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ABSTRACT
We present the first approach for post-silicon leakage power reduc-
tion through input vector control (IVC) that takes into account the
impact of the manufacturing variability (MV). Because of the MV,
the integrated circuits (ICs) implementing one design require dif-
ferent input vectors to achieve their lowest leakage states. There are
two major challenges that have to be addressed. The first is the ex-
traction of the gate-level characteristics of an IC by measuring only
the overall leakage power for different inputs. The second problem
is the rapid generation of input vectors that result in a low leakage
for a large number of unique ICs that implement a given design, but
are different in the post-manufacturing phase.

We solve the first problem using a linear programming formula-
tion that in a polynomial time, finds the most likely gate-level char-
acterization of a pertinent IC. The approach is provably optimal, if
there are no measurement errors; we also examine the erroneous
cases. We address the second problem using the coordinated appli-
cation of statistical clustering and the very large neighborhood it-
erative improvement algorithm. Experimental results on a large set
of benchmark instances demonstrate the efficiency of the proposed
methods. For example, the leakage power consumption could be
reduced in average by more than 10.4%, when compared to the
previously published IVC techniques that did not consider MV.

1. INTRODUCTION
There is a wide consensus that the intrinsic IC MV fundamen-

tally alters synthesis and analysis procedures, and must be taken
into account [10]. For example, the common model for approx-
imating the leakage power is a lognormal [3], that has an expo-
nential growth for small variations in gate oxide thickness and ef-
fective gate length. Thus, leakage power variations could increase
by large factors in presence of MV. However, to the best of our
knowledge, no existing solution is available for power optimiza-
tion while considering the post-silicon MV. Probably the best way
to clarify the importance of considering the MV impact is to use
a small illustrative example. Figure 1 shows a very small design
that consists of two inverters A and B where the output of inverter
A is the input to inverter B. The second row of the Table in Figure
1 shows leakage power for an inverter of nominal size in 0.18um
model from MOSIS that is simulated using the leakage current in
Cadence Spectre [13]. The third row shows the ten times increased
leakage power as the consequence of the MV.A BIn Out 227 nA100 nALeakage
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Figure 1: Series inverters and their leakage currents.

If A has the nominal leakage current, and B is ten times larger,
the primary input value 1 must be used so that overall leakage cur-
rent is 1227nA. On other hand, if B has the nominal leakage cur-
rent, and A is ten times larger, one should use the value 0 as the
primary input so that the overall leakage current is 2370nA. The
incorrect decision results in 93% larger leakage current. Thus, it is
important to consider MV to find the best inputs for leakage power
minimization for each IC.

Post-silicon leakage power optimization using IVC poses two
major and conceptually new synthesis challenges. The first is the
extraction of the leakage power for each gate in an IC using only
the potentially noisy overall leakage power measurements. For this
task, we have developed an accurate and polynomial time generic
linear programming solution.

The second problem is the rapid creation of power efficient IVC
for a large number of somewhat similar, but unique ICs due to MV.
We address this challenge using coordinated application of statisti-
cal clustering and iterative improvement. The importance of both
problems permeates beyond post-silicon leakage power minimiza-
tion because many synthesis and analysis tasks that consider the
MV impact have to conduct gate level characterization and post-
processing CAD optimizations. For example, supply and threshold
assignment can be addressed using the presented procedures.

2. RELATED WORK
In the current and pending CMOS technologies, the existence

of MV in device parameters results in high variability in the delay
and power consumption of the VLSI circuits [10]. A number of
research efforts have focused on the direct and invasive measure-
ment and extraction of the variable parameters [5]. Assuming that
the measurement results are available, several techniques for repre-
senting the spatial variations as well as higher level stochastic and
probabilistic models have been studied [10].

