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Abstract — Ezperimental Design, as defined in science and
manufacturing, relies on data sets that belong to well-defined
equivalence classes. This paper introduces a method to gen-
erate tightly controlled equivalence classes of circuit mu-
tants, given the graph-based characterization of a reference
netlist, which in general may contain cycles. A set of exper-
iments that measure the performance for a number of core
algorithms in CAD demonstrates merits of the method.
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1 INTRODUCTION

Experimental Design, as defined in science and manufac-
turing, and the context in which it may may be applied to
the performance evaluation of core algorithms in CAD, has
been outlined in [1]. This paper generalizes the notion of
the isomorphism equivalence class of a reference netlist [2],
and introduces a method to synthesize equivalence classes
of circuit mutants that are distinct, but still closely related
to the reference netlist isomorphism class.

Section 2 characterizes this relationship using a k-partite
graph canonical form and its signature. The invariance of
this signature defines the equivalence class. We outline the
mutant equivalence class synthesis method in Section 3, and
conclude with a representative sample of experimental re-
sults in Section 4. Earlier work, related to this topic can be
found in [3], [4], [5], and [6].

2 CANONICAL FORM

An electrical netlist, with or without cycles, is usually rep-

resented as a directed hypergraph, e.g., Figure 1(a). We

introduce an ordered directed k-partite graph representa-
tion of the netlist, e.g., Figure 1(b), as follows:

(1) Decomposition: These steps generate an acyclic graph.
o We first decompose the circuit into its strongly con-
nected components (SCCs). In Figure 1(a), the two non—
trivial SCCs are shaded.
o The graph is then rendered acyclic by deleting as few
feedback edges as possible in each SCC. For example, the
feedback edges in Figure 1(a) are | — f3 (SCC1), m — f1
(SCC32), n — f2 (SCC2). Note that, a feedback edge
can exist only between a combinational cell and a flip—flop
since we are dealing with synchronous circuits only.
« Each deleted feedback edge is represented by a feedback
PO (FPO) at its source and a feedback PI (FPI) at its
sink position (diamond-shaped in Figure 1(b)).

(2) First Levelization: This procedure is well known.
o All PIs and FPIs are assigned a level = 0.
o All cells are assigned a level > 0 using topological sort.
o Each net inherits the name and level of the driving cell.
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(3) Second levelization: The initial levelized form is further
modified as follows:
o Each PI or FPI net is assigned a level =1 —1 where [ is
the minimum level of cells that it is driving. For example,
PI d is Figure 1(b) drives cells at a minimum level of 2,
hence, d is assigned a level = 1.
« Each net is assigned a netspan A = pmaz — Pmin Where
Pmaz and Pmin are the maximum and minimum level of
cells it is adjacent to.
o Each net of netspan A > 1, is broken into segments by
introducing A — 1 single-input, single-output feedthroughs.
In Figure 1(b), we see one feedthrough on the net f1.
Feedthrough at level 7 is named as <net_name>.i.
« Finally, each net is replaced by a net node with fan—in
of 1, but variable fanout.
e A net node at SCC i is be called a component I0 or CIO
if it drives a cell at another SCC j(# ¢). Net g5 is a CIO
in Figure 1(b).
(4) Find the local clustering at each level: We capture the
local clustering by finding the connected components (CCs)
of the underlying undirected graph at each level. This is
done by a simple DFS search. CCs at level ¢ consists of cell
nodes at level 7 and net nodes at level ¢ — 1. In Figure 1(b),
each net and cell node is marked with the CC number that
it belongs to.
Characteristic Wiring Signature. The wiring signature
captures many attributes of the physical structure of the
netlist. We characterize each cell node (Figure 1(a)) in the
canonical form as a 6-tuple of the form:

<name> <type><input,output><level><CC><SCC>

(a) reference netlist, (b) reference canonical form,
(c) instance of a mutant (canonical form), (d) mutant
netlist.

Fig. 1.
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Fig. 2. Characteristic signatures: (a) cell nodes, (b)
nodes, (c) compressed form.

Here, name is the name of the cell node; type denotes the
type of the cell node and can be one of {C, D, F} de-
pending on whether it is combinational gate, a sequential
gate (a flip-flop) or a feedthrough respectively; the pair
(input,output) denotes the number of input and output
pins of the cell; level, CC and SCC are the level, CC and
SCC the cell belongs to.

