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Abstract

We proposea new formalismfor the Engineering Change (EC) problemin
a finite state machine (FSM) setting. Given an implementation that violates
the specification, the problemis to alter the behavior of the implementation
so that it meets the specification. The implementation can be a pseudo-
nondeter ministic FSM while the specification may be a nondeter ministic FSM.
The EC problemis cast as the existence of an “ appropriate” simulation rela-
tion from the implementation into the specification. e derive the necessary
and sufficient conditions for the existence of a solution to the problem. We
synthesizeall possiblesolutions, if the EC isfeasible. Our algorithmworksin
spacewhichis linear, and time which is quadratic, in the product of the sizes
of implementation and specification. Previous formulations of the problem
which admit nondeterministic specifications, although more general, lead to
analgorithmwhichisexponential. WWe haveimplemented our procedureusing
Reduced Ordered Binary Decision Diagrams.

1 Introduction

The Engineering Change (henceforth EC) problem occurs frequently in
integrated circuit design. One often encounters situations where the circuit
implemented on silicon does not perform according to the specification. The
designer wouldliketo alter thefunctionality of asingledie, on an experimental
basis, and see if the altered circuit performs within the specification. If it
does, the change is incorporated in the next mask revision. This capability
significantly reducesthe cost and time-to-market. An entire mask revisionis
not required to test the change.

There are regions of the layout that contain a variety of different uncom-
mitted gates and latches. This uncommitted logic can be used to change the
functionality of a circuit on an experimental basis by using a Focussed lon
Beam (FIB) apparatus. The FIB machine allows oneto cut awire on silicon,
and also to deposit new wires over the passivation oxide. Designs can also be
atered using programmablelogic which is often available on-chip.

Inthe past EC hasbeen used to alter the functionality of the combinational
partof circuits[7, 9, 10]. Oftenitisnot possibletorectify adesign by changing
only thecombinational part of thecircuit. In such casesthe sequential behavior
of the machine may be altered by adding/deleting latches, in addition to
making changes in the combinational part. Sequential circuits are usualy
modeled as Finite State Machines (FSMs). In this context the EC problem
canbestated asfollows: Given animplementation FSM that doesnot conform
to the specification FSM, the goal is to synthesize a controller FSM, which
when composed with the implementation, generates output sequences (for
any given input sequence) that are allowed by the specification.

Thiswork has applicationsin various other practical scenariosalso. Inthe
context of asystem of interacting machines, acertain component of the system
may have to be replaced with another that has better characteristics such as
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area, delay, testability, etc. Our techniques can be employed to determine all
possible replacementsfor thecomponent. There are applicationsin the control
systemsarea as well, where a controller for a plant has to be synthesized.

In this paper, we alow the specification to be nondeterministic and the
plant to be pseudo-nondeterministic. Nondeterminism is very convenient
for specifying properties (specification) and in modeling the environment for
adesign [13]. In theory, it is always possible to represent the behavior of a
nondeterministicFSM by adeterministic FSM, but in practice, the best known
construction for converting a nondeterministic machine into an equivalent
deterministic machine is exponential in the worst case. Therefore the use of
nondeterminism in specification allows convenient and compact modeling.

The central question in the EC problem is that of determining what ma-
chines, when composed with acomponent, can satisfy or “match” the specifi-
cation. In thiswork, we providea simple and clear formulation, and solution
to this problem, using the formalism of simulation relationsfrom concurrency
theory[11]. We cast the EC problem asthat of finding an implementable FSM
that when composed with the implementation has a simulation relation into
the nondeterministic specification. We derive the necessary and sufficient
conditions for the existence of a feasible controller. In case the engineering
changeis feasible, we construct a nondeterministic FSM which contains all
possible controllers and from which a feasible deterministic controller is eas-
ily synthesized. The entireprocedureworksin spacelinear and time quadratic
inthe product of the sizes of theimplementation and the specification. In con-
trast, the previousworks that admitted nondeterministic specifications[15, 2]
essentially required a determinization, paying an exponentia price in the
worst case, thus losing the benefits of the compactness of nondeterminism
and limiting the practical utility of their procedure. Our approach provides
a comprehensive and simultaneous treatment of the practical issues relating
to implementability, while other approaches dealt with it in an ex post facto
manner.

