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Abstract

Constrained encoding consists of finding a minimum
length state encoding that meets some requirements.
Dichotomy-based constrained encoding is more general
than other constrained encoding frameworks, but it is
also more difficult to solve in practice. This paper in-
troduces a new formalization of this problem, which re-
duces it to what we call a twin graph coloring. This new
problem leads to original exact and heuristic algorithms.
Experimental results show that the exact solver is more
efficient than the best known exact solvers, and that the
heuristic version is competitive.

1 Introduction

One essential step in sequential logic synthesis consists
of finding a state encoding that meets some requirements.
These requirements include optimality criterions of the
implementation (area and speed), and correctness crite-
rions in the case of asynchronous finite state machines
(race-free, hazard-free, or speed-independent implemen-
tation).

A dichotomy constraint forces some bit of the en-
coding to distinguish between to disjoint subsets of
states (see Section 2.1 for a more formal definition).
Tracey introduced dichotomy constraints when studying
asynchronous finite state machine (FSM) state assign-
ment [13]. He showed that if one chooses a state encoding
satisfying some set of dichotomy constraints, then the re-
sulting asynchronous implementation is critical race free.
Finding a speed-independent asynchronous implementa-
tion comes down to dichotomy-based constrained encod-
ing [14, 15]. State encoding targeting minimum-area
PLAs is also related to dichotomy-based constrained en-
coding [7, 8, 9, 17], and more generally to optimal PLA
implementations of Boolean expressions [3, 4]. State as-
signment for event-based specification is expressed as a
constrained encoding problem in [6]. In [5] the problem of
hazard-free minimization and asynchronous FSM encod-
ing for multiple-input changes is reduced to dichotomy-
based constrained encoding.

Fig. 1 illustrates the dichotomy based constrained en-
coding framework [11, 17]. Dichotomy constraints are
used to express both the correctness and the optimiza-
tion of the implementation. This framework is more gen-
eral than some other frameworks, e.g. [16], which cannot
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Figure 1: A unified framework for constrained encoding
in sequential logic synthesis.

cope with the state assignment of asynchronous circuits.

This paper proposes a new paradigm to solve the
dichotomy-based constrained encoding problem. Sec-
tion 2 first introduces some definitions, and shortly dis-
cusses the expressiveness of dichotomy constraints. It
then presents the state-of-the-art in solving dichotomy
constraints. Section 3 introduces a new approach to
dichotomy-based constrained encoding. It reduces it to
what we call a twin graph coloring. 1t then gives some
algorithmic details about how this new problem can be
solved. Section 4 discusses some experimental results.

2 Terminology and Previous Work

This section presents some definitions, and discusses
how the dichotomy-based constrained encoding problem
has been attacked in the past.

2.1 Dichotomy Constraints

Let S = {s1,...,s,} be a set of states. An encod-
ing is a mapping' o from S into {0,1}*, where k is the
length of the encoding. A dichotomy is an unordered pair
{50, 51} of disjoint subsets of S. A dichotomy constraint
expresses that the states of Sy must be distinguished from
the states of S by at least one bit, i.e., this bit must have

1Tt does not have to be injective.
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Figure 2: A three-bit encoding.
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the value 0 for all the states in Sy, and the value 1 for
all the states in Sy, or vice versa. An encoding satisfies a
dichotomy if and only if (iff) there is a bit of the encoding
that meets the requirement expressed above.

Definition 1 Given a set S of states and a set D of
dichotomies, the constrained encoding problem consists of
finding a minimum-length encoding that satisfies all the
dichotomy constraints. This problem is NP-complete.

For example?, consider the four dichotomy con-
straints {{1 3} {21}, {{1}, {2, 4}} {{1,2}, {3, 4}} and
{{1 4}, {3 } on the set of states S = {1,... 4}. ig.

shows a mlnlmum—length encoding satlsfylng all these
constraints.