It was shown that under certain assumptions, the delays of all
paths in a circuit can be expressed as a linear combination of the
delays of a small subset of paths [9]. However, the focus of such
methods has been on testing the delay faults and upper bounds
on the critical path (CP) delays. To the best of our knowledge,
our research is the first that extracts the device parameters by non-
invasive methods using the power measurements, and by only ap-
plying a specific set of input vectors and solving a large optimiza-
tion. The technique considers the impact of measurement error and
MV that was not included in prior testing literature. Unlike the pre-
vious work where the goal of extraction was to find a global circuit-
level model or testing, the extracted characteristics are individually
used for subsequent leakage power optimization.

Scaling has a profound impact on the static (leakage) power con-
sumption of the circuits [2,8]. To reduce the dynamic power, supply
voltages are aggressively scaled down with each process genera-
tion. To sustain performance, the threshold voltages (Vt) are scaled,



producing a significant subthreshold leakage. Other variable fac-
tors such as reverse junction bias also contribute to the leakage.

To control and suppress the leakage power consumption, sev-
eral device, circuit, and system level techniques have been pro-
posed [1, 4, 10, 13]. Input vector control (IVC) is an effective
way to minimize the leakage, because in the circuit’s sleep state,
the leakage current strongly depends on the input vector combi-
nation [1, 4, 12, 13]. Since IVC is an NP-complete problem, both
exact and heuristic methods have been suggested [1, 13]. Tsai et.
al studied the implications of scaling on leakage power reduction
technique and concluded that the effectiveness of IVC increases
with technology scaling [12]. Also, simultaneous IVC and gate re-
placement were proposed [4, 13]. This paper is the first to perform
customized post-silicon IVC for each chip. Gate replacement is not
a viable option in this phase. We introduce a method for IVC, but
more importantly, we introduce techniques for clustering the inputs
for the different ICs.

3. PRELIMINARIES
Variability models. Process variations are generally divided into
two categories: (i) inter-die variations (denoted by δinter), that
are die-to-die fluctuations, and; (ii) intra-die variations denoted by
δintra) that are the variability present inside one chip. The assump-
tion is that inter-die variations similarly affect all the gates on one
chip, while the intra-die variations may differently influence vari-
ous devices. What complicates the analysis and modeling of intra-
die variations is that there is a significant spatial correlation among
the close-by gates that cannot be ignored. We use the equations
from [3, 10] for intra-die variations, they model a parameter p lo-
cated at (x, y) as, p=p̄+δxx+δyy+ε; p̄ is the nominal value of the
parameter at the (0, 0) die location; δxx and δyy are the gradients
of the spatial variations of the parameter in x and y directions; and
ε is the random intra-chip variation component. The multivariate
normal distribution (MVN) is used for modeling the vector of all
random components across the chip and the intra-chip correlations
among them. Furthermore, the grid model that partitions the space
into grids was used, where devices within the same grid are highly
correlated and devices in further grids are correlated proportional
to their distances.

Leakage power model. The leakage current is a function of the
process variations. We use the recent leakage model proposed by
Chang and Sapatnekar [3]. Their model takes into account the sub-
threshold leakage (Isub) and the gate tunneling leakage (Igate).
The two components are estimated by empirical curve-fitted mod-
els as follows.

Isub = a0wea1+a2L+a3L2+a4T−1
ox +a5Tox (1)

Igate = a′0wea′1+a′2L+a′3L2+a′4T−1
ox +a′5Tox (2)

a and a′ denote the fitting parameters; w is the gate width of the
transistor; Tox is the gate oxide thickness; and L is the effective
gate length due to the short channel effect. Since both currents are
modeled as exponential functions, both of them are approximated
by a lognormal distribution. The full chip leakage current is then
computed by summing up the individual components as follows.

Iavg
total =

∑

∀ gates i=1,...,m

Iavg
subi

+ Iavg
gatei

(3)

m is the total number of components and Iavg
subi

and Iavg
gatei

are com-
puted using the dominant states only. The full-chip leakage dis-
tribution is found by summing up the lognormal distributions of
all gates considering spatial correlations. Theoretically, the sum is

not known to have a closed form, but it is approximated well as a
lognormal distribution using Wilkinson’s method [3].

