. All the instantaneous current
rent at the given time because the signal correlations invalues are normalized with respect to the exact solution
each sub-circuit are considered. If the upper bounds foroPtained by ILP. In Table 1, Columns 2-3, 4-5, 6-7, 8-9
some time instances in the processing list are already lowepnOW the maximum instantaneous current and normalized
than the newly obtained upper bound, we do not need t’@lues estimated by (1) iMax algorithm, (2) ILP-based
process those time instances, and remove these tim&PProach, (3) genetic-algorithm-based approach (4)
instances from the processing list. The above process cof@ndom approach, respectively. The values estimated by
tinues by selecting a time instance with the next highestd€netic-algorithm-based and random approaches corre-

upper bound on the instantaneous current, and ends whefPOnd to lower bounds, and the values estimated by iMax
the processing list is empty. The maximum value of the &lgorithm refer to upper bounds. The exact solution can be

new upper bounds at all time instances is referred to a tighfl€fved by our ILP-based approach. The CPU times for the

upper bound of the maximum instantaneous current of thd°ur approaches are reported in Columns 10, 11, 12, and

entire circuit. Figure 3 shows the summary of our algo- 13, respectlyely. . .
rithm. The estimated maximum instantaneous current for the

8 largest ISCAS85 benchmark circuits is shown in Table 2.
Columns 2-3, 4-5, 6-7, 8-9 show the maximum instanta-
neous current and normalized value estimated by (1) iMax

Perform iMax algorithm to obtain the upper bound of the instantaneous
current at each time instance;
Put all sorted time instances in the processing list;

While the processing list is not empty algorithm, (2) ILP-with-partitioning approach, (3) genetic-
{ algorithm-based approach, and (4) random approach,
Select the time instance with the highest upper bound of the respectively. All the normalized values are with respect to

instantaneous current;
Extract the part of the circuit which contributes to this current;
Partition the extracted circuit into sub-circuits;

the values derived by our ILP-with-partitioning approach.
Note that the values estimated by iMax algorithm and our

Apply the ILP-based approach to each sub-circuit to obtain the ILP-with-partitioning approach correspond to the upper
instantaneous current at this time; bounds, and the values estimated by genetic-algorithm-
Sum up the instantaneous current at this time of all sub-circuits| based and random approaches Correspond to the lower
Update the upper b(_)und_ of the instantaneous current at this time; bounds. The CPU times for the four approaches are
Update the processing list; . .
} reported in Columns 10, 11, 12 and 13, respectively.
The experimental results show that the ILP-based
Figure 3: Summary of the algorithm for estimating the approach produces the exact worst-case solution in a rea-

maximum instantaneous current. sonable time for small circuits. Also, the ILP-with-parti-



tioning approach provides tighter upper bounds of the
worst-case solutions for large circuits as compared to the
bounds derived by iMax. Note that the upper bounds|[2]
derived by our approach are close to the lower bounds
derived by a genetic-algorithm-based approach [4]. There{3]
fore, the two bounds confine the worst-case solutions to a

small range.
6. Conclusions

We have proposed an ILP-based approach to obtain the

tioning of Boolean Networks,Proc. of DAG pp. 670-675,

June 1994.

EPIC Design Technology, “PowerMill Reference Manual,”
1995.

EPIC Design Technology, “DelayMill Reference Manual,”
1995.

[4] Y.-M.Jiang, K.-T. Cheng, and A. Krstic, “Estimation of Max-
imum Power and Instantaneous Current Using a Genetic

Algorithm,” Proc. of CICC pp. 135-138, May 1997.

exact solutions for the maximum instantaneous current[5] A. Krstic and K.-T. Cheng, “Vector Generation for Maximum

estimation. For large designs, we have proposed a partition-
ing strategy to obtain tight upper bounds. The experimental
results show that in comparison with the lower and upper|g]
bounds derived by other approaches, the bounds produced

by our approach are much tighter.
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Table 1: The estimated maximum instantaneous current for 9 small MCNC benchmarks

maximum instantaneous current
o upper bound exact solution lower bound CPU time (sec.)
et iMax ILP GA random
iMax ILP GA |random
(mA) |normal. | (mA) | normal.l] (mA) [ normal] (mA)| normal.
cmd2a | 14.4 121 11.9 1.00 119 1.00 11.9 1.0 8 11 33 3
cml63a| 51.1 1.37 37.3 1.00 37.0 0.99 24.4 0.64 12 378 29 29
cm85a | 47.3 1.17 40.4 1.00 40.4 1.00 27.9 0.67 6 89 39 39
cmb 38.5 1.04 37.0 1.00 34.8 0.94 26.9 0.73 16 37D 44 46
cc 63.0 141 447 1.00 44.7 1.00 40.0 0.89 18 44y 43 43
cmlb0a | 72.1 1.35 53.4 1.00 53.4 1.00 45.5 0.84 21 534 52 5p
pcler8 | 79.7 1.12 71.2 1.00 71.2 1.00 39.3 0.55 24 71p 72 7P
b9 144.7 1.43 101.2 1.00 99.4 0.98 70.4 0.70 43 994 192 102
c8 51.8 1.20 43.2 1.00 43.2 1.00 37.8 0.84 37 432 112 112
average - 1.26 - 1.00 - 0.99 - 0.7 - - - -
Table 2: The estimated maximum instantaneous current for 8 largest ISCAS85 benchmarks
maximum instantaneous current
upper bound lower bound CPU time (min.)
arret iMax ”‘F.> .W't.h GA random ILP
partitioning iMax | with GA |random
(mA) [normal.| (mA) [ normal.| (mA) [normal.| (mA) [normal. partition
C880 | 1246 1.11] 112 1.00 103 0.9 82[9 0.74 0[5 38.1 3.5 5
C1355| 220.3| 1.24| 177.6 1.0Q 1346 0.76 1009 0.b7 0.7 4D.5 b.6 b.6
C1908| 273.3| 1.61| 169.9 1.0Q 1364 0.80 104.8 0.62 0.9 46.5 5.0 6.0
C2670| 223.1| 1.21| 184.71 1.0Q 1843 0.99 130.1 0.y0 1.2 8B.9 15.1 15.1
C3540| 616.4| 2.11| 292.0 1.0 212)7 0.78 152.1 0.b2 1.7 70.7 11.9 11.9
C5315| 710.2| 1.47| 484.0 1.00 3354 06P 2613 0.b4 2.3 102.1 225 2.5
C6288 | 1364.2] 1.67| 816.9 1.0d 7234 089 567.2 0.69 3.6 136.4 40.3 10.3
C7552| 1138.20 1.37| 830.9 1.0d 5689 0.68 4492 0.p4 2.5 123.6 32.8 32.8
average| - 1.47 - 1.00 - 0.81 - 0.62 - - - -
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