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Abstract — The Internet-based desktop environment as de-
fined in this paper consists of a cross-platform browser, a
number of server icons (host nodes), a number of application
icons (program nodes) and a number of data icons (file nodes).
In contrast to typical desktops of today, where data icons may
be dragged and dropped onto application icons for execution,
this environment allows (1) user-defined and reconfigurable
execution sequences by creating dependency edges between
program nodes (application icons) and file nodes (data icons);
(2) data-dependent execution sequences by dynamic schedul-
ing of path as well as loop ezecutions; (3) host-transparency
as to the location of applications and data (both can reside on
any host with a unique IP address).

We demonstrate that the Internet-based workflow paradigm
is suitable for creation of dynamically reconfigurable desktop
environments. In related research, we show that the proposed
desktop s particularly suitable for making such an environ-
ment collaborative and recordable.

I. INTRODUCTION

Design of Ezperiments and Ezperimental Design are well-
established disciplines in sciences and manufacturing pro-
cesses; keyword entries to pupular search engines on the Web
return up to 11,259 and 32,086 hits, respectively. However,
the application of the Design of Experiments (DoE) method-
ology to performance evaluation of algorithms in CAD does
not appear to be included in these hits.

Upon analysis of results in current publications on VLSI
CAD, a statistician could well conclude that the incremental
improvements in say wire length after placement, layout area
after placement and routing, etc., as typically reported, have
little if any statistical significance. The major problem is that
experiments are performed on a single instance of few unre-
lated circuits  unlike the experiments in, say biomedicine,
that are expected to be conducted on a a class of subjects
with well-controlled properties (same species, same sex, same
age, same weight, same cholesterol level, etc.). As we demon-
strate in the paper, the performance of a heuristic can vary
widely just by changing the order in which the data for the
same netlist is presented.

A number of approaches to synthesize circuit descriptions,
expected as useful for ‘benchmarking’, have been published
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recently. Unlike random graphs, these take into account con-
straints of digital circuits [1],[2] [3]. The approach in [4] re-
lies on logic-invariant transformations and can generate larger
and larger graphs without changing the function. However,
as shown in this paper, reporting results of ‘benchmarking’
is not equivalent to reporting results of experimental design
with equivalence circuit classes. We expand on the notion of
‘equivalence class’, as introduced in [3], to not only formalize
the design of experiments but also to introduce an important
new circuit equivalence class, the class of sequential mutants.

The paper is organized into sections that bring together the
following: (1) formal introduction of equivalence classes, using
the directed bipartite graph as the primitive class; (2) design
of simple experiments to illustrate the performance evaluation
of representative algorithms in physical layout with classes
in (1); (3) characterization of invariants in netlists with cy-
cles such that we can synthesize sequential circuit equivalence
classes called sequential mutants.

II. BACKGROUND AND MOTIVATION

In this section we formalize the definitions that lead to graph
equivalence classes and conclude with representative illustra-
tions for each member of the class.

Crossing number in bidags. Counsider a bipartite directed
acyclic graph (bidag) G» = (Vo, V1, E) and its embedding in
a plane so that the nodes in V; occupy distinct positions on
the line £ = ¢ and the edges, directed from Vy to Vi, are
straight lines. We consider each embedding as a presenta-
tion (G2, mo, ™), where m; is a permutation of V;. For any
embedding, C'({G2, mo, ™)) denotes a crossing number of G2,
the number of line intersections induced by the embedding.
This number depends only on the permutation of V; along
y = ¢ and not on specific y-coordinates. The objective of
the bigraph crossing problem is to compute (or approximate)
C(G2) = ming, », C({G,mo, m1)), a problem proven to be NP-
hard [5].

Characteristic signatures of bidags. A characteristic sig-
nature of a reference graph (bidag) G2, bidag can be any num-
ber of mappings based on parameters that relate to the size
and distribution of vertices and edges in the graph. Examples
of signatures that we find useful in this work include:

Uiso(GQ,r) =
Omut (GQ,T)
Url]d(GZ,T) =

I (Identity)
{IVol, (dist|Vi)), (dist(1E]))} (1)
{IVol, Vil [ET}

where (dist|V1]) denotes the distribution of vertices in Vi,
classified in terms of edges incident at each vertex, and
(dist(|E|)) denotes the distribution of edges in E classified
in terms of connected components that constitute Ga,,.