Measurement error model. Power is measured from the exter-
nal pins. Leakage current is read out in the steady state, where
the dynamic power is not present. Such power measurement meth-
ods have been previously utilized, for example in power analysis of
embedded software [11]. Environmental conditions, noise, pack-
aging, thermal effects and many other complex phenomena affect
the external current readings and cause measurement errors. The
errors may vary from one design to the next, e.g., because of the
differences in size, layout, and environment. In our experimental
evaluations, we model the measurement error with three different
distributions: Gaussian distribution, Uniform distribution, and Tri-
angular distribution, while we vary the distribution variances.

4. GLOBAL FLOWSimulated variability data / Post-silicon ICsMeasurement error /  Post-silicon measurementsIdentification of linear dependencies Solution to LP, gate-level characterization
Phase (i): Gate-level characterization of each IC Phase (ii): Specialized IVC for each characterized ICGeneration of N different ICs from the MV modelFind the best IVC for the N chips using LNIIUse ILP to Identify the set of representative IVCsUse the representatives to find IVC for a new IC

Figure 2: The flow of the post-silicon IVC for leakage mini-
mization.

The global flow of our post-silicon IVC approach for minimiza-
tion of leakage power is shown in Figure 2. The approach consists
of two main phases: (i) gate level characterization for each inte-
grated circuit (IC); and (ii) postprocessing for identification of the
input vector that minimizes the leakage power for the identified
gate characteristics, as shown in the figure. Each phase has four
steps.

The first step of the gate characterization phase is creation of
simulation models for gate-level leakage characteristics for each
IC that takes into account spatial, inter-, and intra-chip correlations.
The technical details of this step were presented in Section 3. In an
industrial set-ups, where the actual ICs are manufactured, this step
is bypassed. In the second step, we simulate the leakage power
measurements for the specified gate variations on one chip while
superimposing errors. Again, in industrial set-ups, the actual mea-
surements are conducted. If the measurements are conducted at
higher temperatures, the required accuracy of the measurements is
lowered because of the increased leakage.

Once the measurements are available, we are ready to conduct
gate-level characterization of the pertinent IC. For this task, we use
a linear programming (LP) formulation, where each measurement
forms one LP constraint and the objective function is the minimiza-
tion of the sum of the absolute discrepancy between the leakage
power computed for the computed gate scaling factors and the cor-
responding measurement. Before LP is solved, the constraints are
examined for identification of linear dependencies that prevent gen-
eration of the correct solution. Finally, we evaluate the obtained
results in terms of the expected gate level characterization error.
If the accuracy is not acceptable, we conduct additional measure-
ments and increase the number of constraints.

In the second phase, the first step is the generation of a relatively



large number (denoted by N ), of model instances corresponding to
manufactured ICs of the pertinent design that differ because of the
MV. The objective is to find the best IVCs that results in leakage
power minimization. This step is accomplished using a novel large
neighborhood iterative improvement (LNII) algorithm. Next, we
identify similar solutions. The measure of similarity is the Ham-
ming distance between the input vectors for a pair of ICs. We cal-
culate the similarity between any two ICs and select a small set
of representative input vectors (denoted by R), in such a way that
any non-selected IC has at least one IC with a representative in-
put within its specified Hamming distance. Leveraging on the rel-
atively small size of the representative inputs and their structure,
this problem is optimally solved using integer linear programming
(ILP). In the fourth step, we iteratively apply the LNII algorithm R
times, to find the IVC that minimizes the leakage for a newly char-
acterized IC. Each time, we start from one of the R representative
inputs that greatly reduces the runtime. Lastly, the post-silicon IVC
method is evaluated on a comprehensive set of benchmarks.

5. GATE - LEVEL CHARACTERIZATION
Nondestructive gate-level characterization can be formulated as

follows. Given an IC implementing a fully documented design,
one can measure the leakage currents of all gates when the IC is in
the idle mode. This type of measurements belong to the class of
measurements where in different experiments the same gate can be
participating with different weight factors. Leakage power of a gate
for different states can be mapped by the table look-up. The table
is used to create independent equations that connect characteristics
of a gate to the measurements of the global power or path delays.