Face hypercube embedding is another constrained
state encoding framework [11]. A facet is a subset f
of states of S that are constrained to be encoded in one
face (cube) of the hypercube {0, 1}*, without having any
other state intersecting this face. E.g., if f = {1,2,3},
and with an encoding 1 = 1110, 2 = 1010, and 3 = 1100,
the face spanned by the facet fis 1 — —0.

A set of facets can be easily translated to a set of di-
chotomies: for every facet f, generate the dichotomy
{f,{s}} with s € S — f, which asserts that no other
state intersects the face spanned by f; also add the di-
chotomies {{s},{s'}} for s,s' € S,s # &', which asserts
that every state 1s distinguishable. However, there 1s no
systematic way to translate a set of dichotomies into a
set of facets.

A dichotomy {Sj, S|} subsumes a dichotomy {Sp, S}
iff S{ O Sy and S D Sy. Since any encoding satisfying
some dichotomy d also satisfies the dichotomies d sub-
sumes, all subsumed dichotomies can be removed from
the set of constraints. A set of dichotomies is trredun-
dant iff there is no subsumed dichotomy.

An ordered dichotomy (Sp,.S1) is an ordered couple of
disjoint subsets of S. One says that an encoding satisfies
an ordered dichotomy (Sp, S1) iff there exists a bit of the
encoding that has the value 0 for all the state of Sy, and
the value 1 for all the states of Sy.

2.2 Previous Work

Tracey introduced the first exact® algorithm for con-
strained encoding [13]. It is called prime-covering be-
cause of its similarity with the Quine-McCluskey proce-

2For the sake of simplicity, states are denoted with numbers in
the examples given in this paper.
3Heuristic algorithms have been proposed in [13, 15, 17, 12].

dure for Boolean minimization, and it Taid down the basis
of most of the subsequent works.

A compatible set is a set of dichotomies that can be
simultaneously satisfied by a single bit encoding. The
prime-covering procedure [13] is as follows:

(1) Build all the maximal compatible sets from the given
set of dichotomy constraints D (in O(?l’lljjlI ));

(2) Find a minimum number of maximal compatible sets
that cover all the dichotomies (NP-complete).

A procedure that solves step (1?, first suggested in [13]
and described in [17, 9], is as follows. Two dichotomies
are compatible iff they form a compatible set. Clearly,
two dichotomies {Sp, 51} and {S[,S]} are compati-
ble iff there is no couple of states that are both in
So (or S1) and that are splitted between S and S}
and conversely, exchanging the prime). For example,
{1},{2,3}} is compatible with {{1,4%,{2}}, but not
with {{2},{3}}. A compatible set can be then repre-
sented by a new dichotomy, e.g., the compatibility of
{{1},{2,3}} and {{1,4},{2}} is denoted with the new
dlchotomy 11,4}, {2, '3 } Step (1) can be done by com-
puting pair-wise compatlble dichotomies, adding the new
resulting dichotomies, and iterating this process until all
compatible sets are maximal.

The prime-covering approach is seriously limited, be-
cause the number of maximal compatible sets generated
by step (1) can be exponential w.r.t. |D|. However, what
actually limits this approach to small size problems is the
huge number of dichotomy pairs one needs to examine
when generating the maximal compatible sets. In prac-
tice, dichotomies involve a small number of states, thus
a lot of them are compatible. A set of m pair-wise com-
patible dichotomies (e.g., dichotomies whose subsets Sp’s
and S1’s are all mutually disjoint) produces m(m—1) new
dichotomies after one iteration. For k& small, the number

of dichotomies after k iterations is about m2*. One ob-
tains about 108 dichotomies after 3 iterations from an
initial set of 100 such dichotomies.

Note that a compatible set is necessarily made of pair-
wise compatible dichotomies, but that the converse is
false. For example, the three dichotomies {{1,2},{}},
{{1,3},{}}, and {{2} {3}}, are pair-wise compatible,
but they do not form a compatible set: the first two
dichotomies force 2 and 3 to have the same encoding bit,
while the third dichotomy requires these two states to
have a distinguishing bit encoding.