Similarly, we characterize each net node ((Figure 1(b))
as a b—tuple of the form:

<name><type><level><CC><SCC>

Here, type is of the form x-z where x € {I,i,0,0,C,D,F}
which correspond to net nodes of type PI, FPI, PO, FPO,
net nodes driven by C—type cells, net nodes driven by D—
type cells, net nodes driven by F—type cells respectively; z
€ {Y,N} corresponding to whether the net node is a CIO
or not.

We compress, without any loss of information, the de-
tailed signatures in Figure 1(a),(b) by sorting the cell/net
nodes based on their type and level and report a levelwise
distribution. The compressed form of the characteristic
wiring signature in shown in Figure 2(c).

At each level i, L; x denotes the total number of net
nodes of type X where X € {I,i,0,0,D,F} (definitions of
these symbols are as before) or X may be of type C. Nets of
type C are further sub—divided based on the number of input
pins and output pins of the cell driving it. Hence, L; c,, ,.
denotes the total number of net nodes at level 7 that are
driven by cell nodes with m input and n output pins.

The entities CC¢c and CCy in Figure 2(c) denote the
number of CCs formed with cell nodes and net nodes re-
spectively at level 4.

Using the characteristic signature, we can derive a num-

ber of fanout bounds which are essential for the proper ter-
mination of the mutation process. Discussions of the fanout
bounds are omitted (see [7] for details).
Mutant Equivalence Class. The characteristic signature
of a circuit is unique (unique under a given feedback vertex
set)’. It induces an equivalence class that is defined as the
collection of all circuits that have the same signature as the
current circuit (called the reference circuit). Each circuit
in this equivalence class is called a mutant of the reference
circuit. In the next section we describe the method for
generating the signature—invariant mutant circuits in this
equivalence class.

INote that the feedback vertex set (FVS) is not unique. The problem of
finding a minimum FVS is known to be NP-hard. We find a minimized
FVS using a polynomial time algorithm and maintain it for all the mutants.

3 MUTANT SYNTHESIS PROCEDURE

The mutant synthesis procedure consists of two basic steps:
perturbation and mutation. The process is initiated by a
perturbation in the canonical form. It amounts to random
removal of p wires or ¢% wires at each level .

Mutation comnsists of restoring all the connections as a
random process. However, any such connection must con-
form to the conditional incidence relationships [2], [7] which
dictate the allowable connections between a net and a cell
node based on their individual types. Additionally, the con-
nections must maintain the fanout bounds derived from the
signature[7]. These are essential for maintaining the char-
acteristic signature.

Observing the fanout bounds and the conditional inci-
dence relationships are necessary but not sufficient condi-
tions for maintaining the signature in a sequential circuit.
Due to the nature of the sequential circuits (presence of
loops etc.), one needs to observe the following two con-
straints that are unique to sequential circuits:

S1, Feedback Vertex Set Invariance (FVI): The feed-
back vertex set (FVS) present in the reference circuit must
be preserved. FVI may be equivalently stated as feedback
edge set invariance, FEI, since there is a one-to—one corre-
spondence between a feedback edge and a feedback vertex.
S2: Each node, including each feedback vertex, on a cycle
must have a path to at least one PO of the circuit.

FVI is essential for maintaining the signature. Without

the FVI, the levelization of the cells changes, hence, the

signature cannot be maintained. Condition S2 is related to

the quality of the mutants generated — without S2 there is

a possibility of having isolated/floating parts in the mutant

that cannot be observed at any of the POs of the circuit.

For example, for the mutant in Figure 1(d), if the cycle in
SCC; did not have a path g5 — n — Z to the PO Z, the
entire circuitry in SCC1 would be floating and would not
serve any purpose.

The essence of maintaining the FVI is to create a path,
in the acyclic canonical form, from an FPI n; to the FPO
m, that is designated to be connected to n;. It ensures

that in the cyclic graph the edge between m, and n; will
remain a feedback edge. Further, since each FPI drives a

single flip—flop, it is ensured that no additional feedback
loop will be introduced in the cyclic graph. Details of the
FVI maintenance procedure is involved and are omitted (see
[7] for details). In the following, we describe a few concepts

that are useful for this purpose.

Feedback tokens (F-type tokens). We associate a feed-
back token with each feedback vertex (or, equivalently, with
each feedback PI (FPI) since the only fanout from an FPI
is to a feedback vertex). Each FPI, n,, issues a distinct

feedback token a,. For any connection from a cell node

C; (net node Nj) to a net node N; (cell node C;), N; (C;)
inherits all the tokens of C; (IV;). The mutation process

must ensure that the FPO, m,, that is going to be con-
nected to m, (in the cyclic graph) receive the token ay, (to
satisfy condition S1). Additionally, @, must reach at least
one PO (to satisfy condition S2).