Figure 3 illustrates the gate level leakage energy of a small il-
lustrative circuit that consists of two NAND and three NOR gates.
Table (b) shows the transitions at the output of each gate depending
on the previous and the current inputs. The leakage power charac-
terization look-up tables are readily available [13]. For the sake of
brevity, we do not consider the interconnect power. However, the
interconnect effect can be added in a straightforward way.XY Z Ui1i2i3i4 o1o2V

………..……
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01001100000000
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Figure 3: Gate-level characterization.

For the input states (i1, i2, i3, i4)=0000 and 1011, the leakage
power consumption of the small circuit are as shown in the first two
lines of Equation 4. In these equations, P denotes the measured
power consumption, while E is the error in measuring the power.

P (0000) + E1 = sXPNOR(00) + sY PNAND(00) + (4)
sZPNOR(11) + sUPNAND(00) +

sV PNOR(01);

P (1011) + E2 = sXPNOR(10) + sY PNAND(11) +

sZPNOR(00) + sUPNAND(11) +

sV PNOR(10);

P (. . . ) + Ei = . . . ; i = 3 . . . , M

Here, PNOR and PNAND are the leakage powers of standard NOR
and NAND gates that can be extracted from the look-up tables for
each technology. The variables sX , sY , sZ , sU and sV denote the

scaling factors of the gates X ,Y ,Z, U and V , when compared to
the standard gates of each type. The linear system consisting of
power equations for M different inputs can be written in a similar
way. The unknowns of this system are the scaling factors of the
gates and the measurement errors (E’s). Now, if one solves the op-
timization problem of minimizing a metric of errors, say L1 norm
of the errors, i.e., min

∑M
m=1 |Em|, subject to the linear system of

M equations, the scaling factor of each gate can be found.
The key observation is that the created equations for power at

the gate level are linear and that to create a new equation that is
with a high probability independent from the other equations, it is
necessary to change the input test vectors and to conduct new mea-
surements. We used the L1 norm as our objective function (OF)
that is non-linear. We convert the OF to a linear one by introducing
m new auxiliary variables Eabsm, and adding 2m new constraints:
for each m, Eabsm ≥ Em and Eabsm ≥ −Em. The linearized OF
would then be: min

∑M
m=1 Eabsm.

To ensure that the above linear program (LP) is solvable, we
measure as many independent equations (rows) as the number of
variables. Also, we ensure that there are no two or more columns
that are linearly scaled versions of each other because in that case
the system does not have a unique solution. Our final step before
solving the LP is identifying the variables that are also a linear com-
bination of a subset of other variables in all constraints. Sets of
these variables are grouped together into a single new variable in
the constraint. After solving the LP, we divide the scaling factor for
each new variable, equally between the variables that were used to
form it. In our experiments, We use the CPLEX software package
to solve the LP problem [6].

6. LEAKAGE POWER MINIMIZATION
In this section, we present new algorithms for leakage power

minimization using MV-aware IVC. The outcome of the gate-level
characterization are the estimated scaling factor of the gates that
are used for modeling the exact post-silicon leakage variations of
an IC. The best IVC is then found for the estimated characteristics.

We first discuss the sources of difficulty in addressing the new
post-silicon IVC problem and our overall algorithmic strategy.
Next, we introduce very Large-scale Neighborhood search Itera-
tive Improvement-based (LNII) algorithm for solving the optimiza-
tion that finds the best IVC. We conclude the section by discussing
our clustering approach that finds a small set of representative in-
puts. The representative set serves as the starting point for invoking
the LNII algorithm for each new IC with unique gate characteris-
tics along with our strategy for fast optimization of each unique
instance. The global optimization flow and rationale of this opti-
mization procedure were presented in Section 4.

6.1 Problem formulation, and methodology
Post-silicon leakage power minimization using IVC can be de-

fined in the following way.