Once the engineering change has been determined to be feasible and all
possible solutions characterized, the next step is to synthesize the rectifying
controller subject to the constraints of the available uncommitted logic. We
plan to addressthis “ constrained synthesis’ problem in the future.

The rest of the paper is organized as follows. In Section 2, we define
the terminology used in the sequel. We state the EC problem in Section 3,
and present our approach in Section 4. We review related previouswork and
contrast it with our approach in Section 5. In Section 6 we present some
preliminary experimental results, and concludein Section 7.

2 Preliminaries and Definitions

We represent sets by upper case al phabets, and elements of sets by lower
case letters. A lower case letter represents an element from the set denoted
by the corresponding upper case letter. For example, v representsan element
of theset V. Similarly, Vv and 3v are assumed to quantify over the set V.
|V isthe cardinality of set V.

Definition 1 A Finite State Machine (FSM) M isa5-tuple (I, O, S R r)
where I is the input alphabet, O the output alphabet (both assumed to be
finite), S afinite set of states, R C S x I x S x O the output and transition
relation, and r the initial state. R(s, <, s , 0) meansthat for input ¢, thereis

atransition from state s to state s’ producing output o. Thisis also denoted
by s i/—O>M s

If the output and the next state are uniquely defined for a given input
and present state, the FSM is said to be a deterministic FSM (DFSM); a
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FSM is said to be pseudo-nondeter ministic (PNDFSM) if the next state is
uniquely defined for a given present state, input, and output. A FSM is said
to be nondeter ministic (NDFSM) if there is some state, input, and output for
whichthereis morethan one next state. Examplesareshownin Figures 1, 2,
3. If at least one next state and output is defined for each input and present

Figure 3: Non-deterministic FSM

state, we say that the FSM is completely specified. Otherwise, it is said to be
incompletely specified.

A FSM can be interpreted as an automaton over the alphabet I x O. The
set of al pairs (I, 0}) such that sequence Oy, is produced as output on
applying sequence I, astheinput, givesthe language of the automaton. Both
deterministic and pseudo-nondeterministic FSMs are deterministic in the au-
tomaton sense (i.e., the underlying automaton for a pseudo-nondeterministic
machine makes a unique transition for a given input-ouput pair), while a
nondeterministic FSM is nondeterministicin the automaton sense.

Thenotion of asimulation relation between two machineswasintroduced
by Park in [11].

Definition 2 Wesay ¢ C S1 X Sz isa Simulation Relation (abbreviated
R) froma FSM M to a FSM M, if
1. (7’]_7 7’2) € ’LZJ, and

2. (s1,52) € P = {VivoVs,(s1 L3ar, s1) =

i ifo i 1o
EI52[(52 — M 52) A (517 52) € d’] ] }
In this case we say that M, simulates M1 and denote it by M1 < Mo.
Alternatively, we say that M3 hasa simulation into M.

Condition 2, saysthat s, in M» simulates s1 in M3, if each transition from
s1 is simulated by s», and the next statesin M in turn are simulated by the
next statesin M, and so on.

Definition 3 Given FSMs M (U, Y, S1, R1,r1) and
Mr((V x Y'),U, S2, Rz, r2), the composition M(V, Y, S R, f) = M1 o M
satisfies the following properties:

1 8=5;x 5,

2. f = (7’]_7 7’2)

3. IA?( (51,52), v, (sll, s;),y ) iff
7 7
Ju[Ra(s1,u, 59, y) A Ra(s2, (v, y), 55, u)]

The composed machine makes a transition ((s1, s2) i/—y>M (s'l, 512)) iff

thereexistsaw st. (s1 u_/g/>M1 s7), and (s2 (v’—%/uMz 5p).

