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Abstract
SPFDs are a mechanism to express flexibility in Boolean net-

works. Introduced by Yamashita et al. in the context of FPGA n ’—1‘ vz ’—o‘ 1 Mﬂ“
synthesis [4], they were extended later to general comibimait \_‘ \_‘

networks [2]. We introduce the concept of sequential SPHidks a
provide an algorithm to compute them based on a partitiohef t
state bits. We apply the SPFDs of each component in the parti-
tion to generate equivalence classes of states. We provatenal
relation between the resulting state classification andethév-

alence classes produced by classical state minimizati@omwf
pletely specified machines [6]. The SPFDs associated wih th

state bits can be used for re-encoding the state spacelyFinal Figure 1: Example.

give an algorithm to re-synthesize the sequential circsing se-

quential SPFDs and the new state re-encoding. necessarily translate to the final implementation of theisetjal
1 Introduction circuit. Approaches based on structural techniques trgligeshis

) ) ) ) i o problem by working directly on the sequential circuit. Theait
Duringlogic synthesisthe implementation flexibility of a network ¢t cture is used to extract the set of unreachable statie ahe

is used to optimize it. Classically, the erX|b|I|ty of thedimidual later applled as don't cares for circuit optimization ( [7"8])
network nodes is represented usingompletely Specified Func- However, these approaches still have to represent theeesiite
tions (ISFs). Don't Caresare applied to extract this flexibility. space and can potentially run into the state space explpsin
These are of two forms: Satisfiability Don't Cares (SDCs) and |em o cope with this, local transformation techniqueshsas
Observability Don't Cares (ODCs) [1]. SDCs represent irquub- ATPG-based methods [9] and retiming and resynthesis [1¢3 ha
binations at a node that cannot be generated by the drivgig.Io  peen ysed. These are currently the most widely employed tech
ODCs are input combinations for which the output of the nade i niques, but do not capture the entire freedom of sequeria! o
not observable at any primary output. ODCs are expensivers ¢ mization. Our approach avoids the state space explosidsieum

pute and need to be updated after every change of another nodg,y ysing a partition of the state space while exploring mere s
function. To avoid this, Compatible Observability Don't I€a quential freedom.

(CODCs) [5], were introduced, which represent subsets o£€D
They are efficiently computed by propagating CODCs in revers
topological order from the outputs to the inputs, and arejeh-
dent; i.e., a CODC at one node can be used for optimizing the
node function without affecting the validity of the CODC#ter
nodes.
Yamashita et al. developed a new method to express fleyjbilit
called Sets of pairs of functions to be distinguish&PFD), in
the context of FPGA synthesis [4]. These were extended [2] fo
general combinational networks. SPFDs represent a setFsf IS
in contrast to don't cares which express a single ISF. TheDSHF
a node specifies which pairs of minterms have to be distihgdis
by the node function to ensure that enough information igava
to resynthesize the fanout network. Since an SPFD specifias w
the node has to distinguish, it can be considered the “irdition Example 1 Figure 1 gives an example of a sequential circuit and
content” assigned to a node. its corresponding state transition graph (STG). It corssisit four
The classical computation of equivalence classes of sfates  latches connected in series forming a shift register. Thewtof
finite state machines was introduced in [11]. There has been the fourth register is the only primary output of the circuithe

In [2], a procedure for computing compatible SPFDs for all
nodes in a combinational network and a procedure to use them
in resynthesis are presented. A more recent paper [3] giees m
robust techniques for computing SPFDs. Here, we introdioee t
concept of sequential SPFDs. In Section 2, we illustrate tiay
can be used to reduce the number of state bits. Section 3 gives
a procedure for computing sequential SPFDs and a prooftibat t
union of the sequential SPFDs of the state bits containslse ¢
sical state incompatibility graph of the sequential citcfdil]. In
Section 4, we give a procedure for resynthesizing a new itircu
directly from the original one using sequential SPFDs.

