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Abstract tation. If such decoupling of complete state knowledge can
In this paper we address the problem of designing very higlbe extended far enough, a situation like that in figure 1d is
throughput finite state machines (FSMs). The presence déasible, where the performance-limiting loop has been split
loops in sequential circuits prevents a straightforward andinio smaller loops and local machines are enabled to act

ggnﬁéﬁ“fzoerdcgﬂ?gi%"gt'i%?]gr g;ﬁﬂ;gn?otie:gg'gg:sl:'gm'(E)g\r']ygrr_kmuch faster. This leads almost naturally to the classical the-

mance. We observe that appropriate extensions of the “wavery of machine decomposition as detailed by Hartmanis
steering” technique [17,18] are possible to partially over- [10]. However, even if such decompositions existed for each
come the problem. Additionally we use FSM decompositiomachine, a second, different problem, arises: there is no
theory to decouple state variable dependencies. App"cat'oﬁuarantee that a system like the one depicted in figure 1d will

of these two techniques to MCNC benchmarks resulted in ;
factor of 3 average throughput increase as compared to Ilways be better (in terms of clock cycle, because the latency

standard cell implementation, at the expense of factor 3.7Vill be degraded as in any pipelined scheme) than its “black

area and less than factor 2 latency penalties. box” counterpart. In fact, even if there is a rough connection
between complexity of logic and critical path delay, this rela-
1. Introduction tion is not trivial.

The solution we propose here relies on a design method
Pipelining has always been ranked among the most powfor FSMs which guarantees better results if an appropriate

erful techniques to enhance performance without resorting tgecomposition is found. This is in turn related to the concept
better technologies. However, in classic literature very few

attempts have been pursued to use this powerful methodol S ST
ogy in an FSM context. [T
111

One of the most lucid accounts on this issue, [16], points | (a) (b) :

out the main problem of pipelining sequential machines.

Any pipelining scheme will trade off latency for throughput, EENEREN
but the throughput of a sequential system is inherently lim- et el |9|7 |9|_| |9|_|
ited by an iteration bound related to the logical behavior of ( )F SEER @ |>L

C

the system rather than physical constraints. To clarify the
question, let’s take a look of figure 1a, which depicts a typi- | Figure 1. Pipelining FSM.
cal sequential system. It has memory of the past, or in other
words, its outputs are not uniquely determined by the pri-of decomposition’s throughput Given this definition we
mary inputs alone, but also by some history condensed in thean explore the space of “good” decompositions with a clear
state variables. If an attempt is made to pipeline this systentost function. Some good decompositions, including the cas-
the result looks like figure 1b, where the single stage of thecaded one, are detailed. To verify feasibility of our approach,
computation is completed at a very fast rate, but the changee have applied the classical decomposition theory, while
to the next state is bounded by the latency. It is so becaugsore recent developments (like [1], [6], [22]) will be inte-
the next primary input vector has to be processed togethegrated in the future. We developed a novel partition lattice
with the state bits; therefore no matter how fast the singldraversal technique to visit the solution space. We also briefly
phases of computation are executed, the final speed of thBention implementation issues related to the problem of
system will be dictated by the overall latencyThere have BDD based encoding and simplification techniques ([12]).
been different approaches to overcome this obstacle ([11}Ve finally present experimental results for a subset of
[16]), but all of them target particular problems or classes ofMCNC benchmarks and discuss the pros and cons of the
problems. proposed method along with possible enhancements.

We think, though, that a systematic way of dealing with  All this reasoning stands (or falls) on the existence of prac-
the iteration bound exists, and is related to the deep logitical systems which could take advantage of high throughput
structure of the FSMs. In fact, even if the “black box” machines. According to [16] such systems arise naturally in
description of an FSM (figure 1a) entails a hard constraint orthe field of signal and image processing, and many FSMs are
iteration bound, it is easy to see that in particular cases theycle-intensive in a sense that it is less important to reduce
machine works like the one shown in figure 1c, where not althe latency between inputs and outputs than it is to reduce
the state variables are needed from the first stage of compthe time interval between consecutive legal outputs. In gen-
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eral our approach will be advantageous to all systems with
relatively loose loops connecting data with control parts, or
FSMs occurring in general data-dominated problems [11].
Previous work related to the problem studied here,
besides [11] and [16], can be found in early papers like [5]
or [8], where the possibility of high throughput FSMs was
clearly addressed, but didn't find immediate application, we
believe due to the lack of an implementation framework
like the wave steering proposed here. In the present work

we are also indebted to all the papers on machine decompo-

sition, from the classical (and always inspiring) [10] to the
more recent works [1][2][7][14].
The main point that differentiates our work from the pre-