The composition is said to be well defined provided a transition is allowed
for every possibleinput v (i.e., the machi neM is complete). Further, we say
that this composition is implementable in the hardware sense provided no
combinational loops occur in the composed machine. This can be ensured if
either M1 is Moore (i.e., the output of M isindependent of theinputs), or
Mo is Moorewith respect to Y (i.e., the output of A isindependent of Y').

3 Problem Statement
The EC problemis formally stated as follows:

Problem Statement 3.1 Given FSMs M (U, Y, S1, R1,r1) and
M(V,Y,S,R,r), the EC problem is to find a FSM My((V x
Y),U, S2, Ry, r2) suchthat the following conditions hold:

1. Mj o M iswell-defined.
2. M3 o M>isimplementable.
3. For every reachable state (s1,s2) in M1 o My, VuVy

(s'l,slz), then for each w st.

i

. vy
if (s1,52) ——ar0Mp

(s2 (v’—l{uMz 5'2), we have that [VyIVslll(sl u/_y>M1 511,) =
H H

vy
355 ((s1,52) = argont, (51553))].
4, MyoM; <M.

Condition 3, needed when M is pseudo-nondeterministic or nondetermin-
istic, says that any « M> supplies M; does not “block” M, i.e. Mj is
free to produce any legal output for that « and transition to any legal next
state. It isstating that M5 is controlling the behavior of M just by providing
appropriate »'s. Once the controller has chosen a« for a v, Mj isfree to
produceany output y' and go to any next state 5'1' . Condition 3 is not needed

for adeterministic M1, becausefor a given  the output y and next state s'l
of M3 are unique. Our approach can admit a pseudo-nondeterministic M1,
and anondeterministic M. The configuration of M3 and M> isasin [6], and
is shown in figure 4. Here M, can observe all the inputs to the system and
change the inputs seen by M3 (i.e. al the inputs to A, are controllable),
but it can only observethe outputs of M. This configuration can very easily
be generalized to the case when outputs are also controllable. The topology
of Figure 4 is very natural and modular in the EC context, as the controller
treats M as a black box and looks only at the input-output behavior of the
implementation.

Using the terminology of [6] we call M the plant, M the controller, and
M themodel.

4 Our Approach

The EC problem can bedivided into three parts: 1) A solvability problem,
where we have to check if a solution exists, 2) A synthesis problem, in
which we have to synthesize a controller which when composed with the
implementation results in a system that meets the specification, and 3) An
optimal synthesis problem, in which a controller has to be chosen according
to some optimality criterion (which could be area, delay, power, testability,
etc.). We address the first two problems and provide efficient algorithms to
solve them. We give necessary and sufficient conditions for the existence of
asolution. If asolution exists, we find the “maximal controller”, M., which
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Figure 4: EC - Configuration of FSMs

containsall the solutionsto the problem, and from which afeasible controller
can be easily derived. The optimal synthesisproblem of derivingaminimum
state controller from M. can be solved by using techniquesof [8].

Therelation Himar C S1 X S given below, relates state s1 in My with
state s in M if s “simulates” s;.

Definition 4

i

(51,5) € Hmaz & {VUEIuVstll[ (51 u—/y>M1 5) =

i

35 [(s Lo YA (sps) € Hmasll} (1)

Intuitively, M; can be controlled if and only if for all v that the environment
can produce, the controller can give the plant an input « such that both M3
and M producethe same output and go to next states s'l and s’ respectively,
and the sameistrue at (s'l, s ). Thefollowing lemma states that any pair of
states (s1, s) suchthat s “simulates’ sq and this continues successively, will
bein Hyaz.

Lemma4.l Let ¢ C Si1 x S be a relation st.  (s1,s) € ¢ =

{VUEIuVstll[(sl i/—y>M1 511) = 3s' [(s i/—y>M sl),and(sll7 sl) € ¢]1}.
Then, (5175) €E¢=> (517 5) € Hmax.