Instance. Given a combinational netlist with G logic gates gi, with
no cycles and a set S of scaling coefficients si corresponding to
each gate gi, (i = 1, . . . , G). Also given a table T of nominal
values for leakage power consumption with entries tk,j , where k is
the gate type (e.g., NAND, NOR) and j is the ordered input com-
bination to the gate. The coefficient si indicates the scaling ratio
between the leakage power of the gate gi to the nominal value of
the leakage for the same gate type and the same input from T . The
assumption is that the ratio is the same over different inputs. Note
that, If the ratio is not constant over all gate inputs, one can easily
generalize the approach, by introducting a new two-dimensional



scaling factor s′i,j that characterizes the scale of the gate gi for the
input j, where j belongs to the set of the ordered inputs.

Objective. Generate the logic values assigned to the primary inputs
of the circuit (i.e., IVC) so that the sum of the leakage powers for
all of the gates is minimized.

Complexity. Majority of power optimization and synthesis prob-
lems are difficult because of their NP-complete structure [13]. Post-
silicon leakage power minimization using MV-aware IVC has an
additional source of difficulty: one has to solve a large number of
instances. It is common that for each design, millions of ICs are
manufactured. To address these challenges, we decided to follow
the paradigm of separation of concerns. We also emphasize the
software and results reusability paradigms. At an intuitive level,
one would expect that a significant number of ICs with similar gate
characteristics have identical or similar best input vectors.

Following the separation of concerns paradigm, we divided the
overall approach is three steps as shown in Pseudocode 1.

PSEUDO 1: Post-silicon leakage power minimization using
MV-aware IVC algorithm
1. Find the best solutions for N ICs;
2. Cluster the best solutions and identify representative inputs;
3. Use representatives to find efficient inputs for the new ICs;

In our experiments, we set N to 100 that worked well on the
benchmarks. N could be set to higher values for circuits with larger
range of variations. All optimization modules are created in a pa-
rameterizable way to enable convenient runtime-quality of results
trade-off.

6.2 Generation of initial IC-specific solutions
The first step is generation of initial individual solutions for each

of the N ICs. This step has three goals: (i) creation of the initial
starting point for the consequent optimization of a large number of
ICs; (ii) learning the solution space in terms of its topology and
how long the LNII algorithm should be executed; (iii) comparison
of the IVC performance with the IVS resulting from the restricted
search-based LNII, for the new ICs.

At the intuitive level, the LNII algorithm starts by assigning a
random input vector as the current solution. LNII then iteratively
looks for switching the value of an input, so that the leakage power
is reduced. As soon as it finds such an input, it updates the current
solution accordingly. The procedure is iteratively repeated until no
alternation of a single inputs improves the current solution. If there
is no such solution, the LNII algorithm enlarges the search space by
looking for an improvement where two inputs are simultaneously
altered. Any time an improvement is found, the scope is rested to an
alternation of a single input. Although, in principle, one can keep
enlarging the scope, the run time constraints usually limit the en-
largement size to a few inputs. The LNII algorithm is summarized
using the following pseudocode.

PSEUDO-2: LNII algorithm
1. Generate a random initial solution;
2. while (stopping criteria-overall == NO) {
3. scope = 1;
4. while (stopping criteria-scope == NO) {
5. search for better solution within the scope;
6. if (no-better-solution is found);
7. scope++;
8. }
9. }

6.3 Clustering
The goal of the clustering step is to identify a small number of

representative input vectors that have the property that every other
IC has a low leakage power input vector solution that is only a
short Hamming distance from at least one representative input. The
Hamming distance between a pair of inputs is calculated as the
number of binary inputs that have to be altered to produce one of
the solutions from another. Although numerous statistical cluster-
ing techniques are readily available [7], we decided to create a new
ILP-based technique to leverage the relatively small number of in-
stances and more importantly, the relatively sparse structures of the
constraints.

We now formulate the clustering problem as an instance of the
integer linear program (ILP).

