
 

Abstract  Integrated circuit designs need to be verified in 
simulation over a large number of process corners that 
represent the expected range of transistor properties, supply 
voltages, and die temperatures.  Each process corner can 
require substantial simulation time.  Unfortunately, the 
required number of corners has been growing rapidly in the 
latest semiconductor technologies.  We consider the problem 
of minimizing the required number of process corner 
simulations by iteratively learning a model of the output 
functions in order to confidently estimate key maximum 
and/or minimum properties of those functions.  Depending 
on the output function, the required number of corner 
simulations can be reduced by factors of up to 95%. 

Index Terms — Adaptive algorithms, circuit simulation, 
design automation, function approximation, Gaussian 
processes, robustness, unsupervised learning. 

To ensure sufficient yield, integrated circuit (IC) 
designs must be verified in simulation for the expected 
range of operating conditions.  These conditions are 
specified using process-related parameters (e.g., the 
threshold voltages and transconductances of the n- and p-
type transistors), the supply voltages, and the average die 
temperature.  For convenience the conditions are usually 
discretized into a finite number of combinations, called 

 The greater complexity and variability of 
semiconductor processes at 32 nm and below has 
increased the required number of PVT corners, with some 
recent technologies requiring over 1000 corners [1]-[2].  
Given that each circuit simulation can be time-consuming, 
it is desirable to avoid simulating all of the PVT corners 
(i.e., experiment) while still ensuring 
high-confidence design verification (DV). 

Verifying circuit behavior involves verifying that key 
output properties (e.g., voltage, current, delay, rise & fall 
time) stay within ranges given in the specification.  The 
maximum and/or minimum property values must be 
determined over all PVT corners. We thus have one or 
more combinatorial optimization problems for initially 
unknown function(s) over a discrete input space. Such 
problems are treated in the subfield of statistics called 
Response Surface Methodology (RSM) [3]-[4].  If nothing 
can be assumed about a function, we must verify the 
function with an exhaustive, full factorial search of the 
discrete input space.  However, if one can make strong (or 

reasonable) assumptions about the continuity of the 
function, then it may be possible to guarantee (or to ensure 
with high probability) design correctness after only a 

subset of the input space.  
For example, if the output function is known to be 

function for any two input vectors will be bounded by 
some real constant and so search algorithms can safely 
prune away regions of the search space [5]. 

A. Selecting the Initial Training Set 
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B. Selecting the Next Set of PVT Corners to Simulate 

This subproblem chooses the next step (a set of 
unsimulated PVT corners) in an iterative search of the 
input space [10].  The objectives could change as the 
search progresses.  Initially the priority might be to learn 
the global shape of the output function and to identify both 
the most and least promising input regions. Once 
candidates for maxima (or minima) have been found, the 
priority might shift to searching the neighbourhoods of 
those extrema to help the decision to terminate the search. 

  Given a set of evaluated input-to-output mappings, a 
GPM provides for each unevaluated input x an estimate of 
the corresponding function value F(x) plus an estimate of 

F(x) of the function value estimate [8],[9].  
The uncertainties can be exploited when selecting the next 
PVT corner(s) to simulate.  By combining function 
estimates with estimates of the uncertainty in those 
function estimates, one can identify input regions that 
could contain function maxima, given the maxima found 
so far.  We investigated ways of combining the function 
estimates and uncertainties to select the next corner(s). 

C. Deciding When to Terminate the Search 

For each unsimulated PVT corner x, the GPM that is 
computed from the set X of all PVT corners simulated so 
far provides a function estimate Fpred(x) and an estimate of 

pred(x) in Fpred(x) with respect to the actual 
simulated output F(x). The values of Fpred(x pred(x) 
can be used to estimate the likelihood that the simulated 
value F(x) would exceed the largest simulated value 
F(xmax), xmax  X, that has been found so far.  We start by 
assuming that each predicted value Fpred(x) will be 
Gaussian-distributed about the actual output value F(x) 

pred(x).  If this is true, then x 
could be safely ruled out as the location xmax of the true 
function maximum if F(x) + k F(x) were to be less than 
the F(xmax) for some suitable k, say k = 3, 4 or more. 
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Fig. 1. Convex hull plot for the baseline Fpred(x) + 3 pred(x) heuristic. 
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Fig. 2. Probability of finding the true max. using Fpred(x) + 3 pred(x). 
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Fig. 3. Probability of finding the maximum using an improved 

heuristic-based algorithm. 
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