Sketch of Proof: H,,q. Can be computed as a greatest fixed point starting
from S1 x S. Every (s1,s) € ¢ “survives’ every stage of the fixed point
computation. u

In the following sections we derive the necessary and sufficient conditions
for the existence of a solution. We compute the maximal controller M. and
describe how we extract a feasible solution from it. We also discuss the
complexity of our procedure.

4.1 Existence of a Solution

Theorem 4.2 The EC problemhasa solution asin Problem Statement 3.1 iff
(7’17 7’) € Hmaz.

Sketch of Proof: Only if part: Assumethat thereexistsaFSM M satisfying
Conditions 1-4 of Problem Statement 3.1. We need to show that (r1,7) €
Homaz. Since My o M, < M (Condition 4), thereexistsaSR ¢ C ((S1 X
Sz) X S), st. ((7’]_7 7’2),7’) S ’LZJ and,
v/ ro
((s1:52),5) €4 = {VoWyl((s1,52) Sasrons, (1,52)) =
/ v/ / ro /
35 [(s —4ar ) A ((s50)5) €413 ()

Define a new relation ¢ C S1 X S, where ¢ = {(s1,s) | sz st.
[(s1,52),5) € 4]}
Lemma4.3

(s1,8) Ed = {VUEIuVstll[ (51 u—/y>M1 511) =

31 LB HaGns)enlll @

Sketch of Proof: Since (s1,s5) € ¢, by the definition of ¢, sz
st. ((s1,s2),5) € . Since Mi o M, is well-defined (Condi-
tion 1 of Problem Statement 3.1) for every v there exists a transition

noon

(51, 52) 1/—yn\/[loM2 (5115, ). By definition of composition it follows

that there is a w st. (s1 i/—y>M1 s'll). For this «, by Condition 3

1
of Problem Statement 3.1, Vy'Vs'l (s1 u/_y>M1 s'l), there exists s'z st.

i

(51, 52) v—/i MioM; (sll, 512). From Condition4 (SR +/), we know that there
7

exists s’ st. (s v—/iM s') and ((s'l, 512),5/) € 2. From the definition of
¢, wehave (s;,s ) € ¢, and thus (3) is established. .

Since((r1,72),r) € ¥, by thedefinitionof ¢, (r1,r) € ¢. FromLemma4.3
and Lemmad.1, it followsthat (r1,7) € Himag.

If part: Giventhat (r1,r) € Hypaz, We haveto show that there ex-
istsa controller M, which satisfies conditions 1-4 in Problem Statement 3.1.
We define acontroller Ma((V x Y'), U, Sz, Ra,r2), where S, C 51 x S,
and S> = {(s1,s) | (s1,5) € Hmaa}, r2 is (r1,r), and the transition
relation R; is defined as follows: for any state (s1, s) € So, we know that
(51, 5) € Hmaa; therefore for any v there exists at least one v satisfying

Equation 1; we pick onesuch «; now Vst'l st. (s1 i/—y>M1 s'l), from Equa-

tion 1, thereexistsat least oness” si. [(s 3/—y>M sl)/\(sll, s') € Hmazx], We

chooseonesuch s’ resultingin transition (51, 5) (v’—%/uMz (s'l, s') in M.

It is easy to see that M> satisfies Conditions 1-4 of Problem Statement 3.1.
M7 o M iswell-defined becausewe have picked atransitionin M for al .
M3 o M, isimplementable because the choice of « is independent of v, i.e.
M5 isMoorein Y. Conditions 3 is satisfied because we insert the transition

(s1,9) (v’—%/uMz (sy,s ) for every y and every s* st. (s1 i/—y>M1 57)-

Condition4 issatisfied becausethe state (s1, (s1, s)) in My o My issimulated
by state s in M . u

Note that (r1,7) € Hmae iS a necessary condition for a solution to exist
even if M is nondeterministic (rather than pseudo-nondeterministic), but it
can be shown that thisis not sufficient.