2 Motivating Example

significant research in the area of finite state machine nikaim initial value of the first register is 1, the others 0. Thisceiit is se-
tion ( c.f. [6]). Most of these approaches suffer from statace quentially redundant and could be implemented with twostegs
explosion. In addition, the benefits of state minimizati@nrobt only.
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Combinational optimization treats the register inputsrangry 1000 0001

outputs and the register outputs as primary inputs, ananiges
the combinational network between these boundaries. Eoeth
ample in Figure 1, the resulting combinational network isvgiin
Figure 2. Obviously, combinational optimization techrégqiased

on CODCs or SPFDs will not produce any circuit reduction. (b) o o) o) o
Another way to apply combinational optimization technis|te (L) ) o) i) n(s)

a sequential circuit is to consider the primary inputs plegis- 4@ g 1 1 : 1Y :

ter outputs of the sequential circuit as primary inputs, anty 2L I I 2O O B B ZLOJ A [ AT S G

the primary outputs of the sequential circuit as primarypats. 1000 0001
In addition, the register outputs can be constrained tavatiom-

binations that correspond to states that are reachables, The

example of Figure 1 yields the combinational optimizatioalp (o o
lem shown in Figure 3. Applying SPFDs on this combinational Ry
circuit, the SPFD of the primary output, which is the sameaas f
y1(2), requires that all minterms that produce a 1 have to be distin
guished from all the minterms that produce a 0. Its SPFD mser

of the present state bitg«(1), y2(1), y3(1),y4(1)), denotedRy,

is shown in Figure 3: the minterm (0001) must be distingudshe
from the minterms (1000), (0100) and (0010). The SPFDs of the
remaining state bits are empty. Thus, the union of the SPFDs o
all state bits yieldsR;. These are exactly the state pairs that pro-
duce different outputs in one transition. Thus SPFDs canigeo
information about the transitions of a sequential circhitt it is

not sufficient to just capture the information about one tiraene.
Informally speaking, it is necessary to unroll the circulitltiple
times and determine the SPFDs at each node in a sequential cir
cuit by computing the union of the SPFDs of the node in all time
frames. We call thesgequential SPFDs

Figure 5: Various levels of unrolling and the corresponding
SPFDs.

yields R; (1) and Rz(1), shown in Figure 4 R; (1) is exactly the
same ad?; in Figure 3.R2(1) denotes the state pairs that produce
different outputs after exactly two transitions. Hence, timion of
the two SPFDsR: = R2(1) + Ri(1), gives all those state pairs
that produce different outputs in one or two transitions.

Unrolling the circuit once more and computing the SPFDs of
all three copies give®2s shown in Figure 5(a). It has an edge
between any two states that can produce different outpudsén
two or three transitions.

Unrolling the circuit any further produces no additionages.
Thus Rs includes all pairs of states that must be distinguished.
If a pair of statess ands’ has no edge between them, then the se-

2.1 Sequential SPFDs quential circuit behaves identically, irrespective of Wes it starts
Consider a single unrolling of the circuit in Figure 1 whidkelds from s or s’. Hence, these two states could be merged. The graph
the combinational optimization problem shown in Figure 4-D  R3 can be colored to obtain equivalence classes for the stetes.
note the first and second copies Y1) and C(2), respectively. colors are needed and hence two state bits are required te-imp
The resulting combinational circuit has one primary outpu¢3), ment the circuit.
and four primary inputsy; (1), y2(1), ys(1) andy4(1). This example illustrates how progressive unrolling addgesd
Computing the SPFDs of the nodes in the circuit and exprgssin between state pails, s') that behave differently in the future. In
the union of the SPFDs of the present state bits'f) andC/(1) this particular example, since all states behave difféyane don't

in terms of the present state bits ©{2) andC(1), respectively gain any additional information over the fact that the seteaich-
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able states has four states and can be colored with fourscolor
The next example illustrates how sequential SPFDs cangeovi
useful information that cannot be gained just by examinirgset
of reachable states.
Example 2 Consider the circuit in Figure 6. It is similar to that
in Figure 1 except that the primary output of the circuit ismnthe
OR of the first and third register outputs. The results for me u
rollings and one unrolling are shown in Figure 7 and are destbt
R; and R, respectively. R; and R, denote the state pairs that
produce different outputs in one and two transitions retipely.

Here, R1 = R,. We can stop the unrolling process since unrolling

the circuit any further does not produce any more state pihies
behave differently in the future. Sindg is bipartite, only one
state bit is required to implement the circuit.

Thus, SPFDs can give useful relations between states whith c

be exploited for deriving a new state encoding. In the foillayv

section, we give a general procedure which uses SPFDs for re- ¢

encoding the state space. We also prove the correctnesg of th
procedure.