The concept of compatibility extended to ordered di-
chotomies is more manageable, since a set of ordered di-
chotomies is compatible iff they are pair-wise compati-
ble. Two ordered dichotomies (Sp,S1) and (S, S]) are
compatible iff Sy U S and Sy U S] are disjoint. Two
(unordered) dichotomies {Sp, S1} and {5}, 5]} are com-
patible iff (Sp, S1) is compatible with (Sf, S7) or (57, Sp).
One associates two ordered dichotomies with each (un-
ordered) dichotomy, and one obtains all the maximal
compatible sets by first computing the maximal sets of
compatible ordered dichotomies, and then converting the
laters into unordered dichotomies.



The uncompatibility graph (V, E) of a set V' of ordered
dichotomies is the graph obtained by linking with an edge

contain any twin couple. In other words, it is obtained
by removing from G only one out of the two twin vertices

two uncompatible dichotomies of V. In [11] is presented
an exact algorithm that computes the set of all maximal
compatible sets from the uncompatibility graph (V| E).
Let us associate a Boolean variable with each vertex of
the graph, and consider the following Boolean function:

flor, .. v,) = /\

{vv/}€EE

(v A ).

Any assignment that values f to 1 denotes a compatible

of some twin couples.

Coloring a graph consists of assigning a color to every
vertex such that there is no two vertices linked by an
edge have the same color. Let us define a coloring of
a twin graph (G,T) as a coloring of one of its instance
graphs. The minimum coloring of a twin graph is the
minimum cardinality coloring that can be obtained over
all its instance graphs. In other words, it is a minimum
coloring of G such that for each pair of twin vertices,
only one of them needs to be colored, the other one being

set, made of the variables assigned to 1. Thus a maxi-
mal compatible set is the set of variables missing in some
prime implicant of f. Since only two literals appear in
each sum term, a linear-time algorithm for 2-SAT prob-
lem can be applied to convert the product-of-sums shown
above to a sum-of-products representation. This leads to
an explicit computation algorithm of all maximal com-
patible sets, whose complexity is linear w.r.t. the num-
ber of maximal compatible sets. However, as pointed out
earlier, this method needs the explicit construction of all
the maximal compatible sets, which can be exponential
w.r.t. |D|.

In [2] is presented two ZBDD based algorithms to solve
the constrained encoding problem. Both algorithms are
based on set covering with compatible sets. Although
ZBDDs allow to manipulate very large sets of compati-
ble sets implicitly, these approaches suffer from the irre-
ducibility of the resulting set covering problems.

3 Twin Graph Coloring

The methods that have been proposed so far to ex-
actly solve dichotomy-based constrained encoding rely on
building (explicitly or implicitly) the maximal compati-
ble sets, then solving a covering problem. This section
introduces a formalization that does no longer require the
explicit notion of compatible sets, by reducing the orig-
inal problem to a twin graph coloring. It then explains
how to solve this new problem.

3.1

A simple (i.e., undirected and self-loop free) graph G
is denoted with (V| E), where V is its set of vertices, and
E its set of edges. Given a set of vertices V', we will use
the notation G — V' to denote the subgraph induced by

V =V’ E). When the context is not ambiguous, we will
enote a subgraph by its set of vertices.

Formalization

Definition 2 A twin graph is a pair (G,T), where G =
(V,E) is a simple graph, and T is a matching® on V.
Fach pair {v,v'} of T is called a twin couple, and we say
that v is the twin of v'. A vertex which belongs to some
pair of T 1s a twin vertex.

An instance graph of a twin graph (G,T') is a graph
G — V', where V' is a set of twin vertices that does not

* A matching on a set of vertices is a set of edges that has no
self-loop and such that no two edges have a common endpoint.

removed from the graph.