Component tokens (C-type tokens).
are issued by the component IOs (CIOs) under certain
conditions.

Component tokens

If a CIO in SCCj receives feedback tokens
{f1,..., fn}, at least one of which has not yet propagated

to any PO, the CIO issues a C—-token c;. ¢; ceases to exist
when all of {f,...
some other path). Component tokens play a pivotal role
in carrying the feedback tokens to a PO from an SCC that

, fn} reach some PO (possibly through
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Fig. 3. Mutation process in channels i,4 + 1,7+ 2,7 + 3.

does not have any PO in it.

Forward token net set. A forward token net set at level
i is defined as the minimal set of net nodes (at level 7)
that contains all the ‘alive’ tokens (tokens that are yet to
propagate to a PO), both C and F-type, issued up to level
7. In other words, to pick up all the tokens, it suffices to
look up the nodes in the forward token net set.

Feedback token net set. A feedback token net set at
level i is defined as the mazimal number of net nodes that
must carry all the tokens.

Connection Assignments. The connection assignments
at each level 4,7 > 0, can be broadly classified into five steps.

(A1): bounded net node edge assignment. Here, p; net
nodes at level i are assigned a bounded distribution of g;+1
edges that are to be connected to g;4+1 input pins of cell
nodes at level 7 + 1;

(A2): forward token met set formation. Both F and
C-type tokens are combined on cell nodes, subject to the
bounds on the forward token net set.

(A8): feedback loop completion. Cells driving FPOs are
connected to token—carrying net nodes, and, FPOs are con-
nected to FPIs such that each FPI gets back the token it
issued.

(A4): local CC formation. Ensures that each cell/net in
CCy has an undirected path to every other cell/net in CCj.

(A5): restricted cell node edge connection. Remaining
of the g;+1 edges sourced at the net nodes are sunk at in-
put pins of cell nodes, subject to the conditional incidence
relationships.

Note that no connection is allowed between cell/net nodes
belonging to different CC and/or SCC. The only exception
are the CIOs which drive cells in different SCCs.
Illustrative Example. We illustrate the mutant synthesis
process through a simple example in Figure 3. Figure 3(b) is
a 100% perturbed version of the channel at level i shown in
Figure 3(a). Note that at this level we have two local CCs,
CC: consisting of the feedthrough d.2 and the net node d.1
and CCs consists of all other cells and net nodes.

Figure 3(c) illustrates the fanout assignment to each net
node under certain bounds. In Figure 3(d), the forward to-
ken net set is formed. Note that tokens fi (F-type) and c1
(C—type) are ‘alive’ here. The upper bound on the forward
token net set at this level is 2. By random choice, we as-
sign both fi and c¢1 to the single node I, thereby forming
a forward token net set of size 1. Figure 3(e) and (f) per-

form connections to ensure the levels of combinational gates
(CGs) and PIs, as dictated by the conditional incidence re-
lationships. Note that, after the step in Figure 3(f), CCs
has been reconstructed; if not, we would have to do that in
the next step. All the remaining connections are completed
in Figure 3(g) (in the process, CC: gets formed). (In Fig-
ure 3(d)—(g), connections at each stage are shown by bold
edges).

Connections in Figure 3(h) are done in the order as marked
on the edges. Note that, the FPI named m-FPI issues a
new feedback token fo at this stage.

In Figure 3(i), the feedback loop is completed. The FPO
m-FPO receives both the tokens fi and fa, corresponding
to FPIs a-FPI and m-FPI. Hence it can be connected to
either of a-FPI or m-FPI. By random choice, we connected
it to m-FPI.

Finally, in Figure 3(j), the feedback loop corresponding to
token fi(issued by a-FPI) is completed and all the tokens
({f1, f2,c1}) are propagated to a component output. Since
all the tokens issued in this SCC have been propagated out
of it, the mutation process is considered to be successful.

4 EXPERIMENTAL RESULTS

In this section we produce experimental results to show the
usefulness of the mutant classes as benchmarks for testing
CAD algorithms. We report results with two equivalence
classes of the benchmark s1423 - the isomorphism class
and the 100% mutation class (more extensive results are
reported in [7]). There are 128 circuits in each class. These
mutants, in addition to preserving the signature, also pre-
serve the number of strongly connected components (SCCs).
Preserving the numbers of SCCs is not guaranteed by the
mutation process, although it attempts to do so. In these
experiments, we filtered the generated mutants to have mu-
tants with the same number of SCCs as the reference circuit.
The success rate was about 70%.