Given: A set of N input vectors I with elements In, n =
1, . . . , N ; a number K; a Hamming distance matrix H{N×N} with
elements hnm, s.t.

hnm =

{
1, If Hamming(Im,In)≤ K
0, otherwise (5)

Variables: a vector X{N} with elements xn s.t.

xn =

{
1, If input vector In is in the representative set
0, otherwise (6)

Objective Function: The objective function is to minimize the
number of representative inputs in the set, i.e., for n = 1, ..., N ,
min

∑
n In.

Constraints: The set of constraints ensures that every input vector
is either in the representative set, or it has a Hamming distance
smaller than K to an input vector in the representative set. For
n = 1, ..., N , In +

∑
m HmnIm ≥ 1.

6.4 Generation of the final IC-specific solu-
tions

The final step is generation of an input vector for a new IC once
when the representative set is available. For this task, we use LNII
that starts from the input vectors in the representative set. One can
envision many more sophisticated versions where one uses the gate
characteristics to identify the best starting point, but our extensive
experimentations with several such strategies indicate that those
methods significantly increase the run time, with no performance
benefits in terms of leakage power optimization.

7. EXPERIMENTAL RESULTS
Our methods were tested on circuits from the MCNC’91 bench-

marks. The synthesis was done with SIS and the LPs were solved
using CPLEX. The variation model was described in Section 3. The
technology parameters are the ones used in [13], who reported the
leakage values for the 0.18µm in their table: we emphasize that the
only important matter is the ratio between the leakage powers of
the library cells and not the absolute values. The spatial correlation
is such that the correlation value decreases with the distance be-
tween the grids, and there are 20 grids. On each chip, we randomly
selected 5 center grids where the variations are the highest and the
variations of the other grids are computed by correlations to those
centers. The 3σ of the parameter variations of Tox and L was set
to 25% (corresponding to the 90nm technology). The inter-die is
about 75% of the variations, while the intra-die is about 25%.

7.1 Gate-level characterization



Table 1 evaluates the gate-level extraction on several bench-
marks. The measurement error is Gaussian and the results are av-
eraged over 10 random runs for each benchmark. The number of
constraints was 200 G, where G is the number of gates. The first
to forth columns show the name of the benchmark circuit, its num-
ber of inputs, number of outputs, and the number of gates resulting
from synthesis. The fifth to seventh columns outline the mean ab-
solute error of the gate-level characterization for 1%, 5%, and 10%
measurement errors respectively. We see that for 10% measure-
ment error, the average error is less than 1% over all benchmarks.

circuit inputs out gates 1% 5% 10%
9symml 9 1 178 0.10 0.37 0.92
lal 26 19 126 0.05 0.21 0.33
c8 28 18 179 0.09 0.49 1.17
term1 34 10 381 0.06 0.25 0.70
too large 38 3 703 0.11 0.45 0.91
x1 51 35 333 0.03 0.12 0.34
i8 133 81 2305 0.22 0.84 1.27
x3 135 99 779 0.16 0.71 0.85
pair 173 137 1530 0.11 0.29 0.69
i7 199 67 580 0.13 0.86 1.96

Table 1: The average relative error for recovering the scaling
factors over 10 runs for three different levels of accuracy.

7.2 Post-processing
In this subsection, we evaluate the post-silicon MV-aware IVC

approach. We compare our results with the random vector genera-
tion algorithm using both 10,000 and 1,000 trials, and the dynamic
programming-based (DP) algorithm proposed in [4] without gate
replacement. We also show how clustering of the inputs obtained
from the MV-aware IVC method, can be used to generate input
vectors for new ICs with improvement over the other algorithms.

7.2.1 Initial solution
Table 2 compares the leakage current of the MV-aware method

to the (i) DP-based algorithm with no replacement (DP), and (ii)
random algorithm with 10,000 (r10K) and, (iii) 1,000 (r1K) iter-
ations. We refer to this table as the initial solution since it only
includes the first N unique ICs of each design (N=100 in our ex-
periment). In the MV-aware method, for each considered IC, the
best input vector that minimizes the leakage is found by using the
LNII algorithm with rounds of one bit and two bits flips.