The twin graph (G,T) derived from a set of (un-
ordered) dichotomies D is such that V' is the set of or-
dered dichotomies, G = (V, E) is the uncompatibility
graph of the ordered dichotomies, and 7" is made of the
couples {v, v’} such that v and v are the two ordered di-
chotomies resulting from a unique unordered dichotomy.
From now on, we identify vertex and ordered dichotomy,
edge and uncompatibility.

Theorem 1 The mintmum coloring of the twin graph
derived from a set of dichotomies D gives the minimum
encoding satisfying D.

Proof. (sketch) An independent set of the uncompati-
bility graph G is a compatible set. Thus any k-coloring
of the uncompatibility graph, which partitions V' into k
independent sets {I1,..., I}, yields a k-encoding. How-
ever, a minimum coloring of the uncompatibility graph
does not necessarily produce a mintmum encoding. This
is because each dichotomy generates two ordered di-
chotomies, and that only one of those needs to be put
in the partition, i.e., needs to be colored. This is pre-
cisely the definition of coloring a twin graph. |

As an example, consider the set of four dichotomies
{{2,3}, {}} {{1.3}, {2}3 {{1,2}, {3 4}}, and {{4}, {}}
on a set of four states {1,2,3,4}. Fig. 3 shows on the
left the uncompatibility graph G of the complete set of
ordered dichotomies. Edges between twin vertices are
shown with a bold line. The middle graph is the same
graph optimaly colored with 6 colors, assuming it is a
“normal” graph. The graph on the right shows the opti-
mal coloring of the twin graph with 3 colors. The twin
vertices and their incident edges that have been removed
are shown with dotted lines.

There 1s an edge between a pair of twin vertices be-
cause they cannot be compatible®. However this edge
does not have any effect when coloring the twin graph,
since only one vertex in every twin couple needs to be
colored. Consequently, we can remove the edge between
each pair of twin vertices without changing the minimum
coloring of the twin graph.

At first sight the reader may think that finding a “nor-
mal” minimum coloring of the graph resulting from re-
moving every edge between twin vertices gives also a min-

5The only twin vertices that are compatible with each other are
actually identical to the empty dichotomy ({},{}). Note that it is
compatible with any other dichotomy.
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(1) Compute a set of irredundant, reduced, ordered di-
chotomies V from the set of unordered dichotomies

D (in O(|S] x |D*)).

(2) Build the uncompatibility relation on V' to obtain
the twin graph (in O(|S] x |[V]?)).

(3) Color the twin graph (NP-complete).
(4) Build an encoding from the coloring (in O(|V|x|S])).

Step (2) and (4) are straightforward. We address some
details of steps (1) and (3) in the sequel.

3.2 Reduced Set of Ordered Dichotomies

If one generates all ordered dichotomies from D, one
obtains a complete symmetric twin graph of 2| D| nodes.
However, one can break the symmetry of this graph by
generating a reduced set of ordered dichotomies.

Every ordered dichotomy (Sp, S1) expresses that some
bit of the encoding will be set to zero for all states of
So, and to one for all states of S;. Since complement-
ing any bit of the encoding still preserves the dichotomy
constraints, one can force one state to have an all-zero en-
coding. This means that from a completely symmetrized
set of ordered dichotomies, one can select one state of

Figure 4: Color constraint propagation through symme-
try breaking.

imum coloring of the twin graph derived from a set of
dichotomies. One reason for this intuition is the strong
symmetry of such twin graphs. Indeed, the twin graph
derived from a complete set of symmetrized ordered di-
chotomies can be drawn as a graph whose pairs of twin
vertices are organized in rows, and the graph is com-
pletely symmetric w.r.t. a vertical axis. In the example
of Fig. 3, the minimum coloring of the graph in the mid-
dle, when ignoring the bold edges, is made of 3 colors, as
is the minimum coloring of the twin graph. But this is not
true in general. The reason is that the ordering of the
dichotomies creates new edges that encode the uncom-
patibility of sets made of otherwise pairwise compatible
unordered dichotomies.