Perturbations in bidags. Given G»,,, we induce a pertur-
bation graph (bidag) G4, as follows: (1) we randomly select
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Fig. 1. TIllustrating graph and hypergraph models of a directed bi-
partite graphs (bidags) for three equivalence classes.

(place & route in OASIS)

and remove a fraction g of edges from E and put them into
an empty urn, (2) we pick edges from the urn and randomly
connect vertices Vy and Vi, preserving the direction from Vj
to V1, until the urn is empty.

Equivalence classes of bidags. We define equivalence
classes (of bidags) in terms of presentations (G2, mo, m1), sig-
natures o(G2,r), and perturbations G5 ,. In this paper, we
define three equivalence classes: isomorphic, mutation, and
random:

(G2)iso = {presentation(Ga,r, mo, m1)|Tiso (G2, }
(G2)mut = {presentation(Gb,,, To, T1)|Tmut(Gz,r } (2)
(G2)na = {presentation(G{Z,T,wo, m1)|omd(Ga2,r }

Each class must satisfy the characteristic signature associated
with the class. There can be several subclasses of the mutant
class, depending on the size of the perturbation in G5 ,. For
uniformity with earlier classifications and illustrations in this
paper, we refer to (G2)iso as the WD class, (G2)mut as the
WBB class, (G2)na as the WRD class.

Illustrations (graph model). Representative instances of
reference bidags for each of the three classes are shown in
the top part of Figure 1 (we defer the discussion about the
bottom part to the next paragraph). In the context of the
work that follows, we will refer to vertices in Vi as net nodes
and vertices in V7 as cell nodes. The graphs in Figure 1 dif-
fer in connectivity only, all have 5 net nodes, 7 cell nodes,
and 11 edges. Each instance of the graph satisfies the signa-
ture ownga = {5, 7,11}, but only instances of the isomorphism
and mutant class satisfy the signature omut = {5, (3,4), (11)}.
The latter signature shows that we have 3 cell nodes with 1
input and 4 cell nodes with 2 inputs; there is a single con-
nected component with 11 edges. In contrast, note that the
instance of the random graph consists of two connected com-

ponents and a distribution in |Vi| that is different and may
change with any new instance of the random graph.

The crossing numbers in this graph are shown to be 14,
8, and 10. While not obvious, the reference graph in the
isomorphism class does have a bi-planar embedding, i.e. its
crossing number is (.

Illustrations (hypergraph model). When submitted to
place and route tool such as OASIS [6], each graph in the
top part of Figure 1 may be routed as the hypergraph model
shown in the bottom part of Figure 1 — assuming that the
node orders shown for the respective graphs above are pre-
served. Notably, with the hypergraph model, there can be a
significant reduction in the wire crossing wrt the graph model:
from 14 to 5, 8 to 7, 10 to 7, respectively. A number of ques-
tions arises when considering algorithm performance in terms
of the graph and hypergraph models as shown in Figure 1:

(1) “How effective are the algorithms that minimize the
crossing number in graphs?”

(2) “Can minimization of crossing number in graphs indi-
rectly minimize the crossing number in the hypergraph model,
leading to placements with shorter wire length and fewer
tracks in the routing channel?”

In the next section, we provide a number of illustrative exper-
imental designs that may provide, when fully implemented,
answers of statistical significance to question posed above.

III. DESIGN OF EXPERIMENTS

Two of the fundamental principles of experimental design are
randomization and replication. We adopt these principles for
the experimental evaluation of heuristics by (1) creating a
presentation equivalence class and (2) repeating the experi-
ments for each member in the class. The basic abstractions
for such experiments include

1. an equivalence class of experimental subjects, eligible

for a treatment;

2. application of a specific treatment;

3. statistical evaluation of treatment effectiveness.
Here, a treatment is synonymous with a heuristic and an
equivalence class of experimental subjects is synonymous with
a graph presentation class. Figure 2 illustrates these abstrac-
tions in a generic flow. In this paper, treatments we apply in-
clude crossing number minimization, placement and routing,
partitioning, and simulation. The indexes under evaluation
include mincut, crossing number, wire length, layout area,
entropy of circuit outputs and states.