In Table 2, the first column is the benchmark, the second column
is the resulting leakage current by using the MV-aware method.
The third, fifth, seventh, and ninth columns show the resulting leak-
age from the lower bound (LB), DP, r10K and r1K IVC methods
respectively. The last column shows the number of primary inputs
(PIs). The lower bound is computed by setting the state of each
gate in the IC to its smallest possible leakage. It is obvious that the
lower bound is not achievable since the gate inputs are often not
independent. The results show that post-silicon IVC yields a great
leakage reduction. For example, the new MV-aware IVC has in av-
erage about 10.43%, 22.01% and 20.52% reduction in the leakage
current compared to the tree, r10K and r1K respectively.

7.2.2 Clustering to find representative inputs
Next, we cluster the initial input vector solutions to obtain a set

of representative input vectors. For the N considered ICs, we use
the ILP formulation in Section 6.3. For each benchmark, we use

CPLEX to compute the Hamming distance (HD) between the dif-
ferent input vectors and to cluster the inputs with a small Hamming
distance. The results are reported in Table 3, where the first column
shows the benchmark. The second to last column show the result-
ing number of representative solutions, for the HD denoted on the
first row. The results confirm that the inputs maybe efficiently clus-
tered: even for the worst benchmark (x3) with many inputs, the
number of clusters is almost halved for the HD of about 30.

circuit\HD 1 5 10 15 20 30 40 50 60
9symml 2 1 1 1 1 1 1 1 1
lal 60 13 2 1 1 1 1 1 1
c8 22 3 1 1 1 1 1 1 1
term1 7 5 3 2 1 1 1 1 1
too large 71 46 8 2 1 1 1 1 1
x1 83 81 51 13 3 1 1 1 1
i8 49 21 7 5 2 2 1 1 1
x3 58 48 38 31 27 19 10 3 1
pair 76 41 29 22 12 7 3 1 1
i7 6 1 1 1 1 1 1 1 1

Table 3: Number of clusters for the N inputs for different HDs.

7.2.3 Customization for power
Once we find a representative set of input vectors from the initial

N chips, we apply the input set on new ICs. Table 4 shows the re-
sulting leakage current for a batch of 100 new ICs. The description
of the table columns is the same as Table 2. The MV-aware algo-
rithm uses the initial solutions from the representative set, along
with only one round of 1 bit flipping in the LNII algorithm for
IVC. The representative inputs are from the Hamming distance of
5. An average improvement of 12.3%, 24%, and 21% in leakage
power is obtained over the DP, r10K, and r1K respectively. The re-
sults show a few percentage improvement over those presented in
Table 2, while the runtime is significantly reduced because of lim-
iting the LNII search to flipping only one input, as opposed to one
and two flips in Table 2.

circuit MV
(uA)

DP
(uA)

% r10K
(uA)

% r1K
(uA)

%

9symml 56.64 62.57 10.46 64.99 14.74 64.99 14.74
lal 25.39 27.70 9.11 32.20 26.85 32.20 26.85
c8 45.32 49.27 8.72 57.13 26.08 50.68 11.83
term1 94.34 103.30 9.50 100.81 6.86 101.65 7.74
too lrg 189.25 206.50 9.11 220.94 16.74 229.37 21.20
x1 73.02 81.73 11.93 95.78 31.17 82.44 12.90
i8 613.93 836.52 36.26 752.91 22.64 684.88 10.96
x3 172.63 191.84 11.13 197.17 14.22 199.47 15.55
pair 428.24 461.81 7.84 487.64 13.87 471.35 10.07
i7 99.92 121.70 21.80 175.33 75.48 177.63 77.78
max 428.24 461.81 23.58 487.64 75.48 471.35 77.78
min 25.39 27.70 7.84 32.20 6.86 32.20 7.74
avrg 127.83 142.20 12.32 154.01 24.16 151.42 21.03