For instance,
consider the three dichotomies {{1,3},{}}, {{2}, {3}},
and {{},{1,2}}. As we have seen in Section 2.2, they
are pairwise compatible, but the three together does not
form a compatible set. Fig. 4 shows the corresponding
twin graph. The middle graph shows the same uncom-
patibility graph, and its “normal” minimum coloring is
made of 3 colors, with or without keeping the edges be-
tween twin vertices. However, the minimum coloring of
the twin graph, shown on the right, is made of 2 colors
only.

An overview of the algorithm that solves dichotomy
based constrained encoding with twin graph coloring is
as follows:

S, and reject all ordered dichotomies (S5, S1) such that
s €Sy,

Choosing such a state s that minimizes the number of
resulting ordered dichotomies can be done in time linear
w.r.t. the size of all dichotomies, i.e., ), |d| (bound

by |S]|D|, but much smaller in practice).
3.3 Coloring a Twin Graph

Fig. 5 outlines an algorithm to color a twin graph. It
is derived from a classical sequential graph coloring algo-
rithm by including specific treatments for twin vertices.
The main differences are that (1) we need to handle a
non-sequential backtrack (not shown in Fig. 5) that takes
care of twin vertices; (2) we now have two options at each
recursion: pick a twin couple {v, v’} and remove v’ from
the graph, thus selecting v as the twin representative; or
pick a vertex (whose twin vertex, if any, has been dis-
carded as twin representative) and color it.

Pruning recursion when coloring twin graphs is rather
challenging. A partial coloring yields a partial encod-
ing, and the uncolored dichotomies it satisfies can be re-
moved from the graph, thus pruning useless recursions.
The most important aspect is the lower bound. The ini-
tial clique used as a starting point for the coloring must
be made of twin free vertices. Consequently the clique is
very small in practice and does not help much. Recom-
puting dynamically a clique after some twin representa-
tives have been chosen is costly and still fairly ineffective.

The performance of the algorithm is very dependent on
the choice of the action taken at each step: do we decide
to select a twin representative, and if yes, which one? Or
do we decide to color a vertex, and if yes, which one?
We now discuss the possible strategies and heuristics to
decide which action should be carry out at each recursion.



3.3.1 Selecting a Vertex to Color

A good heuristic to select a vertex to be colored is the
DSATUR algorithm [1]. It consists of picking the vertex
that has the largest saturation number (i.e., the num-
ber of forbidden colors, which are the colors used by its

function SC(G,T);

C = a clique of G made of twin free vertices;

k = 0;

foreach v € C' {
k=k+1;
color v with k;

/* color the clique */

/* a color is an integer > 1 */

neighbors), and in breaking ties with the largest degree
in the uncolored graph. The idea is to choose the vertex
that is the most “difficult” to color, and that propagates
as many color constraints as possible.

3.3.2 Selecting a Twin Representative

Let us assume that we have a function g that estimates
the hardness of coloring a vertex v (the greater the value
of g(v), the more difficult v is to color). Let {v,v'} be
a twin couple whose representative has not been chosen
yet. Since one can choose either v or v’ as a representa-
tive, one can estimate the hardness of coloring this twin
couple with min(g(v), g(v")). Let Represent be the func-
tion that selects the representative of a twin couple ¢. A
natural heuristic consists of choosing the twin represen-
tative of {v,v'} as the vertex that minimizes g:

Represent(t) = arg mei?g(v).
v

We want to pick the representative of the most difficult
twin couple to color, which is:

arg Itne%xg(Represent(t))

3.3.3 Strategy

There are two extreme strategies to alternate coloring
and picking twin representative:

(1) Strategy “color as late as possible”: choose all the
twin representatives first, then color the resulting
graph.

(2) Strategy “color as soon as possible”: each time a
twin representative is chosen, it 1s immediately col-
ored.