Previous works ([17] and [18]) show the good perfor-
mance of this methodology with the use of a particular
decision diagram, while more recent results indicate the
feasibility of the approach with regular PTL mapped BDDs
(with some modification to account for placement and rout-
ing problems), particularly for arithmetic functions. In gen-
eral it seems that the approach is advantageous whenever it
is acceptable to trade-off area and latency for throughput.

3. Wave steered FSM

As stated in the introduction, the possibility of a pipe-
lined FSM is challenged by the iteration bound, but solv-

vious is the perspective that sees decomposition as a tool @P!€ if the “big loops™ could be substituted by many small

which can immediately provide performance enhancements
rather than an encoding aid.

2. Wave steering of combinational and sequen-
tial circuits

Recently the Wave Steering Technique has been pro-
posed [17][18] which tremendously increases the through-
put of combinational logic. The idea is to allow several
signal waves to co-exist in combinational circuit. Each
wave contains encoded information about a subset of input
variables. As a particular wave travels through the circuit it
is enhanced by information carried by consecutive variables
of the same input vector.

The idea of wave steering is based on the possibility of
computing a function taking the effect of one variable at a
time to enhance the information carried by the variables
seen so far. This is allowed through the use of a BDD
(Boolean Decision Diagram) scheme of computation. There
are standard ways of mapping BDD representations of a
Boolean functions into Pass Transistor Logic (with minor
variations: see [3][4][19][21]). Each node of a BDD is sub-
stituted by a multiplexer realized by a couple of pass tran-
sistors controlled by the signal corresponding to the
variable and its negation. To achieve a wave steering
scheme it is fundamental to electrically decouple different
BDD levels, by controlling the adjacent levels with alternat-
ing phases of clock signals.

The wave steering principle requires that at any given
clock phase every other level is active, that is, any multi-
plexer connects one of its inputs with the output, while the
other half of the levels are idle (they maintain memory of
the previous computation). In order for this scheme to work
properly the input bits must be applied at the right time,
such that they act on the right wave of partial outputs. This
implies input skewing: the input bits controlling higher lev-
els in the BDD structure have to be delayed with respect to
the one controlling lower levels. This is achieved through
the use of dynamic flip-flops.

ones. Applying the wave-steering technique detailed in the
previous section directly to the combinational portion of an
FSM may not lead to substantial throughput improvement
because of necessity to feedback the state bits.

We definecombinational latencyf an FSM whose com-
binational portion is implemented in wave steering tech-
nigue as the time needed to compute the next state bits. It is
proportional to |input bits|+|state bits|. As an example, con-
sider a machine in fig. 2a. Its state is coded into 4 bits and
the combinational part is wave steered. If we fix the order of
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Figure 2. Wave-steered FSM.

the variables in such a way that state bits appear on the top
of the BDDs (see fig.2b), theequential latencythat really
limits the throughput by stalling the pipeline, becomes sim-
ply dependent on the number of state bits.

Such a scheme, however, is acceptable only if the number
of state bits is relatively small. It is possible to apply the
Wave Steering idea hierarchically to achieve the desired
speedup. The top level wave steering is an appropriate FSM
decomposition which results in iteration loops with small
number of bits. The bottom level wave steering works as
usual, by accumulating partial information on the local



