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Abstract. We propose apower estimation technique for controllers that operates at
the register-transfer level to provide ealy warning of a power problems. Our
estimator is based on the use of entropy as a measure of the average adivity in the
final implementation of a drcuit given FSM network description. FSM networks are
constructed from a partition of a initiadl FSM state transition gaph (STG). The

tedhnique has been implemented and tested on a variety of benchmarks.

1. Introduction

With the increasing of portable computing devices the importance of the power
constraints during the design of digital devices has continuously increased in the past
yeas. The digital circuits are usually represented as a wmbination of a data path
which performs operations and a wntrol part which controls the exeaution in the
data path. A controller is the most important block of any discrete device which
controls all information streams.

The ontroller synthesis is one of the important fields of the reseach in the design
of digital circuits. They are mostly modelled as finite state macines (FSMs). The
different attribute daraderistics of a FSM such as areg power consumption,
testability, etc. are the field for an optimisation efforts of designers and reseachers.
The design of alow power controller is a complicae problem because of a physicd
cgpadtance of controllers depends on the wntents of control table, which are not
known urtil run time. Complex VLSl and bcard-level circuits may be modelled as

being composed o interading finite state machines. These interadions primarily



implement the exchange of information among component madines. The
deacompaosition of a FSM into a network of interading finite state macines is useful
for baoth area and performance reasons, aso it allows a drastic reduction in timing
verification task complexity.

In our paper we aldress to the problem of the design of low power controllers
represented in a form of the FSM network descriptions. It is also easy to see that
interadions between component FSMs complicae the FSM network model as
compared with the model of a finite state machine.

The FSM entropy function for power estimation in a FSM is gudied in [1,2]. In
our paper we consider the problem of entropy application for the power estimation in
a FSM network. It gives oppatunity to evaluate the influence of an information
exchange between component FSMs on the value of a FSM network entropy
function.

The sedions of the paper are organised as follows. The method d FSM
decompasition based on the partition of STG of FSM is presented in the sedion 2.
In the sedion 3 we propase the models for an evaluation of the entropy value in

FSM networks. Experimental results are in the sedion 4.

2. Decompositional Synthesis of Controller

Let FSM A be dharaderised by a 5-tuple (X,Y,S,0,A) where X,Y,S are the sets of
primary inputs, primary outputs and internal states, d and A are the next state and
output functions respedively. There ae the number of many decompositions of the
same FSM A therefore it may be redised by different FSM networks. Usually the
foll owing requirements are satisfied for a FSM deamposition.

1. Component FSM is the FSM of an unquely determined type.

2. The number of connedions between component FSMs must be minimum.



3. The number of input, output channels and states in component FSM are restricted

by some parameters.

It is known two basic goproadies of a FSM decompasition. The first one is based
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Fig. 1. Trandtion Tableof FSM A

on the dgebra Hartmanis-Stearns [3] where the
set of orthogonal partitions is applied for
decompasition of original FSM A into FSM
network N. The antrollers of the red
complexity are modelled by FSMs that have large
numbers of inputs, outputs and states. Because of
the probem of the seach of an orthogond
partition set is a very complicade one the
applicaion of algebraic gproades for FSM
decompasition is reduced to the solution of a very
gread dimension probem and is urpradicd in
many cases. Besides, it is very difficult to find the
problem solution that simultaneoudly satisfies to
the aonditions 1-3 have been formulated above.
For a FSM demomposition we nsder the
approadh [4] based on the @nstruction of one
partition set T={S',S%,...,S% of the state set S.
The method d decompaosition we
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Fig.2. FSM network

= l l m={S,S,S}, where S'={s, %81,
S={ss.5r5},
={s:,5,5}. To the pair (ST) let
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us put in acordance the FSM network with [r{=3 component FSMs A'=(T' X',Y' & A\

1=1,2,3.
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Component A' is defined as follows: s |z 10
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1. The state set T=S0{b}, here S the state St Tapie 3, Component FSVI A°

that belongs to Hock S of partition Ttand b is an additional state . Thus, in our example

the FSM network consists of three @mponent FSMs (look Fig.2) AL, A% A3 for which

the sets of states are determined by the blocks of partition T

T ={su%8b}, T={ssSn%b, T° {355, b}

2. The input chanrels of component A’ are defined as follows:

X'=X(S)OZ,, here X(S)=Ogs X(5). X(s) is the set of input variables in all

conjunctions for the transition from's. X(SY)= {Xv,Xo,X3,Xa}, X(SP)={ X2, Xz},
X(S)={X2, XaXs} . Z={zs (S Xn=Se, SIS, §OS}. Here X=X (s;,S0) is the input at

the trangition from s to s, s[JS. Thus, for eah s0S let us put in acmrdance the

additional input variable z in the amponent FSM A', if in the decomposed FSM A

there is at least one transition to this date s, from the state s not included in A'. In

our example Z,'={ z,} , Z,>={ 25,27} , Z.>={ 23,25} .