Table 4: MV aware solution using representative inputs vs the
non MV-aware methods

7.2.4 Measurement errors
Table 5 outlines the average root mean square error while simu-

lating 100 different chips considering 1%, 2%, 5%, and 10% mea-
surement errors. An average error of 0.2%, 0.38%, 0.94%, and
1.91% in the computed leakage are obtained in the case of 1%,
2%, 5%, and 10% errors respectively. The results are very signifi-
cant in light of the gate-level extraction error results we obtained in



circuit MV (uA) LB (uA) % DP (uA) % r10K (uA) % r1K (uA) % PI
9symml 54.41 13.29 -75.57 59.38 9.13 61.68 13.36 61.68 10.96 9

lal 25.66 9.15 -64.34 27.10 5.61 31.51 22.80 36.02 40.40 26
c8 44.43 15.22 -65.74 48.04 8.12 55.71 25.38 49.42 11.22 28

term1 97.32 29.10 -70.09 104.84 7.73 102.32 5.14 103.14 5.99 34
too large 186.68 48.39 -74.08 198.89 6.54 212.80 13.99 220.95 18.35 38

x1 76.22 25.19 -66.96 81.33 6.70 95.30 25.02 82.03 7.61 51
i8 701.28 152.07 -78.32 865.00 23.35 778.53 11.02 708.19 10.96 133
x3 170.54 55.94 -67.20 184.31 8.07 191.64 12.37 191.64 10.96 135

pair 410.91 138.58 -66.27 440.91 7.30 465.58 13.31 450.02 10.96 173
i7 99.18 35.03 -64.69 120.78 21.77 176.30 77.76 176.30 77.76 199

max 701.28 152.07 -64.34 865.00 23.35 778.53 77.76 708.19 77.76
min 25.66 9.15 -78.32 27.10 5.61 31.51 5.14 36.02 5.99
avg 186.66 52.20 -69.33 213.06 10.43 217.14 22.01 207.94 20.52

Table 2: Comparison of the leakage current of MV-aware IVC to the lower bound (LB), DP-based (DP), 10,000 random inputs
(r10K), and 1,000 random (r1K) methods.

the non-invasive characterization of ICs. In Subsection 7.1 we ob-
served that even in presence of large measurement errors, the gate
level characterization is very accurate. For example, for the mean
absolute measurement error of 50% and the Gaussian distribution
of errors, the final gates were characterized with less than 2% error.

8. CONCLUSION
We addressed a new problem of post-silicon leakage power min-

imization using the selection of an input vector for each IC that
suited the IC’s specific characteristics that are consequences of the
manufacturing variability. We solved two conceptually new techni-
cal problems. The first problem of the extraction of gate-level char-
acteristics of an IC is solved optimally on the practical instances
using a new linear programming formulation. The second prob-
lem of rapid generation of high quality solutions for large number
of unique integrated circuits. This problem was addressed by us-
ing coordinated application of statistical clustering and novel very
large neighborhood iterative improvement algorithm. Experimen-
tal results demonstrate improvements by an average factor of more
than 10% can be achieved over the previously published techniques
that generate input vectors for leakage power optimization without
considering manufacturing variability.

B.M. 1% 2% 5% 10%
9symml 0.28 0.57 1.72 2.91
lal 0.3 0.64 1.59 3.37
c8 0.26 0.51 1.22 2.28
term1 0.21 0.35 0.9 2.18
too large 0.18 0.31 0.72 1.63
x1 0.38 0.49 1.06 1.89
i8 0.19 0.36 0.97 1.84
x3 0.13 0.26 0.59 1.39
pair 0.1 0.2 0.42 0.88
i7 0.15 0.27 0.67 1.67
Average 0.20% 0.38% 0.94% 1.91%

Table 5: Root mean square error of the final leakage reduction
for the circuits with 1%,2%,5%, and 10% leakage estimation
error.
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