Performance index specifics. For any given placement of
nodes, the evaluation of the crossing number in a bidag is un-
ambiguous and unique. This is not the case for its hypergraph
model the crossing number can vary with the placement of
the Steiner points (as can be readily observed in Figure 1).
However, by restricting each pair of nets to cross at most
once, we bypass the Steiner point placement problem and
calculate a well-defined lower bound on the crossing number
in the hypergraph model of the bidag [10]. This bound is the
crossing number for the hypergraph model reported in our
experiments. The related crossing distribution problem, as
formulated in [11], considers the graph model.

Assuming a point model for each node and unit grid place-
ment, we developed simple formulas to evaluate wire length
in the graph and hypergraph model [10]. In OASIS [6], wire
length and area are reported directly. To evaluate the crossing
number for each OASIS placement, we extract the placement
and report its crossing number for both the graph and hyper-
graph model.

Experimental subjects. In this section, we present results
of experiments based on isomorphism, mutant, and random
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Fig. 2. Design of experiments to characterize properties of equivalence class test cases wrt a number of treatments.

classes (hundred graph instances in each class), each derived
from the reference circuit ref multil 016 (66 net nodes, 67
cell nodes, 134 edges). This is one of several graphs designed
to evaluate asymptotic performance of crossing number min-
imization algorithms in [8].

Results and surprises. A partial summary of experimental
results is shown in in Figure 3, with data arranged in 4 rows
and 3 columns. Each of the columns relates to the isomor-
phism, mutant, and random class, respectively. We briefly
highlight the following observations:

Crossing number in bidags(all treatments). There is no
surprise for Treatment 00 (random placement). Regard-
less of the class, the crossing number mean is about
the same and within range predicted by a formula [12].
The major surprise is the high variability of the crossing
number for the isomorphism class a perfect algorithm
would have reported a crossing number of 32 for each
and every presentation of (G2, mo, m1). The best aver-
age is achieved with Treatment 02 [8]. The average re-
ported by Treatment 03 (OASIS, [6]) is surprisingly high,
notwithstanding that the index minimized in OASIS is
based on a model of a wire length. The performance of
all treatments is relatively comnsistent across all equiva-
lence classes.

Crossing number in hypergraphs (Treatment 03). There is
significant reduction in the crossing number vis-a-vis the
graph model. However, it is also clear that a placement
with much less wirecrossing in hypergraph model are
most likely available with other treatments.

Crossing number correlations (Treatment (03). The corre-
lation experiments are designed to address the question
“Will a placement with significantly reduced crossing
number in the hypergraph model also reduce the wire
length in the same model?” Results of limited testing
nad with relatively crude models (and noisy data from
the OASIS placement) are indicating that reduced wire
length can be expected by reducing the crossing num-
ber in the hypergraph model. Significantly, this trend
has best correlation coefficients for the isomorphism and
mutant classes, but the correlation is insignifcant for the

random class!!

Observations not illustrated. The most important observa-
tion is that we find insignificant correlation between the
crossing number and wire length in the graph model
across all equivalence classes in stark contrast to the
notable correlation betwen the respective parameters in

the currently still crude hypergraph model.
Additional experiments with isomorphism and mutant classes

for multi-level sequential circuits are reported in Section V.

IV. SEQUENTIAL MUTANT CLASS

Similar to mutation class (G2)mus in (2) for bidags, we can in-
troduce a procedure to synthesize a mutation class for multi—
level electrical circuits. An electrical circuit, rendered acylic
by deletion of feedback edges (if any) and topologically sorted,
can be modeled as a multi partite bidag. As an extension
of the model of a bidag presented in Section II, we model
the circuit as a k-partite dag Gi,, (the reference dag), with
k=2 x number of levels in the circuit.