Strategy (1) performs poorly for the following reasons. If
one selects the “wrong” twin representative v from a twin
couple {v,v'} in the early stages of the recursions, one
has to exhaust the search for an optimal coloring on a
suboptimal instance graph before backtracking and con-
sidering v’ as the twin representative. Moreover, there
is no color constraint information to help the twin rep-
resentative selection. Strategy (2) performs reasonably
well. However, when dealing with twin graphs whose
symmetry has been broken, strategy (2) colors all twin
free vertices before selecting twin representatives. Strat-
egy (2) can underperform when the twin graph is not
symmetric (which is always the case in practice with re-
duced sets of ordered dichotomies) and twin couples are
far harder to color than twin free vertices.

}
return SCrec(G, T, k,|V(G)| + 1,|C|);

/* (G, T) is a twin graph partially colored, using k colors, *
/* and best is the minimum number of color found so far *
function SCrec(G, T, k, best, Ib);
if Ib > best return best; /* abort */
if G is entirely colored return k; /* new best coloring */
v = select an uncolored vertex;
if (v has a twin v’ still in G) {
/* select v as the twin representative */
for we {v, v} {

remove w from G;

C = a clique of G made of twin free vertices;

best = SCrec(G, T, k, best, max(|C|, Ib));

restore w;

}

else { * v is a twin free vertex to color */
for (c=1;c<min(k+1,best —1);c=c+1) {
if (Vo' € N(v), color(v') # ¢) {
or each non-conflicting color ¢ */
color v with ¢;
best = SCrec(G, T, max(c, k), best, Ib);
uncolor v;

}
}
return best;

Figure 5: Coloring a twin graph.

The general strategy, which can alternate twin repre-
sentative selection and twin free vertex coloring in any
order, opens many alternative heuristics. The simplest
of them merely merges the twin representative heuristic
with the coloring vertex selection heuristic. It consists of
computing the vertex v defined as:

if v is twin free, or

arg max g(v) { if v = Represent(t) for some t € T'

If the resulting vertex is twin free, we color it, else we
select it as the twin representative of the twin couple it
belongs to. We use this heuristics, where g is derived
from the DSATUR heuristic. In practice, this strategy
closely mimics strategy (2) but overcomes the problem
mentioned above.

4 Experimental Results

The first set of examples comes from the literature on
the synthesis of asynchronous FSMs. The aim is either a
race-free [13], a delay-free [14], or a hazard-free [5] imple-
mentation. It takes less than a second to solve all these
problems.



The second set of tests consists of 40 MCNC indus-
trial examples. In our experiments, we used ESPRESSO-
MV [10] to generate face-embedding constraints. We
compared the algorithm presented in this paper with
the previous best known exact dichotomy solvers, [11]
and [2]. The results are summarized in Table 1. The
CPU time includes reading the facets, translating them
into a set of irredundant unordered dichotomies, them
into a reduced set of ordered dichotomies, building the
corresponding twin graph, solving its minimum coloring,
and building the minimum constrained state encoding
out of it.

The twin graph coloring paradigm consistently beats
the two other methods, and it can solve problems that
fail to terminate otherwise. Note that our method finds
the first known exact solution for the long-standing tbk
example (the minimum solution is 17, while the best
known upper bound was 18). When limiting the number
of recursions to 5000 backtracks, one obtains a heuris-
tic solver, which finds the optimum solution in all but 4
cases.

5 Conclusion

This paper has introduced a new paradigm to solve
dichotomy-based constrained encoding, by reducing it to
coloring what we called a twin graph. It proposed an al-
gorithm to solve this problem, and discussed the different
strategies and heuristics that take place during the res-
olution. Experimental results show that this algorithm
beats the best known exact dichotomy based constrained
encoding solvers.