3 Sequential SPFD Computation

3.1 Notation

For a sequential circuit/, denote the set of states By the set of
transitions byT', the present state bits By, and next state bits by
Y'. Lety; € Y denote a present state bitaf andy; € Y’ denote
the next state bit correspondinggp Lety = {1, V2, -, V& },
denote a partition oY, where each; is an individual component
of ). Each node); € M has a sequential SPFIR;, associated
with it.

Let C be the combinational circuit obtained frob where its
primary inputs are the primary inputs plus the present $tateats
of M, and primary outputs are the primary outputs and the next
state outputs oM.

3.2 Algorithm

The algorithm, com.seqgspfds, starts with the combinational
circuit C obtained fromM without unrolling. It computes the
SPFDs of all nodes i€ and uses them to update the sequential
SPFDs of the nodes i/, which are initially empty. The SPFDs
associated with the present state bits denote the infosmati
that they have to provide for ensuring correct functioyaditter
one time frame. Next, the SPFD of each present stateyhit,

is attached to the primary output & that corresponds tg;.
Then, the SPFDs o€ are re-computed. In general, the
step computes the sequential SPFDs of the nodes required for
correctness i 7 time frames. The process stops when no more
edges are added to any node in the network.

Algorithm com_seqspfdqM, )):

1. R* = Reachstate(M).

2. For each nodey; € M, R; < ¢.

3. Obtain the combinational circu@® from M.
4

. Restrict the present state inputs@fso that it allows only
R”; these are applied to restrict the number of input combi-
nations that can be used during the image computation steps.
The initial SPFDs on the POs @f that are also POs in\/
are given by the functions of the gates driving these outputs
The SPFDs of the remaining POs@f(i.e., the next state bits
of M) are empty.

5. Computespfds().
6. Updatespfds\).
7. repeat{

(a) Modify_statespfds(\1, ))).

(b) Attach empty SPFDs to the POs@that are also POs
of M and the SPFDs of the present state bits\éfto
the POs ofC that correspond to the next state bits of
M.

(c) Computespfds().

(d) Updatespfds1).

}until (no change in SPFDs of nodes).
. Stop.



Reachstatescomputes the set of reachable statedfo$tarting
from the initial states. In general, any over-approximaiid the

reachable states can be used. However, the SPFDs of the nodes ‘ ‘

are the smallest if the exact set of reachable states is @x&d-
pute_spfds computes the SPFDs of all the nodesCinas in the
combinational case ( [2], [3]). It proceeds from primary fmuts

to primary inputs and consists of two steps applied at eade no
in a reverse topological order; the SPFDs are first mapped fro
the node’s local output space to its local input space am dise
tributed among its fanins. The subroutitpdate_spfds, uses the
SPFDs of the nodes i@ for updating the sequential SPFDs of
the corresponding nodes 8f. For each node; in M, it com-
putes the union of the sequential SPFDyp&tored inM with the
new SPFD attached to the copyf in C. During each SPFD
computation phase, the present state bits are treatednaarpiin-
puts; hence the SPFD of each present state/hits expressed in
terms of the fanins of the fanouts gf. The subroutineMod-

ify _state spfds transforms this SPFD so that it is expressed in
terms of the variables ix, wherey; € Yi. The set of reach-
able statesR*, are used to restrict the minterm combinations in
the SPFD ofy;. It only contains edges between nodeand b
such thata andb are cubes o), variables and are contained in
Sk, WhereSy is obtained fromR™* by existentially quantifying the
variables not inYs.

For now, the algorithm assumes ttithas been chosen. It is
important to observe that the algorithm only u3&s the subrou-
tine Modify _state spfds ) is useful if we want to do partial re-
encoding of the state space since each component of thégrarti
can be re-encoded independently. This avoids building eonin
patibility graph over the entire state space. One simpleisisu
to choosey could group present state bits that have paths to the
same set of primary outputs. In general, the structure otithe
cuit’s topology can be exploited to find a good partition.

3.3 Theory

We formalize the ideas presented above. In genéfak a Mealy
machine; its primary output logic is a function of the prasaate
and the primary inputs.

Definition 1 A pair of stategs, s") in S is distinguishabléf there
exists an input sequence such ttdt produces different outputs
for s ands’.

Definition 2 Given a states, the projectionof s onto the set of
variablesZ, is obtained by existential quantification of all vari-
ables not inZ froms. This is denoted as”.