3.The output channels of component FSM A’ are defined as follows: Y'=Y(S)0Z,!.



Here Y(S)=0 < Y(s), where Y(s) is a set of output variables appeaing in the
column Y(g,sY) at al transitions from the state s. In our example Y(AY=
{YLY2YaYa YsYe Y7}, Y(A?)={y1y2Ya YsYe} Y (A)= {yrY2.Y3Ya Ys.Yey7} -

Now let us define the set Z,'={ z{35(S,Xn)=S, §0S, s(JS} . So for ea s0S let us

put in acmrdancethe alditional output variable z in the mwmponent A’ if in the FSM

A thereis at least one transition to this gate s, from the state s; included in S. Inour

example Z,' ={ z3,25,26}, Z,°={ 2,25}, Z,*={ 26,27} .

4. Further we define anext state & and output A; functions of component FSM A'. In

the FSM A let it be (s, xn)=5 and A(S,Xn)=Y:.

Transitions of two cases are possble in FSM A'":

(i) s,50S i.e s and s are both the states of component FSM A, thenin A' must be

3(s.Xn)=S, N(S,Xn)=Yx

(i) sOS, s0S° are states of different component FSMs then transition function &' in

S must be  &'(s,Xn)=s, A'(S,Xn)=y:0{z} and in S* must be &(b,,z)=s;, A°(bp,Z)=Yo,

where y, corresponds to the output vedor containing only zero values, none of

Y1,...,yn @€ written in the column Y (s,s'Y) at the transition (by,z) in FSM AP,

5. Initial state s, of the cmmponent FSM A': is s, if sg0S or by, otherwise.

Thus, described above procedure of FSM decompaosition is reduced to

(i) copying the row ssX(s,5)Y(s.s) from the table of FSM A to the table of
component FSM A' if s and s are states of A';

(i) replacement of the row ssX(s,s)Y(s,s) of FSM A by the row
sbmX(S,5)Y (S,5)z in the transition table of of FSM A™ and the row b,gz in the
transition table of FSM AP, if 5 is a state of A™ and 5 is a state of AP, mzp.

As aresult in our example (Fig.1) there will be three ®mponent FSMs A, A2 and A3

(Fig. 2, Tables 3,4,5). Let us describe network N by resulting FSM

An=(Su, Xn:Y NN n), Where Sy={ si06,0... 5 OTxT2x.... xTK, if partition 1t has k

blocks.



Ead state sy of resulting FSM Ay is k-tuple s,[5,[1...[k, where s is the state of
component FSM A;. In atime the state of one component FSM A; coincides with the
state of original FSM A, last components are in the “waiting states’ by,bs, ...
Bj-1,0+1,...,b¢. Let state s; be initial state of FSM A in our example, then state s,,b;
Isinitial state of resulting FSM Ay. In Fig.3 we can seehow states of resulting FSM
An are dhanged during of threetransitions.

The first transition changes dates of the first component A’ and the second
component A2. FSM Altransits into a “waiting state” b, and sends the cntrol signal
z3 to the inputs of component FSM A3 . Control signal transits the FSM A3 into state
s;. The transition changes the state of the seacond component FSM A? then
component FSM A? transits into waiting state by and put control signal zg onto
inputs of A2 Control signal zg transits FSM A? into state S.

FSM decompasition problem is formulated here as follows: it is necessary to find

the decomposition (S,;) of FSM A that the partition T={S,S%...,S%={S}on the
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Fg.3. Fragment of F9M A, Trandtion Graph
state set S would have a minima number of blocks and for eaty component FSM

number inputs and/or outputs are restricted by some parameters.
3.An Entropy-Based Approach for Power Analysis

The oncepts of information theory have proved their usefulness in different
domains of digital design. Two new measures based on entropy and information
energy are propcsed in [1] for estimating of the energy consumption in circuits
represented at the gate level of the design. In [2] the method d power estimation
cgpability based on the use of entropy is considered for circuits given only its

Boolean functional descriptions.



In our paper we can take an information theory approad for power estimation in
a FSM network. With this objed in view we nstruct and investigate an entropicd
model of a FSM network.

Let us consider the stochastic model R=(SE,P,G)of finite state madine

A=(X,Y,SdA), where G=[g,] , 0<g; <1 Z g; =1 is Transition Probability Matrix
I

that is cdled Stochastic Matrix. And P=[p,,p,,...,p,] IS Limiting State Probabili ties

vedaor [5]. The entropy of stochastic finite state macdine represented by the system

R=(S,E,P,G) is equal to the own information contained in the FSM as per its states.
H(S) =) p(s)I(s)I=1) p(s)log, p(s) (1)

In the result of the decompasition of FSM A we loose some information [6] about an
interadion of ‘elements’ in original FSM. To coordinate the functions of components
ina FSM network it is necessary to increase the summary of input and output channels
of the device i.e., to increase the summary value of transfer information.. These
reasons leal to an increase of the entropy value of a FSM network in the comparison
with the entropy of the original FSM. So the partition 1t of the state spaceS of original
FSM into formally independent groups leads to the loss of some information about
mutual dependencies between states in a different partition blocks.

