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Abstract — This paper introduces the background and mo-
tivation for the two special sessions at ISCAS’99. The ses-
sions bring together eight papers, each rooted in the method-
ology of experimental design, and contributed by collaborat-
ing teams of distributed participants. The paper briefly out-
lines the premises of the companion papers that follow, pro-
vides a brief description of a typical experimental design,
and introduces a design for archival of data sets and results
that are to be readily accessible on the Web.
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1 INTRODUCTION

More than a thousand mathematical problems arising in en-
gineering and science have been shown to be NP-hard. Data
sets such as ISCAS’85, ISCAS’89, and extensions intro-
duced at logic and layout synthesis workshops, e.g. [1, 2, 3],
are representative of such problems. They have captured
a large following of researchers in CAD that ‘benchmark’
their algorithms on various subsets of these data sets — as
will undoubtedly the newer, larger benchmarks that are be-
ginning to emerge [4, 5].

There is no shortage of published claims of ‘incremental
improvements’ with a particular heuristic. However, such
claims may well be subject to undocumented experimental
errors, and have not been supported by a rigorous statisti-
cal analysis, including a test of hypothesis such as ‘Is the
improvement due to the choice of the algorithm or due to
chance?’, as illustrated in [6]. We argue that just as the
evolution of new test cases is important, so is the evolu-
tion of the Experimental Design as a discipline for the core
algorithms in CAD.

In fairness to researchers, the data sets as currently for-
mulated, are not suitable for the ‘design of experiments’ as
practiced in disciplines such as yield optimization in man-
ufacturing and agriculture, bio-medical research, and oth-
ers. Two fundamental principles of experimental design are
randomization and replication: ‘subjects’ are drawn at ran-
dom from an ‘eligible class’, and ‘treated’. This discipline
emerged from contributions pioneered, for several decades,
by R. A. Fisher [7]. In bio-medicine, the class may have
properties such as ‘same species, same sex, same age, same
weight’. Rigorous statistical methods are applied to analyze
the observations reported for each treatment, e.g. [8].

A number of approaches that can yield equivalence classes
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with some common properties have been introduced re-
cently, each with the objective to test the performance of al-
gorithms in a variety of settings [9, 10, 11, 12, 13, 14, 15, 16].
Experiments with several types of algorithms, ranging from
logic synthesis and verification to partitioning and place-
ment, have demonstrated that the performance of heuris-
tics can also be highly sensitive to both the ordering
and labeling conventions of the circuit class representation
[15, 17,18, 19, 20]. This makes the netlist isomorphism class
an important reference class for all equivalence classes: de-
pending on the quality of heuristics that optimizes the given
cost function (, the class can induce variance in its distri-
bution that is significant. Defining the two extreme points
in this distribution as {min and (maz, the relative range of
the distribution can be defined as

P = (Cmam - Cmv.n)/szn (1)

It is easy to find a netlist isomorphism class and a heuris-
tic that induces p > 0; instances with p >> 1 have been
recorded. Two researchers, reporting on an experiment with
a single instance of the same netlist, each storing the netlist
in a different internal order, can thus report results that dif-
fer by more than 100% — even if they both apply the same
algorithm to the same circuit instance! The earlier experi-
ments with relatively small isomorphism classes of netlists
were reported in [21].

We next outline the premises of the companion papers,
provide a brief description of a typical experimental design,
and introduce a design for archives of data sets and results
that are to be readily accessible on the Web.

2 BACKGROUND AND MOTIVATION

This section introduces the background and motivation for
each of the companion papers in the two special sessions.
The shared theme of each paper is the experimental design
based on the principles illustrated in Figure 1 and explained
in more details in the next section.

Paper 1.2 [22] analyzes ‘practical netlist graphs’ and in-
troduces a netlist characterization that forms the basis on
which an equivalence class of related ‘clone circuits’ can be
generated, in particular for experiments exploring architec-
tural issues in FPGAs, and physical design in general.

Paper 1.3 [23] addresses a similar problem as the pre-
ceding paper. It introduces a canonical k-partite form for
a graph as its signature and a set of well-defined wiring
perturbations that induce signature-invariant wiring muta-
tions, giving rise to equivalence classes of ‘circuit mutants’.