BDDs that eventually give partial results on the next state.
The top level wave contains the information about all the
input variables and a partial information about the present
state, that is used to compute the partial information on the
future state, to close the first loop. The information on the
next state is used by the next sub-machine which can pro-
cess it together with a complete information on the input to
refine the knowledge on future state. It is clear that in this
way the next-state output is not the result of a one-shot
computation but rather a progressive refinement of partial
information. This means that the entire next state vector
will be available only after all the machines have closed
their loops. As every machine can act independently, the
overall throughput of the system is no longer limited by the
total number of state bits but rather by the maximum num-

scheme detailed in figure 4a corresponds to the cascaded
decomposition ([1][10]) and Figure 4b shows a generic
loop-free decomposition. In both of these cases the
throughput gain is directly related to the maximum number
of state variables of the component machines. A more com-
plex situation, where feedback is present, is shown in figure
4 c. In this case the iteration bound is given not only by the
number of state bits computed by the single machine, but
also by the communication complexity between different
connected machines. The same principle applies to generic
topologies like those of figure 4 d. Even though cases c and
d cannot rely on simplistic figures of merit like the maxi-
mum number of bits, nonetheless the performance can be
always computed on the basis of purely structural informa-
tion, without considering encoding, synthesis, or mapping

ber of state bits to be processed inside a single machine (seedata.

figure 3).
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Figure 3. Wave steered decomposed FSM.
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It is clear that the existence of such a topology is related
to the possibility of finding decompositions of the original
machines. We however have an advantage with respect to
the usual way decomposition theory is applied: while ordi-
nary FSMs have cost functions relating the quality of a
decomposition to the result of a very long and complex pro-
cess (comprising state assignment, logic minimization, and
technology mapping), in our case the quality of decomposi-
tion can be assessed on purely logical grounds, namely by
the number of bits in the critical loops. This brings us to
defining thedecomposition’s throughputas the maximum
number of bits which have to be processed simultaneously
by any machine in the decomposition. With the cost func-
tion given by the throughput, we can proceed to analyze the
feasible decompositions, and build algorithms to identify
them.

4. Decomposed FSMs

4.1 Good decompositions

Here we list some machine decompositions that best fit
the wave-steering scheme. The crucial point is that they
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Figure 4. Good FSM decompositions.

In general, we accept any multiway decomposition which
guarantees the presence of short iteration loops defined in
terms of bits to be processed.

4.2 FSM serial decomposition

We have implemented our ideas for FSMs decomposed
into cascades. Therefore, from now on, we will focus on
FSM serial decomposition only. In this section we will
rephrase pertinent definitions, recall theoretical background
from [10],[13] and explain our implementation.

Definition 1: A finite state machine (FSM) is a 5-tuplié =
(S1, 0,9, A), whereSis a finite non-empty set of statdsa
finite non-empty set of inputs ar@ a finite non-empty set
of outputs.d: Sx | - Sis called the transition (or next
state) function andl: Sx | - O the output function of M.

The functionsd andA are represented by a state transition

have to reduce the number of bits needed to represent statetable. Figure 5 shows transition table of machine A, an

information produced and processed in a clock cycle. The

example machine used throughout this paper.
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x=0 x=1
0 4/0 1/1
1 4/0 0/1
2 3/0 0/0
3 2/1 5/0
4 5/1 2/0
5 4/0 2/0

Figure 5. The example Machide

(1) ={0,1,2,3/4,5}
m ={0,125; 3,4}
D= {m, ?, §1 E}

% ={0; 1; 2; 3; 4; 5}

Figure 6. The lattick(A) of machineA.

Definition 2: [10] Let the expression 5 t (1) mean that
states s and t are in the same block of partition

Then a partitiortt on the set of states of the machikkis
said to have theubstitution propertyS.P.) if and only if,
for all states s and §= t (1) implies thatd(s, i) = &(t, i)(17)
foralliinl.

In other words, the partitiort on Sof M has the substitu-
tion property if and only if each input maps blocksrointo
the blocks ofrt. For examplery = {0,1,2,5 3,4} is a S.P.
partition of the machine A

We denote a partition consisting of a single blockds,
and the partition consisting of blocks each of which has
only one state as,. Each machine has only on€l) and
oneTy,

Since the operation oM determines unique block to
block transformations on S.P. partition we can think of

ordering, the set of all S.P. partitions (includirgandr(l))
of a sequential machind forms a latticeL(M), where each
node in the lattice is a partition and the edge represents the
partial ordering between the nodes. Nageis drawn on a
lower level than the node, wheneverms< 11,