Gk’!‘

s

((V07 Vl’ EO)’ (V17 V21 El)a ey (‘/;,17 ‘/iyEi—l),
ceey (kal, Vi, Ek,1)

(3)

We can think of Gy, as k bidags juxtaposed. Like the two—
layer bidag G, the k-partite bidag has its characteristic
signature o(Gy ), which is more complicated than o(Gs,,)
for obvious reasons and will be illustrated later in this sec-
tion. Similarly we can define the mutant class (G )y of the
reference k-partite dag (the reference circuit) as

(Gk,r);snut = {presentation (le,ra Oy ey ﬂ.k)|0mllt(quT} (4)

In Gy, only bidags G;—1,, = (Vi—1, Vs, Ei—1) where i is an
odd number are perturbed to create mutations. In contrast
to mutations in stand-alone bigraphs described in Section II,
mutations in bidags that are embedded as per G, must sat-
isfy a number of additional constraints that we did not require
ealier. Furthermore, we must devise a process to break cycles
and eztract G, from a sequential circuit netlist (a hyper-
graph) in the first place, and when mutations are completed
for each section Gi—1,, = (Vi—1,Vi, Fi—1), we must have the



(a) Crossing number (bidags) reports for all Treatments
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(b) Crossing number (hypergraph) histograms for Treatment 03
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(the isomorphic class, WD, the signature invariant, component invariant mutant class, WBB, and the random class, WRD) derived from a

reference bigraph ref multi1_016.

freedom to reconnect all of the cycles that have been broken.
Clearly, the process is complex and can only be outlined in
brief steps as follows:

o Form the k-partite form, Gy ,, from a netlist.

o Determine the characteristic signature o(Gy,) of the ref-
erence graph Gy ,.

o Induce perturbations in the reference graph Gy ,.

o Define mutant equivalence classes (Gi,r)mus of Gi,r.

« Invoke the mutation process tp generate (Gy . . for a
sequential reference circuit Gy ,, with a description of

issues arising due to the presence of cycles in it.

Each of these steps is described in more detail next.
Generating the k-partite Graph — the Canonical
Form. The electrical netlist is a hypergraph possibly with
cycles. First of all, it is transformed into an acyclic graph
and levelized through a topological sort as described below.

(1) the circuit is first decomposed into a number of strongly
connected components (SCCs);

(2) it is then rendered acyclic by deleting as few feedback
edges as possible in each SCC;
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Fig. 4. Representations of one SCC (SCC)) in the reference circuit and its mutant.

(3) each (deleted) feedback edge is represented by a feed-
back PO (FPO) at its source and a feedback PI (FPI) at its
sink position.

(4) all nets not driven by a cell are assigned a level = 0 and
designated as primary inputs (PIs), FPIs also are assigned a
level = 0,

(5) all cells are assigned a level > 0, determined uniquely
by the topological sort of the netlist;

(6) each pin of the net inherits the level of the incident cell;

(7) for each net, netspan® > 0, always;

(8) a pin of the net not driving a cell is designated as a
primary output (PO).

The graph obtained after these steps is still not k-partite
because of the presence of nets spanning more than one level.
The k-partite form is obtained through the following trans-
formations. The order of these transformations is important.

T1: For each PI or FPI net, initially at level = 0, and
driving cells at level = k;, re-assign level = min{k;} — 1
since such a PI net does not determine the level of any of
the cells it drives. This is due to the cell level topological
order assignments.

T2: For each net, driven by pin ¢ (at level j) and
netspan = k+1,k > 1, (a) connect net ¢ to input pins of
all incident cells at level j + 1, (b) place a single-input,
single-output feedthrough cell at level j + 1, connect its
input pin to pin ¢, and connect its output pin to input
pins of all incident cells at level j+ 2, (c) repeat step (b)
z-times until j+ 2z =k + 1;

T3: Replace each net with a net node (a net node mirrors
the cell node: its fanin is 1 and fanout is variable).

A canonical form of the netlist in Figure 4(a) is shown in Fig-
ure 4(b). For example, the PI net a first has been moved from
level 0 to level 1, and then the 2-pin net a with netspan of 5
has been transformed into a net node q, driving a feedthrough
node a.1, which in turn drives net nodes a.2, a.3 and a.4. No-
tice one PI like (r) and one PO like structure in the canonical
form of the SCC. These are component input and component

1For each net, netspan = Pmaz — Pmin, where the two numbers denote the
maximum and the minimum pin level of the net.

output respectively, which will be discussed later. With re-
spect to Figure 4(b), it can be readily verified that edges con-
necting net nodes to cell nodes span levels i — 1 and ¢, while
edges connecting cell nodes to net nodes remain at level .