Definition 3 Thesequential SPFRt a nodey;, is the SPFDR;,
associated with it wheoom_seqgspfdsterminates.

In the sequel,R7" denotes the SPFD of; after m steps of
com.seqspfds

Definition 4 TheSPFD of a componend’x, € ) is the union of
the SPFDs of the present state bit)ip. It is denoted asty, .

Definition 5 Thestate SPFDR, is agraphG = (S, E), where an
edge exists between two stasemnds’ if there exists a component,
Vi € Y, such that(s”#, ™) € Ry,. Here,s”* ands™: are
projections ofs ands’ respectively onto the state bits pf.

Figure 8: lllustration of the proof of Lemma 3

We first show that the algorithrepm_seqg spfdsterminates and
then that the state SPFIR, has an edge between a pair of states if
they are distinguishable.

Lemma 1 The computation oR;? of a nodeyp,;, bycom.seqspfd

is monotonic ink.

Proof:

Let the SPFD ofy; after k and (k 4 1) iterations be denoted as
R} and R} *" respectively. Sincd?’™ is obtained fromR} by
adding SPFDs edges, hengé C Rt O

Lemma 2 R is finite fork > 0.

Proof:

Let the inputs ofy; be denoted a¥;. R¥ denotes the input com-
binations that have to be distinguished afteterations. Since;
has a finite number of input®¥ C Y; x Yj is finite. |

Lemma 3 If two reachable states and s’ are distinguishable,
then the state SPFIR, contains an edge between them.

Proof:
By contradiction. Suppose and s’ are distinguishable irk
steps but(s,s’) ¢ R. Then, there must be a set of states
{5a,5b,54,8,} € S such that(s,,s.) € T, (sp,s) € T,
(sa,sp) € Rand(s,, sy) € R. Thisis illustrated in Figure 8.
Suppose the algorithm stops after steps. The stopping cri-
terion requires that no more additional SPFD edges are added
Since,(sa, s3) € R, thene = (s¥*, s7*) must exist in the SPFD
of at least one partitior)/,,. This implies that there exists a present
state bity; € Vi, s.t. its SPFDR;, containse. Sincee € R},
the algorithm would have added = (s5", s;”") to the SPFD of
a present state bit, in the next iteration, wherg; € ). Hence,
e’ € Ry,. This contradicts our assumption tfaf,, s;) ¢ R. O

Theorem 1 The sequential SPFDs computed dym_seqspfds
contains the information for correct re-encoding of a setis
machine.

Proof:

R;“ is monotonic (Lemma 1) and finite (Lemma 2) for &al> 0.
Thus,R}c has a fixed point and hencem_seqspfdsterminates.

By Lemma 3, an edge exists in the state SPFD between any two
reachable distinguishable states. a

3.4 Previous Work

The work presented in this paper is similar to classicakstain-
imization of completely specified machines (c.f. [6]), winigro-
gressively partitions the state space into equivalencsetuntil
no additional refinements can be made. At this point, thestat



y1 and ys are {(1000,0100),(1000,0001)} and
{(0010,0100), (0010,0001)}.  Another step of the al-
gorithm adds no more edges and thus the algorithm stops.
The SPFD of), is bipartite. Hence, this SPFD can be
colored using two colors As a result, the reached states of
the original state space can be encoded as:

1000 — 0;0010 — 0;0100 — 1;0001 — 1;

Figure 9: M’: Implementing the Transition relation of M 2. Y = {0, ).}, where)y = (y1,ys) and Y2 = (y2,ya).
After the first step, the SPFDs ¢ and y4 are obtained.

The SPFDs of;2 andy, in terms of the variables in their re-
spective components a{é10,00)} and {(01,00)}, respec-
tively. Similarly, after the second step, the SPFDg-0nd

ys in terms of variables in their respective components are
{(10,00)} and{(01,00)}. The algorithm terminates in the
next step. Consider the effect of re-encoding each pantitio
separately. The SPFD ¢, is {(10, 00), (01,00)}. Since, it

is bipartite, it can be colored using two colors. Let minterm
00, 01 and 10 in Y1 map tol, 0 and 0 respectively. Sim-
ilarly, J> can be re-encoded by colorinBy,. SinceRjy,

is also bipartite, it can also be colored with two colors. Let
minterms00, 01 and10 in ), map to0, 1 and1 respectively.
Hence, a circuit with two state bits can be obtained. So, the
new encoding of the reached states is:

an equivalence class can be merged. Thus, each equivalesse c
contains states which are not distinguishable. By Lemmae, t
state SPFD contains an edge between any two states thasare di
tinguishable. Hence, the states that can be colored witkahee

color are a subset of an equivalence class obtained by th&@hh

state minimization. However, two states in the same ecgrval

class can have an edge between them in the state SPFD, since in
general, only containment is guaranteed.