A serial decomposition of a machiméis a cascade chain
of sub-machinesy, my,..., m,, in which the outputs of any
sub-machine with lower index number may be used as
inputs to sub-machines with higher index number. [10] has
shown that each path io(M) starting fromr(l) and ending
in Ty corresponds to a cascaded decomposition of the
machineM. Every edge in.(M) maps into a sub-machine in
the cascaded decomposition. A sub-machine is derived
from a partitiont;; such thatrg T ; = 1. Figure 6 shows the
Hasse diagram of the lattidgA) and all S.P. partitions of
the machinéA. We will use a possible serial decomposition
of the machineA as an example to illustrate how to build
the cascade machine. The path we choose traverses,
T. Partition of the first sub-maching,; = {0,1,2,5;3,4},
consists of two states, therefore can be realized by one vari-
abley,. The second sub-maching 3is {0,1,3;2,4;5}. It
has three states and needs two variablesy,, to encode
them. The last sub-machine yis {0,2,3,4,5]1}, and needs

one variableys, to represent its states.
EF

m;
Figure 7. Machiné decomposed into a cascade

An assignment based on the above partitions will yield
the following functional relationships, wherg( y1',---Yn')

is the encoded next statg( y;,...),) is the present state,
andzis the output:

Yo'= 91(X.%0)

(Y1, ¥2) = 32X, Yo.Y1,Y2)

y3' = 33(X,Y0,Y1,Y2:Y3)

Z = NX,Yo,Y1,Y2,Y3)

The schematic diagram of this realization is shown in

these blocks as the states of a new state machine defined byFigure 7.

andM.
Let Ty, T, be two partitions onS, and <" (equal or

smaller thaf denotes the partial order operator, thex
T, if and only if each pair of elements which are in a com-
mon block ofryare also in a common block .

It has been shown in [10] that if; and Ty, are S.Pparti-

The number of bits needed to represent the sub-machine
states is labeled on the edgesldf) of Figure 6. For a
detailed treatment of theoretical background we refer to
[10] and [13].

Next we will show how to get all the S.P. partitions of a
machine. Lettss; be thesmallestontrival S.P. partition, in

tions on the set of states of a sequential machine, then so are'€'Ms of partial order, containing staj@nds; in one block.

the partitionsty M, and T+ T3, where the two operators

We refer to the placing of ands; in one block asdentify-

represent appropriate meet and join operations. With partial ing them. To determiness;, we first identifys ands. This



identification implies that we must also identify the succes-
sorsd(s;, i) and &(s;, iy), for every inputiy in I. The states
(s, i and &(s;, i) are said to bemplied by s ands.
Whenever a statg is identified withs ands,, the transitive
law must be applied so thag§,s0) are placed in the same
block of Tt If we repeat the above procedure and find the
smallest closed partitions;s; for every pair of statess, we
obtain a set of partitions which are called thasic parti-
tions. The partitions in the second lowest level of the lattice

Figure 8 shows a directed graph for lattic@) obtained in
steps 1 and 2. The graghwill give us a complete informa-
tion about the cost of different paths, which will be other-
wise difficult to get from the Hasse diagram alone.

3.Assign the nodet(l) a value of 0, and the rest of the
nodes the value of infinity. Lat, v be two nodes irG, and
c(u,v)be the cost fromu(source) tov(target). Do a breadth-
first-traversal onG, starting fromTi(l). For each visited
node u, assign each connected target noda value =
max(min{ value,c(u,v)), u value).

4.Remove all the edges A that have weight greater than
the node value af,

5.User(l) and 1 as source and destination respectively,
find the shortest path between them.

This algorithm is exact. Step 3 and 4 together guarantee
that the path we found will have the minimum of maximum
bits. This guarantees that we are effectively choosing only
decompositions with the best possible throughput. Step 5
ensures that the path we found consists of minimum num-
ber of nodes, thus minimizing the number of the machines
in the decomposition.

will all be basic partitions, therefore serving as the building
blocks of the whole lattice.

Once we have the complete basic partitions, we then use
the union operation on these basic S.P. partitions to gener-
ate all S.P. partitions of the machine [9], [10]. Finally we
insert them, starting from the partitions with smallest num-
ber of blocks, into the lattice in a depth-first manner.