Paper 1.4 [24] introduces isomorphism classes of Boolean
functions and analyzes exact and heuristic multi-level min-
imization of such functions. Significantly, even for the iso-
morphism classes of 4-t0-8 input boolean functions, heuris-
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Fig. 1. An experimental design flow and treatment comparisons for 128 instances from the isomorphism class of rd53.

tic minimization can have large variance — and is thus far
from optimal.

Paper 2.1 [25] introduces user-configurable workflow
toolkits that have the potential to make scientific and col-
laborative planning, executing, reporting, and archiving of
experiments with core CAD algorithms a routine rather
than the exception.

Paper 2.2 [26] reports new results of experiments on the
bigraph crossing minimization. This NP-hard problem has
important applications in area and wire length reduction in
VLSI circuits as well as drawing of graphs.

Paper 2.3 [27] applies the methodology of using equiva-
lence classes of ‘clone circuits’ to evaluation of algorithms in
physical design, with illustrative experiments using several
netlist partitioners.

Paper 2.4 [28] examines the performance of BDD variable
ordering algorithms, using the equivalence classes on two
versions of BDD packages — and drawing inferences on sta-
tistical significance of differences between the two releases.

3 DESIGN OF EXPERIMENTS

An experimental design involves three basic steps: (1) selec-
tion of an equivalence class of experimental subjects, eligible
for treatments, (2) application of one or more treatment to
the same class, and (3) statistical evaluation of each treat-
ment effectiveness. In CAD, we can consider ‘treatments’
as algorithms applied to data equivalence classes such as
netlists (or hypergraphs) that have a number of properties
in common: the same or ‘nearly-the-same’ size, distribu-
tions of fanins and fanouts, Boolean functionality, Boolean
entropy, etc. The simplest to formulate is the netlist isomor-
phism class Miso: (1) take a reference netlist represented as
a hypergraph G,(V,E), (2) apply, uniformly to all nodes
in G, a random re-order, and random re-label procedure

rr(V):
Mso = {Nj € G'r (TT(V): E)} (2)

Releative to all other instances in MNis,, each instance N
has the following properties:

P1: the order of nodes in N; is uniformly random;

P2: the labels of nodes in IN; are uniformly random.
Properties (P1, P2) are essential to good experimental de-
sign and must be maintained universally for all equivalence
classes, not just the isomorphism class. The purpose of P?
is clear. Without P2, programs that rely on hashing input
data may unknowingly undo the randomization of input pre-
sentations and thus confound the experiments. Important
lessons have been learned already [15, 18], and are reported
again in one of the session’s papers [28].

An illustration of the experimental design flow just de-
scribed, and a summary of experimental results with the
netlist isomorphism class of rd53 [3], is shown in Figure 1.
The reference circuit rd53_ref consists of 68 2-input nodes
on 10 levels. In this experiment, we created an isomorphism
class of 128 instances and submitted them to two treatments
(algorithms): labeled as Treatment 3 (SIS-rugged [29]) and
Treatment 4 (WASP [17]). The primary objective of each
treatment is to reduce the number of 2-input logic nodes
while maintaining the logic-invariance of the netlist.

As shown in the histograms, the two algorithms perform
very differently — while both exhibit sensitivity to the initial
order of nodes in the netlist!! Treatment 3 returns netlists
that range from 25 to 35 nodes, with levels that range from
7 to 12. Treatment 4 returns the netlists that range from
20 to 25, with levels in the 7-10 range. Either a visual or
a t—test [8] can declare the differences in distributions as
statistically significant. Moreover, the correlations of min-
imized logic nodes to logic levels are very different for the
two algorithms: there apparently is no correlation when
applying Treatment 3, while the correlation is significant
when applying Treatment 4 (81.1%). Experiments with
other treatments reveal even larger spreads in the respective
distributions: 38-42 nodes, 8-8 levels for Treatment 1 (SIS-
algebraic [29]), and 29-49 nodes, 9-16 levels for Treatment
2 (SIS-boolean [29]).