It may also be seen from Figure 4(b) that the k-partite

graph in the canonical form consists of a number of bidags
juxtaposed.
Characteristic Signature. The characteristic signature
(Gg,,) of the k-partite graph is an extension of the signa-
ture o(Gy,r) of the bidag that typifies the different cell and
net nodes distribution.

Each distribution is defined for the bidag at level ¢ as fol-
lows:

L; r: total number of PI net nodes;

L; o: total number of PO net nodes;

L; a: total number of net nodes driven by feedthrough cells;

L;1: total number of net nodes driven by 1-input combi-
national cells;

L;»: total number of net nodes driven by 2-input combi-
national cells;

L; ;,c: total number of net nodes driven by k-input com-
binational cells and driving combinational cells only;

L; i, p: total number of net nodes driven by k-input com-
binational cells and driving a feedback vertex only;

Level i : 0123456 Level i: 0123456 Level i: 0123456
Lir 0110000 n};”‘g‘ 0022120 <I>:.'fg,"”:0022120
L;i o 0000001 ‘I’;',l}_" 0220000 @/ : 0220000
L; a 0011110 n};f‘;" 0011110 @;ﬁg’”-oo1111o
Liyc : 0000000 gp:.'fé," 0011110 v;’:g’:ooz1120
Lisc + 0012100 np{'j" 0110000 W:":IM 0220000
Lias 0000010 np{'fj‘" 0011110 @TZ”” 0021110
Lippr: 2000000 )

L;i p 0100100 <I>;"‘13":0100100 @7 AT 1 0200100
Lir : 0200100 w;f‘g":01oo1oo w;’:g’ 0200100

BASIC SIGNATURE SIGNATURE EXTENSION

Fig. 5. An example of a circuit signature and its extension.



L; ;,s: total number of net nodes driven by k-input com-
binational cells and driving both a feedback vertex only and
combinational cells;

L; p: total number of net nodes driven by flip—flops or
latches;

L; rpr: feedback PI, total number of feedback net nodes
driving a feedback vertex (flip—flop/latch);

L; rpo: feedback PO, total number of feedback net nodes,
Lirpo = Zk {Lix.B +Likrs} (k=2or 1 normally);

®7 x: upper (z = mazx) and lower (z = min) bounds on
the total fanout for net nodes of type X, where X = [ is a
case of a PI net node, X = A is a case of a net node driven
by a feedthrough cell, X = C is a case of a net node driven
by a combinational cell, X = D is a case of a net node driven
by a sequential cells (flip—flop);

@i x: upper (z = maz) and lower (z = min) bounds on
any single node fanout for net nodes of type X, where X is
as defined earlier;

gi+1: total number of edges at level i + 1 to be driven by
net nodes at level i.

For simplicity, we have restricted it to 1- and 2-input combi-
national cells only. The signature gives rise to unique bounds
on the fanout of the net nodes shown as a part of the ‘extended
signature’. The sequential mutation process must maintain
these bounds in addition to the conditional incidence rela-
tionships that we have developed for the sequential circuits
following [3]. However, it is not sufficient for the sequential
mutants to conform to the fanout bounds and conditional in-
cidence relationships only. Due to the sequential nature of
the problem, they need to also maintain the feedback vertex
set invariance with the reference circuit which will be defined
later in this section.

Perturbation in the k-partite Graph. A perturbation
amounts to the remowal of p wires or ¢% wires from either or
both of the channels at level i. An example of 100% wiring
perturbation is shown in Figure 4(c). Other degrees of per-
turbation are essentially the same. The wiring perturbation
leaves some or all of the nodes in the circuit floating, and the
mutation process consists of restoring, as a random process,
all connections that have been removed by the wiring pertur-
bations. The circuit mutant does not look isomorphic to its
reference circuit in Figure 4(b). However, it shares the same
characteristic signature o(Gy,~) as the reference graph that
makes it belong to the mutant equivalence class of Gy, ,.
Mutant Equivalence Class. The mutant equivalence class
of Gy,r is induced by its signature o(Gp,-) in the same way
as in the bidag model, although the signature for a k-partite
graph is more elaborate than that of a bidag. The equivalence
class exists due to the uniqueness of o(Gy ) (unique under
a given feedback vertex set). The signature-invariant equiva-
lence class (Gr,r)mut Of a circuit Gy, is the set of all circuits
whose signature is o(G,»). We say that these circuits are
mutants of the reference circuit Gy, ,.