4.2 Maximal Controller

In this section we address the synthesis problem; we construct aNDFSM
M., calledthe maximal controller, such that any controller whichisasolution
to the problem will have a simulation into M., and any FSM which satisfies
Conditions 1-3 in Problem Statement 3.1, and has asimulation into M. will
be asolution of the problem. If (r1,r) € Hypaz, then:

Definition 5 M.((V x Y'),U, S, Re, ) isdefined asfollows:
o S.C S x8S,andSc = {(s1,s) | (s1,5) € Hmaz}
o rc=(ry,r)

o (1) " 0 ) @ 1 Lany sy a(s Lar ),

and (sy,5') € Hpmas)

Thereis atransition in the controller from (s1, s) to (s'l, s') on (v, y) with

an output w, if and only if thereisatransition from s; to s'l onw in M1, and

atransition from s to s* on v in M, both producing the same output v, and
1 1

(5175 ) S Hma.r-

In the following theorems, we first show that M. composed with A7 has
asimulation into M. Then, we claim the maximality of M. by showing that
any solution of the problem has a simulation into M.; and any FSM that
satisfies Conditions 1-3 of Problem Statement 3.1 and has a simulation into
M., isasolution.

Theorem 4.4 Let Myo M. = M(V,Y, S, R, 7). Then M < M.



Sketch of Proof: We define arelation ¢ C (S1 x (S1 X S)) x S, where
¢ = {((s1,(s1,5)),s) | (s1,5) € Sc} between the states of M7 o M.
and M. Itis easy to show that ¢ isa SR: sincer. = (r1,r), it follows
that ((r1, (r1,7)),r) € ¢. Now assumethat (s1, (s1,s)),s) € ¢. If there

is a trangition (s1, (51, 5)) 3/—y>M10MC (s'l, (s'l, s')), then 3w such that

(v,9)/u

(1 L4y, st and [(s1,5) 2" (s, )] From the definition of

M, it followsthat (s “24 5, s,) and (s L5 s),and (s),s') € Se.
Therefore, ((s'l, (s'l, 5)),s) € ¢. =

Theorem 4.5 Let FSM M, satisfy conditions 1-3 of Problem Statement 3.
Thenng M. <:>M10M2j M.

Proof: (=): Since M < M., and M1 0 M. < M (by Theorem 4.4), it
followsthat M1 0 My < M.

(<): Giventhat My o My < M, thereexistsaSR ¢ C (S1 X S2) x S,
relating the states of M o M and M. We define a new relation ¢ C
S2 x (S1 x S) relating the states of M> with M., suchthat (s2, (s1,5)) € ¢
iff ((s1,s2),s) € ¢. Itiseasy toshow that ¢ isaSRfromAM>toM.. =

4.3 Deriving an | mplementation

The proof of theif part of the Theorem 4.2 basically is a recipe to pull
out an arbitrary M> satisfying Conditions 1-4 of Problem Statement 3.1 from
M..

Wenotethat M. derivedin Section4.2isanondeterministic automaton. In
general, deciding if afeasiblecontroller existsin anondeterministic automaton
proceeds by first determinizing the automaton (paying an exponential price).
Itisinteresting to notethat in our case, we can synthesizeafeasible controller
from M. easily.

44 Computational Complexity of the procedure

In the construction of Hy, . we assume that initially all the states in the
two machinesarerelated. For agivenpair (s1, s), weleaveit in Hyq iff for
every v, there exists au, such that for every y, M and M make transitions
to s'l and s’ respectively, such that (s'l, s') isalsoin Hy,qq. If thiscondition

is not met we drop (s'l, s') from Hyy, o . Thisprocessisiterated until afixed
point is obtained. In each iteration we check at most O(|S| - |S1]) states,
and at most O(|S| - |S1|) iterations are needed (since at least one state is
being dropped in each iteration). In each iteration, we do O(|M7 o M)
amount of work. Therefore the time complexity of the entire procedure is
O(]S] - |S1] - |M1 o M), while the space complexity is O (| S| - |51]).

We should note however that our algorithms are implemented using Re-
duced Ordered Binary Decision Diagrams (ROBDDs) [4] and the complexity
analysis given aboveis not valid for ROBDDs.