Consider the circuitVf’, shown in Figure 9.M' has a single
multi-valued nodey, which implements the transition and output
relations of M. The inputs ofp are the primary inputs and the
present state variables @ff. The outputs ofy are the primary
outputs and next state variablesdf. The state SPFD obtained
by executingcom_segspfdson M’ with Y = {Y'} has an edge
between two states iff they are distinguishable. In thisgctse 1000 — 00; 0010 — 0050100 — 11;0001 — 11;
equivalence classes obtained from the state SPFD coinditie w

3. Y ={V1,Y2,V3,Va}, WhereYs = y1, Vo = y2, Vs = ys

the ones obtained by the classical state minimization &tgor and ) The algorithm terminates in three steps and
Thus, the additional edges are due to the particular decsitipo 4= Ya
g P computes the SPFDs of all the nodes. The SPFDs of each

of M and the partitioning of the state bits. . L . .

) . ) y; in terms of ¥ is {(1,0)}. Re-encoding each partition
3.5 State Encoding Using Sequential SPFDs separately produces no reduction in the state bits.
The SPFD of each component in the partition can be used to per-

form a re-encoding of the state space. For each companeits 3.6 Sequential SPFDs Using Classical Incompatibility

SPFD, Ry,, is solely expressed in terms of the variableg)pf . Graph _ o _
Ry, can thus be colored to get a new encoding of the bit¥;of Itis interesting to note that the incompatibility graphidfderived
This procedure can be repeated for edgh using the classical state minimization algorithms ( [6]) te di-

This method can accomplish a wide range of state encodings "€ctly used to derive the sequential SPFDs of all the nodedf of
depending on the partition used while computing the SPFDs. O N One step. The procedure is outlined below:
one extreme, iy = {Y}, then the SPFD of that componentis 1 TreatM as a specialized combinational circuit where the

equal to the state SPFD. Coloring the state SPFD yields aletenp POs are the POs oM and the Pls are the Pls a¥f plus
re-encoding of the state space. On the other extreme, i the state bits of\Z. The next state bits ¥/ are the inputs
usingy = {J1,¥%,- -+, VYm}, where); = y;, yields the original of a dummy nodé® in C. The SPFD ofD is the supplied
state encoding. A good partition that uses the initial dgquosition incompatibility graph.

of the circuit can be applied to do partial re-encoding ofgtete
space. This approach is computationally feasible for vargd
machines since it only encodes a subset of the state vagiable
each step. Traditional state minimization algorithms nhusid an
incompatibility graph over the entire state space. 4 Resynthesis Procedure

The following example illustrates the effect of the diffet@ar-
titions of Y’ on the quality of state re-encoding.

2. Compute the SPFDs of all nodes@h(including D) in re-
verse topological order from primary outputs to primary in-
puts using Computepfds.

Given the encoding relation between the old states and tive ne
states,Enc and the sequential SPFDs at all the nodeafinthe
Example 3 Consider the circuit in Figure 6 and perform re- original circuit can be resynthesized using the followitgpaithm.
encoding of the state space for different partition&of

Algorithm seqresyn:
1.Y = {} where)y = (y1,v2,ys,ya). After the
first step, the SPFDs of. and ys are obtained. The 1. Proceed in topological fashion from primary inputs and
SPFDs ofy, and y, are {(0100,1000),(0100,0010)} present state bits to primary outputs and present state out-
and {(0001,1000), (0001,0010)}, respectively. puts.

Similarly, after the second step, the SPFDs of This is exactly what we got at the end of Section 2
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Figure 10: Deriving the encoding relation between the oggand
new fanin variablesEn(Y;,Y;).

Figure 11: Computing the node of the multivalued function.