Mutation Process in k—partite G ,. Before we can dis-
cuss the mutation process, we need to discuss the issues aris-
ing due to the sequential nature of the circuit and the presence
of cycles.

FVS (Feedback Verter Set) Invariance. The sequential mu-
tants must maintain the signature of the reference circuit.
This requires maintaining two following two sequential con-
straints:

S1: Each node on a cycle must have a path to at least one
PO of the circuit?.

2This condition is required for having a good fault coverage, observability
and reachability.

S2: The feedback vertex set (FVS) present in the reference
circuit must be preserved®. We maintain this feedback
vertex set for all the mutants.

For the sake of brevity, the process for maintaining the FVS
invariance is not explained in full details here. In the following
we mention the basic concepts towards FVS invariance.
SCC-Graph, Gs. The SCC graph G, of a cyclic graph G is
defined as a graph (possibly a multi graph) with vertices as
the strongly connected components SCCi,...SCC,. There
exists k edges4 SCC; — SCC; if there are k nodes in SCC;
that drive some node in SCC;. The net nodes which drive a
node in another SCC are called a component IO or CIO. It
is a component output for the driving SCC and a component
input for the SCC driven by the net. The CIO carries loop
information from one SCC to another.

SCC-Signature. After casting the whole circuit into the
canonical form, we extract the signature of each SCC. (The
mutation process works only on individual SCCs and not on
the whole circuit).

SCC-level. The SCC-levels determine the levels of the SCC
nodes in the SCC—graph. The SCC-levels are determined by
a topological sort on the SCC graph.

Feedback tokens (F-type tokens). We associate feedback
tokens with each feedback vertex in the cyclic graph. In the
acyclic graph that we start with, each feedback PI (FPI) issues
a token and the token is named after the FPI. When the FPI
is connected to a logic node, the token is propagated to the
node. Eventually, all the tokens should reach at least one
PO of the circuit, and they must also reach the feedback POs
(FPOs).

Component tokens (C-type tokens). Component tokens
are issued by the component outputs (CO) under certain
conditions. If a CO in SCC; receives feedback tokens
{fi,...,fn}, at least one of which has not yet propagated
to any PO, the CO issues a C—token ¢;. ¢; ceases to exist
when all of {fi,..., fn} reach some PO (possibly through
some other path).

Forward token net set. A forward token net set at level ¢
is defined as the minimal set of net nodes (at level 7) that
contains all the ‘alive’® tokens (both C and F type) issued up
to level ¢. In other words, to pick up all the tokens, we need
to look up all the nodes in the forward token net set. The
goal of the mutation process is to mazimize the forward token
net set. The bounds on the forward token net set is omitted
here for the sake of brevity.

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. The goal of the mutation process is to
minimize this set. The bounds on the forward token net set
is omitted here for the sake of brevity.

Without further explanation we make a note here that
maintaining the two types of net sets are critical for main-
taining the FVS invariance.

Synthesis of Mutants. The reference netlist is character-
ized to extract (1) the signature, (2) the set of feedback ver-
tices, (3) boolean logic implemented by each logic node and
(4) a hierarchical description of the netlist in terms of the
strongly connected components (SCCs) in the circuit. A sig-
nature is extracted for each SCC. The mutation process works
on individual SCCs, following a certain order. The order is
determined by a topological sort on the SCC—graph. The mu-
tant graph is obtained by flattening the hierarchy of mutant

3Note that the feedback vertex set is not unique. The problem of finding a
minimum feedback vertex set is known to be NP-hard. We find a minimized
feedback vertex set using a polynomial time algorithm.

4Imp1ying that the graph may be a multi graph.
5A token is said to be alive if it is yet to propagate to a PO.
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Fig. 6. Representations of a reference circuit and its mutant.

SCCs. The signature of the mutant circuit is compared with
that of the reference to verify that the mutant belongs to the
same equivalence class.

Connection Assignments. We consider four connection
assignments at each level i,4 > 0. As mentioned before, the
mutation is carried out only for bidags (Vi—1, Vi, Ei—1) where
1 is odd.

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

(A2): forward token net set formation through restricted
cell node edge connection. Here, both F and C type tokens
are combined on a cell nodes such that the bounds on the size
of the forward token net set is satisfied.