4.3 Extraction of a good decomposition

A straightforward way to build a serial decomposed
machineA is to pick a path fronlL(A) such that the maxi-
mum weight among its edges is minimum among all the
possible paths. For example, we can either pigkrt, T,
or T, Ti, T, etc. fromL(A) in Figure 6, which all require
three submachines. This strategy certainly will give us a
cascaded machine with the best possible throughput (in
terms of sequential latency). However, if we look closer, we
find that actually we only need two submachings; and

P2 o to realize the original machine. In doing so we literally

5. BDD implementation

After extracting the machine, to ensure the feasibility of the
approach, we devised a strategy to address the problem of
area minimization. While the performance in terms of delay
is basically fixed during the logic step of the synthesis, the
area is still strictly related to the choice of good state
assignment and logic minimization has to bear in mind the
different target architecture which is BDD based as
opposed to the traditional standard cell multilevel realiza-

d_ecrease the number of _sub-machines and still mai_ntqin the tion. As for now we don't have any encoding scheme appro-
highest throughput possible. Thus the problem of finding & jate o the BDD structures, we used a classic algorithm

path with minimum sequential latency leads to the problem ¢, symbolic encoding (JEDI[15]), starting from the head
of finding a path that has both minimum sequential latency nachine and using the results of previous encoding as we
and minimum number of nodes in the path. proceed towards the tail machine. An outline of the algo-
rithm is as follows:

. Given any extracted machine:
" 1. Encode through JEDI
3 2. Pass it through a BDD package (CUDD [20])
: 3. Minimize it safely ([12])
. 4. Do the placement of the BDDs
Step 3 uses a well-known algorithm to simplify a BDD with
don't care conditions ([12]); in our case, don't cares are
both external (the machine is not completely specified) and
internal (the encoding for an intermediate machine specifies
only some combinations of bits). This has shown to greatly
improve the overall node count of the BDDs.

The last step consists in adding some intermediate
dummy nodes to the BDDs in order to ensure functionality
(those nodes practically act as flip flops).

Figure 8. Complete information about the lattic&)L(

In order to capture this essence we propose the following

algorithm:

1.Build the connected grapB (complete lattice), where
each node represents an S.P. partitioNpénd each partial
order pair nodes are connected with a directed edge.

2.Letw be the number of bits used in distinguishing the
partial order pair nodes iG. Assign each edge the cost of
w.



6. Results

In this section we detail the experimental results per-
formed on a set of MCNC benchmarks from the 1993 Logic
Synthesis Workshop.

Tablel. Cascade decomposition of MCNC benchmarks

FSM | pi| po| s| bp| tp| ml #jy CPU
bbara| 4| 2| 15| 5| 3| 2 1
dk27 (1| 2| 7| 4| 4| 3| 1| 0.06
dk512 | 1| 3| 15 13 44 3 3 2
exl 91| 19| 20 67 71
ex7 2| 2| 100 2| 2| 2| 3} 037
kirkman| 12| 6| 16/ 3 | 3| 4| 1| 159
opus | 5 6| 10 2| 2| 3| 3| 0.67
sl 6| 20 4| 8| 2| 4 51
s208 | 11| 2| 1§ 9| 9| 5| 1 42
s27 4 1| 6| 4| 5| 3| 1| 0.22
s420 | 19| 2| 1§ 9| 9| 5| 1 42
shiftreg| 1 | 1 | 8 8| 28| 3| 1| 0.24
tav 4| 4 1| 2| 1| 0.17
tbk 6| 3| 32| 10[ 16 3| 4| 490
trainll| 2| 1| 11 8| 2 2| 3 1

Table 1 contains decomposition results for the bench-
marks that have nontrival serial decompositions. “pi” is the
number of primary inputs. “po” is the number of primary
outputs. “s” is the number of states. “bp” is the number of
basic partitions. “tp” is the number of total partitions. “m”
is the number of decomposed sub-machines. “b” is the
maximum number of bits in a submachine, which is directly
related to the throughput of the whole machine. CPU
column gives runtimes in seconds for Sun 4 Sparc
workstation.

Table 2 contains results of BDD implementation for the
benchmarks from Table 1. “jedi” is the area of the FSM
encoded through JEDI. “random” is the area of the FSM
encoded randomly. “S.C.A” and “S.C.Del.” are the area
and clock cycle of the FSMs after logic minimization and
mapping obtained through SIS with the following script:

state_minimize stamina
state_assign jedi
extract_seq_dc
source script.rugged
source script.delay,
followed by automated placement and routing, together

with a static timing analysis (column “S.C.Del.”) of the cor-
responding standard cell implementation.