5 Comparison with the Previous Work

The EC problem was studied in the context of synthesizing interacting
finite state machines by Watanabe and Brayton[15] and Aziz et. al.[2]. They
address the problem of finding the “maximum set of permissible behaviors’
for acomponent FSM in a system of interacting FSMs. [15, 2] consider the
topology shown in Figure 5.

The topology shown in Figure 5 is more general than ours, as it allows
inputs and outputsin A3 which are not visibleto A». Thisis of significance
in a system of interacting FSM's because when synthesizing M>, we do not
want to disturb the interface which A, has with the environment. But in the
EC scenario, we know that M is not working correctly and M5 is trying to
alter the behavior of M. Itisthusnatural that the controller AZ» can observe
al the outputs of A and control all the inputs of Mj.

In[15], apseudo-nondeterministicFSM, called theE-M achine, isderived
which “captures’ the maximal set of permissible behaviors. Each state of the
E-Machinerepresentsasubset of S1x 2°, where S1 and S arethe sets of states
in My and M respectively. Thus, the E-Machine in the worst case can have

JE— My M —

(Implementation ) (Specification)

Figure5: The E-Machine topology

2151127! gates. When the specification is deterministic, each state of the
E-Machine correspondsto a subset of 51 x S and the worst case complexity
isonly singly exponential. The constructionin [15] is very complicated.

Recently, Aziz et al. [2] have proposed the use of S1S to study the
properties of sequential systems. SIS is the monadic second-order theory
of one successor and is interpreted over the natural numbers with the less
than (<) predicate and the successor (+1) function. Buchi, in his seminal
work in the 1960s[5], showed that anything definable in S1S is regular, i.e.
is representable by an automaton (known today as Buchi automata). He in
fact calls S1S the Sequential Calculus due to its suitableness for describing
the properties of sequential systems. In this framework, the language of
a machine can be represented by a formula ¢. If ¢M1(V,U,Y, Z) and
#M(V, Z) represent thelanguagesof M7 and M, thenthe E-Machineisgiven
by =((3V3Z4sM1 A=¢M) [2]. If M isnondeterministiccomplementingit is
exponential [2]. Similarly, after quantifying V' and 7, theresulting automaton
can again be nondeterministic. Therefore, complementing it again, resultsin
atotal complexity of two exponentials. This complexity is inherent in the
problem.

We are able to avoid the two exponentialsby:

e observing that in the EC scenario all the inputs and outputs of M, are
“available” to the controller.

e using the notion of simulation relations instead of complementing the
nondeterministic specification in thefirst stage.

Intuitively, since the controller can see al the inputs and outputs, there is
no need for quantification of these variables. Thus the resulting machine
(M1 A =¢™M) in the second step is deterministic and can be easily comple-
mented. Similarly, by using simulation relations, we avoid complementing
the nondeterministic specification in the first step, and avoid an exponential
construction. However, this gain does not come without a cost. Although
we find all the controllers Mz such that M1 0 My < M, therel can be other
“reasonable” controllers M, suchthat the language of M1 o M, iscontained

in the language of M, but Mj o le A M. Thisis because for general
nondeterministic specifications, a simulation pre-order is a more restrictive
notion than language containment. However, for deterministic or pseudo non-
deterministic specifications and implementations, language containment and
simulation pre-orders are equivalent notions, and in these cases our scheme
is complete. Therefore, given a nondeterministic specification, we can at-
tempt to determinize it by the subset construction. This construction, though
exponential in general, may be possible in many cases. If this step can be
performed without an exponential blowup, our approach will give the same
solution as the E-Machine. However, if this construction blows up, we can
till attempt to find acontroller under our notion of simulation pre-order while
it will not be possiblein the E-Machine approach.

Recently the same problem has been studied in the Control Systems do-
main as the problem of supervisory control of Discrete Event Dynamical
Systems[1, 6]. The complexity of the procedures[1, 6] to determine the ex-
istence of afeasible solution islinear, the same as ours, but in their approach
both theimplementation and the specification are assumed to bedeterministic.
[1] cannot handle pseudo-nondeterministic plants. Our scheme is complete
(inthe language sense) for pseudo-nondeterministic specificationsand plants.
In addition, our scheme can handle nondeterministic specifications while
maintaining its computational advantages.