(A3): feedback loop completion Cells designated as FPOs
are connected, to token—carrying net nodes at input side and
FPIs at the output side, such that the FPI gets back the token
that it issued.

(A4): restricted cell node edge connection Here, ¢;+1 edges
driven by net nodes level ¢ are connected to g;4+1 input pins
of cell node at level i + 1, subject to forbidden permutation
positions;

INlustrative Example. We make use of the single mutation
channel ¢ (of SCC, of the reference circuit s27) in Figure 6
to illustrate the process. Figure 6(b) is a 100% perturbed
version of the slice 3 in Figure 6(a). Note that only wires in
mutation channel are deleted.

Figure 6(c) illustrates the fanout assignment to each net node
under certain bounds. In Figure 6(d), the forward token net
set is formed. Note that tokens f1 (F type) and ¢; (C type)
are ‘alive’ here, viz., they need to be propagated towards some
PO. The upper bound on the forward token net set at this
level is 2. By random choice we assign both f; and ¢i to
the single node [, thereby forming a forward token net set of
size 1. Figure 6(e) and (f) perform connections to ensure the
levels of combinational gates (CGs) and Pls, as dictated by
the connection constraints. All the remaining connections are
completed in Figure 6(g). (In Figure 6(d)—(g), connections at
each stage are shown by bold edges).

Connections in Figure 6(h) are done in the order as marked
on the edges. Note that, the FPI named m FPI issues a new
feedback token f» at this stage.

In Figure 6(i), the feedback loop is completed. It may be
noted that in the reference circuit, the cell was connected to
FPI a-FPI. However, in the mutant it can drive either of the
FPIS, a-FPI or m-FPI, since it receives tokens issued by both
the FPIs. By random choice we connected the cell to m-FPI.
Finally, in Figure 6(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 to this SCC have been propagated to
another component (SCCy in this case), the mutation process
is considered to be successful for SCC\.

V. EXPERIMENTAL RESULTS

We report results with two equivalence mutant classes of
the benchmark s1423  the 0% mutation class or the isomor-
phic class, and the 100% mutation class. In this experiment
we have chosen 100 mutants for each of the 0% and 100%
classes.

The tools we used in this experiments are: (1) DOT [7] to
generate circuit schematics and analyze the number of wire
crossings; (2) PROP [9] to generate a mincut of a balanced
bipartition; (3) OASIS [6] to layout the circuits and report
layout area and wire length; (4) Verilog to simulate the cir-
cuits for estimating their entropy.

The results of these experiments are summarized with his-
tograms in Figure 7.

Figure 7(a): Here we report distributions of the number
of wire crossings, as optimized by DOT, in the mutant
classes. The histogram indicates the number of mutants
having wire crossing in a particular range.

Figure 7(b): Here we report the size of the mincut for a
balanced bipartition. As can be seen in the figure, the
two classes do induce a distribution in mincuts. The
two classes offer a varied degree of difficulty to the bi-
partitioning tool under investigation. It remains to be
seen how another tool might behave with the two sets of
mutants.

Figure 7(c),(d): Here we report the area and wire length
for the layout tool in OASIS. Again, the two parameters
show a near—normal distribution for both the classes. It
will be interesting to see the performance of another tool
on these mutants.
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Fig. 7. Results of experiments with two equivalence classes of a sequential circuit (s1423)

Entropy Stmulation: Entropy calculation, based on Verilog
simulation of each mutant, showed that every circuit is
‘alive’, viz., not stuck at a particular state. Results are
omitted here for the sake of brevity.

CONCLUSION AND FUTURE WORK

We have demonstrated that
(1) benchmarking CAD algorithms cannot be done based on
a few experiments/test cases
(2) it is feasible to synthesize a large number of equivalence
class mutants of sequential circuits that can serve as the
‘classes’ needed in such benchmarking process,

(3) the mutants show excellent correlation with physical de-
sign parameters, and hence, they are not random circuits,
(4) the equivalence classes induce significant distributions in
terms of algorithm performance metrics.

The mutants find applications mostly in benchmarking phys-
ical design algorithms.

Future works include a proper design of experiments with
these mutants and subsequent statistical analysis of results.
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