Table2. Area and delay comparisons

ESM jedi | random| S.C.A. Deslay Lat. |S.C.Del
10%um? | 10%um? | 10%um? s ns ns
bbara 71.6 68.7 10.3 1.6 8.9 5.5
dk27 5.8 5.8 5.38 1.6 4.0 4.1
dk512| 26.2 30.7 12.0 3.2 12.8 6.3
exl 282.7 3345 64.7 3.2 24.0 9.7
ex’ 33.8 37.6 6.21 3.2 12.8 4.3
kirk- 117.6 114.6 38.1 1.6 12.9 12.3
man
opus 60.5 69.0 17.7 3.2 17.6 7.1
sl 251.4 310.3 38.9 3.2 20.8 9.8
s208 44.2 44.2 19.8 1.6 9.6 7.5
s27 15.1 10.7 8.36 1.6 5.6 4.6
s420 44.2 44.2 16.9 1.6 9.6 6.6
shiftre 0.7 0.7 3.73 1.6 24 3.8
g
tav 10.8 10.8 6.02 1.6 4.8 34
tbk 118.1 117.5 45.6 3.2 19.2 12.4
trainll| 31.0 31.7 7.15 3.2 12.8 4.2
| Total | 1113.7] 1231 300.85 352 1776 1018

Both implementations are in a 0&m technology. The
basic cells needed for the wave steering implementation
have been simulated, taking into account parasitics, under
different operating conditions, and proven to be working at
a frequency of 625 MHz. This explains why the delays
reported are all multiple of 1.6 ns. Electrical simulations
show that the two phase clocking scheme permits to accept
two state bits without stalling the pipeline; therefore, only
submachines with more than 2 state bits force a slow-down
of the system. One key feature of the new design technique
is that the performance of the implementation depends on
the speed of the elementary cell (buffered multiplexer) and
on the quality of the decomposition, but not on the overall
complexity of the machine. Therefore we hope, through
different decomposition schemes, to get even better results
for bigger FSMs. In the current implementation the state
space behavior is considered and optimized separately from
the output behavior. The results show that, with respect to
standard cell realizations, the overall area of the wave-
steered implementation increases on the average by a factor
3.7 (4.1 for the random encoding), and the throughput
increases by almost a factor of 3. A different customization
of the basic cells is possible that will provide more
compact implementations. Note also the relatively mild, but
for special cases, degradation in latency. The use of an
encoding algorithm results in only minor improvement on
the area. We think this is due to the substantial difference



between a standard multi-level optimization, for which
JEDI is well suited, and the BDD representation targeted
here. We believe that an encoding customized for BDDs
may improve the results.

7. Conclusions.

In this work we have demonstrated the feasibility of
wave steering, a novel design technique, in building high-
throughput FSMs. The results on some of the examples in
the MCNC benchmark suite are encouraging. We believe

1966.

[9] M. Geiger, T. Muller-Wipperfurth: FSM Decomposition
Reuvisited: Algebraic Structure Theory Applied to MCNC
Benchmark FSMs, Proc. 28th Design Automation Conf.,
San Francisco, 1991, pp. 182-185.

[10] J. Hartmanis, R. E. Sterns: Algebraic Structure Theory
of Sequential Machines, Prentice Hall, Englewood ClIiffs,
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[11] A. Hertwig, H.-J. Wunderlich: Fast Controllers for
Data Dominated Applications, ED&TC 97, Paris, March

that the latency and area of wave-steered FSMs can be 1997.
decreased and more examples can be handled when[12] Y. Hong, P.S. Beerel, J.R. Burch and K.L. McMillan:

different than just cascade decompositions are considered.

We also expect to improve the results by allowing state
splitting and developing appropriate encoding techniques.
However, for this approach to gain full acceptance, the

Safe BDD Minimization using Don't Cares, DAC’'97, Ana-
heim, June 1997.

[13] Z. Kohavi: Switching and Finite Automata theory,
McGraw-Hill, New York, 1970.

system issues caused by the difference between throughput

and latency in the behavior of those machines have to be
solved. We are currently working on these problems.
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