The new formalization of dichotomy-based constrained
encoding opens new opportunities to tackle the prob-
lem, exactly and heuristically. In particular, sophisti-
cated vertex and action selection in the twin graph col-
oring algorithm could lead to better, more robust, and
faster constrained encoding methods. One important as-
pect that should be improved is the dynamic lower bound
computation, which is costly and difficult on twin graphs.
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Example Dichotomy & Twin graph CPU
FSM S| |F| min/k |D| V| |E| |T| #back [2] [11] twin

bbsse 16 5 476 60 75 1082 27 28681 9.50 2.38 1.66
bbtas 6 1 3/3 9 13 26 4 0 0.01 0.02 0.03
beecount 7 6 3/4 18 22 167 6 19 0.02 0.03 0.03
cse 16 9 4/5 59 81 1612 28 425 1.84 15.46 0.07
dk14 7 8 3/4 25 28 321 7 0 0.01 15.43 0.03
dk15 4 5 2/3 10 12 43 2 0 0.01 0.01 0.03
dk16 27 23 5/6 368 632 54730 264 — — * —
dk17 8 7 3/4 31 46 446 15 5 0.01 0.10 0.01
dk27 7 4 2/3 21 30 178 9 56 0.02 0.04 0.02
dk512 15 9 4/5 106 180 5013 74 112638 238.72  27.77
don file 24 24 5/6 480 860 136207 380 — — * —
erl 20 8 5/7 71 114 1909 43 11 128.63 * 0.05
ex?2 19 8 5/6 106 175 5108 70 7088 — * 1.23
er3 10 6 4/5 38 57 701 20 186 0.05 0.31 0.04
exd 14 1 4/4 91 169 1872 78 0 — — 0.07
erd 9 7 4/5 31 29 408 5 11 0.02 0.08 0.02
ex6 8 9 3/4 22 8 196 0 0 0.02 0.04 0.03
ex7 10 5 4/5 36 40 643 11 12 0.02 0.13 0.04
keyb 19 18 5/7 99 150 5062 51 441 14.43 125.2 0.23
kirkman 16 6 4/6 50 80 1057 30 2947 n/a n/a  0.27
lion 4 3 2/2 6 3 11 0 0 0.01 0.01 0.01
lion9 9 10 4/4 44 65 1073 21 0 0.01 0.24 0.03
markl 15 4 4/5 7 117 1780 48 4324 1.00 23.43 0.42
mc 4 1 2/2 6 9 12 3 0 0.01 0.01 0.01
modulol2 12 4 4/4 66 121 1100 55 0 | 28679.3 21.05 0.04
opus 10 2 4/4 33 56 326 23 0 1.59 0.31 0.03
planet 48 10 6/6 767 1435 79751 668 4722 — * 1.66
sl 20 5 5/5 131 240 3678 109 15466 — — 3.53
sla 20 11 5/5 131 240 3678 109 15466 — — 3.42
58 5 1 3/3 7 10 15 3 0 0.01 0.01 0.01
sand 32 5 5/6 363 693 16928 330 — — * —
scf 121 14 T/ 5683 11003 1371017 5320 — — * —
shiftreg 8 5 3/3 28 43 375 15 0 0.01 0.09 0.03
sse 16 5 4/6 60 75 1082 27 28681 19.21 2.34 1.70
styr 30 16 5/6 193 326 9039 133 1168 — — 0.80
tav 4 ? 2/2 6 12 24 6 0 0.01 0.01 0.01
tbk 32 73 5/17 994 1695 666442 701 635 — * 22,75
trainll 11 11 4/5 96 157 4383 61 7814 84.22 5.67 2.20
traind 4 4 2/2 8 10 27 2 0 0.01 0.01 0.01

|S| : #states of the FSM.

|F| : #Hfacets.

min/k: [log,(|S])]/minimum constrained encoding length.

|D| : #irredundant dichotomy constraints derived from the facets.

V| : #mnodes (i.e., #reduced ordered dichotomies).

E : #edges (i.e., #uncompatible pairs of ordered dichotomies).

T . Ftwin couples.

#back: #backtracks.

CPU : CPU time in seconds on a 167 MHZ UltraSparc Workstation with 96 MB

(“—” is more than 2h,

(33
*

is out of memory).

Table 1: Experimental results.