In the previous approachesa distinction was made between a solution and



an implementable solution. A specia construction was needed to derive im-
plementable solutions from the set of all “solutions”. Our approach provides
asimultaneous treatment of implementability.

6 Implementation and Results

The approach presented in Section 4 has been implemented in the SIS
[12] environment. The implementation assumes a NDFSM description for
the specification and an incompletely specified DFSM description for the
implementation.

Starting with an FSM description in the kiss format, the program builds
the transition relation [14], performsthe fixed point computation for Hy, ¢z
and checksthat (r1,r) € Hmaz, i.€. the problemis solvable. If so, then the
transition relation for M. isbuilt. All computationsare performed implicitly
using ROBDDs [4, 3].

We present theresults of our experimentsin Table 1. Here, ‘ Controllable’
represents that the implementation can be controlled to match the specifi-
cation’s behavior for all inputs and ‘Not Controllable’ represents that the
implementation cannot match the specification’s behavior. Experiments were
performed on DECstation 5000/260 with 128MB of memory. We use the
same examples as in [15] after modifying them for our topology. Figure 6
shows two example machinesfrom Table 1.

-

nd\ @ —~\
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—~A /071 1/0
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10 o 0
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Figure 6: Examples oex4 and oex5 from table of results

7 Conclusions

We have addressed the problem of altering a pseudo-nondeterministic
FSM implementation to conform to a possibly nondeterministic FSM speci-
fication. We cast the EC problem as that of finding an implementable FSM
that when composed with the implementation has a simulation relation into
the specification. We admit nondeterministic specifications without requir-
ing determinization; other procedures, if they did admit nondeterminism at
al, essentialy determinize, often losing the benefits of the compactness of
nondeterminism. In case the engineering changeis feasible, we construct a
nondeterministic FSM which containsall possiblecontrollers. Itisinteresting
to note that although the maximal controller is a nondeterministic automa-
ton, we can easily decide if it contains a feasible controller and synthesize
any possible controller from it. Our approach provides a comprehensiveand
simultaneous treatment of the practical issues relating to implementability,
while other approachesdealt with it ex post facto.

In the future, we would like to extend our simulation relation approachto
systemswith fairness, and also timed and hybrid systems.
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Result Implementation Specification M. Time

Inputs | Outputs | States || Inputs | Outputs | States || States | (sec)

oex1l Controllable 1 1 2 1 1 2 2 0.004
oex2 Controllable 1 1 2 1 1 2 2 0.008
oex3 Not Controllable 1 1 3 1 1 3 - 0.011
oex4 Controllable 1 1 5 1 1 5 11 0.024
oex5 Not Controllable 1 1 3 1 1 2 - 0.004
0ex6 Controllable 1 1 5 1 1 5 11 0.023
oex7 Controllable 1 1 3 1 1 3 7 0.008
oex9 Controllable 5 1 8 1 1 10 9 0.097
0ex8 Controllable 5 1 20 2 1 21 14 1.988
ex7 Not Controllable 3 3 4 1 3 10 - 0.039
ex6 Not Controllable 6 2 13 3 2 16 - 0.235
ex5 Not Controllable 5 3 8 2 3 13 - 0.137
exd Not Controllable 5 3 20 2 3 12 - 0.266
ex14 Controllable 3 1 20 1 1 11 15 0.312
ex13 Controllable 3 1 22 1 1 7 12 0.140
ex12 Not Controllable 3 1 19 2 1 7 - 0.340
exl Not Controllable 2 2 20 1 2 8 - 0.113
ax9 Controllable 5 1 8 1 1 9 9 0.078
ax6 Not Controllable 6 2 13 3 2 7 - 0.070
ax4 Not Controllable 5 3 30 2 3 3 - 0.079
ex10 Not Controllable 3 3 19 1 3 3 - 0.055

Table 1: Implementation Results