2. For each nodey;, perform the following two steps:

(&) Compute the mapping between the original and the new

fanin spaces of node;:
En(Y;,Y;) xyye R (Y)(Y® = Enc(Y))
G(X,Y,Y;))G(X, Y, Y)),

where X is the set of primary inputsy” is the set of
old state variablesY ® is the set of new state variables,
R*(Y) is the set of reachable statd8nc gives the new
encoding of the state€7(X,Y,Y;) gives the transi-
tion relation of the original fanins and?(X,Y*®,Y;)

the transition relation of the new fanins. The process is

illustrated in Figure 10.
(b) Obtain the modified SPFD as

R?ew(f/j?f/jl) = Ele,Yj’En(Y.ﬁ YA})En(Y}Ivfle)
Rj(va}/}l)'
Color it to get an ISF for the node and minimize it.

3. Attach a new multi-output nodé&;, at the output of the next
state hits. F' hasn inputs andm outputs, wheren is the
number of original state bits aneh is the number of new
state bits. This node maps the re-implemented next state bit
Y, onto their new state encodinginc(Y'), as shown in
Figure 11.

Example 4 Figure 1 can be redrawn as shown in Figure 12. As-
sume that the sequential SPFDs of all the nodes are given- Fur
ther, let the encoding between the old and the new state space
be{(1000,00), (0100, 01), (0010, 10), (0001,11)}. The sequen-
tial SPFD of f1 is {(1000,0100), (1000, 0010), (1000,0001)}.

In terms of its inputs, the SPFD can be re-written as
{(0001, 1000), (0001,0100), (0001,0010)}. The SPFD off, in
terms of its new faningf andys is {(11,00), (11,10), (11,01)}.
Thus, we can re-implemerfit as f1 = (¥ + vg). Similarly, the

Rx: 1000, 0100, 0010, 00Q4,,.,,,¢

1 1 i
T D[z Y

! T N %
[ L |

s B fs Vi

Figure 12: Revisiting the first example.

Ja

ot
e

fa 9| 92
0|0 1,00 0
1 1 1,010 1
1|10]0/|0 1 0
1 0 1 1 1 1

Table 1: Function Table of MV-node

new functions off,, fs and f, are f> = y§ u5, fs = (5 + v5)
and fa1 = y$ys respectively. The encoding betwééhandY” is

1000 — 0010
0100 — 1110
0010 — 1000
0001 — 1011.

The new function of the output nodeis given in Table 1. It can
be implemented as two binary nodes,andn..

n fifa(fs®1a)
f1fs(f2 @ fa)

The SPFD of the output in terms of its inputs
{(0001, 1000), (0001, 0100), (0001,0010)}. Given the new state
encoding, the modified SPFD ig11,00), (11,01),(11,10)}.
Thus the new function of the outputigys.

_ The above circuit can be further simplified by collapsifig f.
fs and f4 into n; andny, to yield the circuit shown in Figure 13.

n2

is

Similarly, resynthesizing the circuit in Figure 5 using 8tate en-
coding

1000 — 1;0100 — 0; 0010 — 1; 0001 — 0;

and simplifying it yields the circuit in Figure 14. Note thiat
generalcom_seqgspfdsfollowed by seqresyn may be iterated to

yield further reductions.

5 Conclusions and Future Work

Given a partition of the state bits, an algorithm was pressent
which computes sequential SPFDs for the nodes in a seqlientia
circuit. Each component in the partition is also associatét

an SPFD. The SPFDs of these components can be used for re-
encoding the state space. This approach can be particuksefyl

for larger machines as it avoids building the incompatipijraph

for the entire state space. The effect of different parigion the
quality of results was illustrated. In the future, we planreesti-

gate different partitioning heuristics to come up with gaoiteria

for partitioning the state space.

Another algorithm uses the sequential SPFDs and a new state
encoding to resynthesize the sequential circuit. The tosgis
procedure can also be used in conjuction with other staté min
mization algorithms to obtain a new circuit. The two algomiis
can be iterated to yield new partitions and new encodinge Th



fi=vi+u

m=yi Oy
ny=y;
Intial state : 00

Figure 13: Re-implementation of Example 1.

output

Y

n=7
Initial state: 1

Figure 14: Re-implementation of Example 2.

algorithms work directly on the current implementationluf tha-
chine and thus only deal with completely specified machires.
natural extension is to investigate the application oféhideas to
incompletely specified machines.
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