We judge the quality of the mutation classes by compar-
ing the performance of various physical design algorithms
on (1) the isomorphism class and (2) the mutation class.
The tools we used in this experiments are: (1) DOT [8] to
generate circuit schematics and analyze the number of wire
crossings; (2) PROP [9] to report the mincut of a balanced
bipartition; (3) OASIS [10] to layout the circuits using stan-
dard cell place and route methodology and report layout
area and wire length; (4) VPR [11] to place and route in an



TABLE 1
STATISTICAL SUMMARY OF THE DISTRIBUTIONS.

Algorithm pfor| pfor| % |ofor| o for| % |t-test
ISO | MUT | diff. | ISO | MUT | diff. | score
WC (DOT[3]) 3172 | 3249 | 2.4 | 515 | 530 | 3.0 | 1.3

Area (OASIS[10]) | 1.84 | 1.88 | 2.2 | 0.47 | 0.50 | 6.8 | 6.6
WL (OASIS[10]) | 2.30 | 2.39 | 4.1 | 0.10 | 0.11 | 5.6 | 6.8

WL (VPR[11]) |2665| 2696 | 1.2 | 109 | 105 | 4.1 | 2.3
mincut (PROP[9]) | 13.6 | 153 | 12 | 4.2 | 44 |57 3.1

FPGA architecture and report the routing wire length. Re-
sults are shown in Figure 4 which shows the frequency dis-
tribution of the cost function for the respective algorithm.
Table I shows the relevant statistics of these distributions,
e.g., the mean (u), the standard deviation (o), the percent-
age variation of these parameters in the mutation class with
respect to the isomorphism class, and results of statistical
t—test [12] to determine how different the two distributions
are.
Figure 4(a),(e): Here we report distributions of the num-
ber of wire crossings, as optimized by DOT [8]. It is ev-
ident that the two distributions are very similar. It may
be noted that unlike the isomorphic circuits, the circuits
in the mutation class are all different, but the class offers
the same level of difficulty to the tool (DO, in this case)
as the class of isomorphic circuits would. Table I shows
that the mean for the two classes vary by an insignificant
2.4%. A t-test also reveals, with a 95% confidence, that
the two distributions are indistinguishable [12].
Figure 4(b),(f): Here we report the area for the layout
tool in OASIS. Again the distributions for isomorphism
and mutation class are very similar and there is insignifi-
cant percentage variation in their mean values as shown in
Table I. The t—test score says that the two distributions
are distinguishable, which is not surprising since the two
classes are different. However, the mutation class offers
approximately the same degree of difficulty to the CAD
tool as the isomorphism class.
Figure 4(c),(g): Here we report the routed wire length for
the FPGA place and route tool VPR [11]. The distribu-
tions are similar with insignificant variations in mean. The
t-test score of 2.3 implies that although the distributions
are different, the difference is small.
Figure 4(d),(h): Here we report the size of the mincut for
a balanced bipartition. Visually, the two distributions ap-
pear similar. There is some variation in the mean but the
variation in standard deviation is smaller. A t-—score of
3.1 reveals that the two distributions are different but still
quite close.
These results show that the mutation class behaves very
similarly to the isomorphism class under four different phys-
ical design algorithms optimizing four different cost func-
tions. This has been possible through an accurate represen-
tation of the netlist in the canonical form, and subsequently,
in the signature.

As a further experiment, we generated an equivalence
class of 128 circuits by randomly choosing 8 mutants and
generating 16 isomorphic instances of each. For wire cross-
ing optimization by DOT, this new class produces a dis-
tribution that is indistinguishable from the original mutant
class as well as the reference isomorphism class. This shows
the closeness of the mutants.

5 CONCLUSIONS AND FUTURE WORK

In this paper we have presented a useful method of gener-
ating circuit equivalence classes that preserve many netlist
properties of the reference circuit. Four different physical
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Fig. 4. Comparison of the performances of various physi-
cal design algorithms on the isomorphism and mutation
classes.

design tools produce similar results for the mutants as they
would for the isomorphism class, in spite of the mutants be-
ing all different circuits. Hence, they can be used for design
of experiments as described in [1] for benchmarking CAD
algorithms for physical design.

Future work includes setting up elaborate experi-
ments for the performance evaluation of the physi-
cal design tools. For updates on experiments, see
http://www.cbl.ncsu.edu/experiments/DoE_Archives/
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