Treatment results for a much larger isomorphism class,
based on c1355_ref [3], are shown in Figure 2. The ref-
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Fig. 2. Comparisons of two treatments applied to 128 instances from the isomorphism class of c1355.

erence circuit c1355_ref consists of 518 2-input nodes on
25 levels. Two treatments, applied to an isomorphims class
of 128 reveal surprising distributions: 184-184 nodes, 16—
18 levels for a treatment based in MIS-algebraic [30], and
184-245 nodes, 15-18 levels for a treatment based in SIS-
algebraic [29]. This experiment points out the merits of
formalizing the experimental design: older, more mature
algorithms, may in fact be more stable and perform bet-
ter than the more recently introduced algorithms. Clearly,
more experimentation is required to make any conclusive
statements on the performance of these and any other algo-
rithms.

Design and execution of experiments on the scale out-
lined in this section cannot be carried out without relying
on automated execution and careful design of archival data
structures. These are briefly discussed next.

4 DOE ARCHIVES ON THE WEB

The flow in Figure 1 can be automated for a distributed
Design of Experiments (DoE) in CAD. An approach and an
implementation are described in [25].

The unique feature of the proposed experimental design
is the separation of the experiment into three parts: (1)
the generation of experimental data (e.g. programs that
generate equivalence classes based on actual circuits), (2)
the execution of heuristics, and (3) the evaluation of the
cost function for the results produced by a heuristic. This
separation of execution and evaluation makes it possible
for other researchers to run their own heuristics on posted
data, submit new data for others, and evaluate any posted
results independently with evaluators that are readily avail-
able. We next discuss a number of experimental design clas-
sifications, point to the respective evaluator(s), and relate
each experiment to the companion papers.

The current experiments have been classified un-
der a common archival directory on the Web under
http://www.cbl.ncsu.edu/experiments/DoE_Archives/.
The results of each experiment class are posted in the man-
ner so they can be re-evaluated independently by evaluator
tools that are freely accessible from the Web. The following
classes of experiments will have been posted and evaluated
by the time of ISCAS’99 presentations in June:

DoE_0001: Multi-level combinational logic optimization.
The cost functions being evaluated are total 2-input nodes
and maximum logic levels. The evaluator used in this pro-
cess is SIS [29]. The latest additions to this directory are
discussed in [24].

DoE_0002: Variable ordering optimization to construct
minimum-size BDDs of combinational circuits. The cost
function being minimized is the total number of MDD
nodes. The evaluator used in this process is VIS [31]. The
latest additions to this directory are discussed in [28].

DoE_0001
\
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\
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|
|
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Program name: /cblopt/cblsw/bin/quick_stats.pl
Fig. 3. Experiments directory for DoE_0001 under
http://www.cbl.ncsu.edu/experiments/DoE_Archives/

and an example of a statistical summary of results
based on the equivalence class ¢1355_-WD

DoE_0003: Bigraph embedding optimization. The cost
function being optimized is the edge crossing number. The
evaluator used in this process is cn_eval [20]. The latest
additions to this directory are discussed in [26].

DoE_0004: Linear cell placemement optimimization.
The evaluators used in this process are hn_eval [19], 0ASIS
[32], and VPR [33]. The latest additions to this directory
are discussed in [19].

DoE_0005: Experiments in netlist bipartitioning using
equivalence classes of circuit clones, as introduced in [27].

The archive, such as DoE_0001 outlined in Figure 3, is

representative of the directory structure that is maintained
for each experimental design. The major directories include
referenceCircuits, used to generate circuitClasses, followed
by the directories of all treatment archives. The direc-
tory treatment_0001_SIS_alg is typical: it contains not only
‘raw tables’ of results but also statistical summaries for all
equivalence classes. In addition, for each instance from say



rd53-WD (an isomorphism class under referenceCircuits),
we have the corresponding directory WD_circuits, gener-
ated by treatment_0001_SIS_alg for the WD (isomorphism)
class. It is thus possible to relate properties of each input
instance to corresponding instances of treatment-specific so-

lutions.

Solutions stored for other types of experimental

designs may include variable orders (DoE_0002), graph em-
beddings (DoE_0003), etc.

For more details about the organizational structure of
any experiment, see the postings on the Web.
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