Let us consider a FSM network as a complicated stochastic system and propacse that
the descriptions of component FSMs as dochastic systems are well known, i.e. we
know the description of the eath component FSM by Markov Chain model. In this
case we can cdculate the distribution of state probabilities and conditional state
probabilities for eath component. As a measure of a mutual dependence between
components we cnsider the quantity of the mutual information propased by Shennon
[6]. Entropy of FSM network charaderising indefiniteness of states of component
FSMs is equal to own information in FSM network concerning its component FSMs. It
has the following form:

H(N)=H(ALA? ... AY=I(ALA%... AD=S I(A)-T I(AAN+T 1A AAN+...



L ACD)HALAZ LAY (2)
where the summation is over all subline’s indexes i<j<h<...<k. It is evidently that the
entropy value H(X) is defined by taking into consideration of al mutual
dependencies between components. This expresson determines lower bound of
entropy value in the demmposable system. If al mutua dependencies in
decompasable system are ignored then we recave upper bound of entropy value of
decomposed system:

HIN)=3 I(A) = 5 H(A) (3)
Thus, in this case component FSMs can be regarded as formally independent
parameters. As appeas from the @ove (look Tables 1-3, Fig.1), the transition
graphs of the original FSM A is isomorphic to the resulting FSM Ay therefore the
vedor P=[p,,p,,...,p,] Of limiting probabilities of FSM A coincides with the vedor
of limiting probabilities of resulting FSM

Let FSM network N be designed by above mnsidered method and N has k
component FSMs.  Asaume that s\OSy, where sy= biB,L1.b-10s0b0...Ob.
Evidently that

(sn) =p(0)P(b2) .. p(by-1) () () L. ()

Conclusion 1. The global probability p(sy) of state sy= by0,L1.. -1 05 [y, L. Chog
is equal to global probability p(s) of state s; . It follows that p(b,)=[p(b2)= ...=p(b;-
1)= P(0j+1)=...= p(b)=1.

Conclusion 2. The entropy value in FSM network N constructed by the dove

considered method is defined by the expression (2).
4. Design Methodology and Experimental Results
As a first step toward a highlevel power estimation cgpability, we have

implemented a technique for estimation of the average switching adivity of a FSM

network based on the FSM network entropy measure. FSM networks are designed



from benchmark FSMs represented in kis format. We implemented two approades
for the entropy estimation. The first one is based on the entropy caculation using
expression (4), second one is based on the entropy estimation presented by the

expresson (3). The

N [FSM [ H®A) |n [k [HA) HN) [ % | tedhnique was tested on a
] pak 32516 [1]3 [@2.@3DE2Y [672 [106 | o\ oNc EoMs,
2 3 | (2.12),(1.56),(2.21)| 5.97 | 83.7
313 |22.230.221) |672 |106 | Results of two dfferent
2 | bbara | 2.6627 |1 |3 (1.72), (1.9), (2.16)| 5.78 117 experiments are presented
23 [@09),(L9) (19 [589 [121 | i Tone 1 Fird we
3|3 |(1.72),(1.87),(2.04)| 563 | 111
3 [sand | 45028| 113 |G00.G2 @25 |95z 107 | estimae the value of
2|3 [(304),325,3.25[954 [108 | entropy H(A) before the
3]s [@en 3@y [944 1106 | tom eompasition then
4 |sse [23962[1 3 | (15,221 584 | 143
513 (@, @on.a7s |53 (15 | M A Is decmposed
313 [@5),2).02.1) 584 | 143 into FSM networks
5 |planet | 5.2568 | 1 | 2 | (4.4),(4.02) 8417 [601 | making e of three
1|2 | (44),4.02 8.417 | 60.1 N
2 |2 | (4.38), (4.04) 8.416 | 60 decomposition - methods.
Table 4. Entropy Evaluation in FSM networks Deamposition Is

implemented in  the
propasition that the number k of component FSMs has been gven a priori. The first
solution determines the FSM network in which the number of inputs and outputs of
component FSM are minimised simultaneously. The second ane minimises only the
number of component inputs and the third one minimises the number of component
outputs. The results of experiments are demonstrated in Table 4 where @lumn H(A)
determines values of the entropy of component FSMs. Column H(N) is the entropy
of network N described equation (3). Column marked by % gives the increase of the

entropy value in the result of a FSM decomposition.



Conclusions

An information theory approach for entropy evaluation in FSM networks have
been propaosed in our paper. Two models for entropy estimation are mnsidered here.
The first one acounts for the summary entropy of separate mmponent FSMs. It is
an yoper bound o the entropy value in a FSM network. The second model that
acounts for an information exchange between components gives more exad value
the ettropy of a FSM network. This model is used as a measure of power
disgpation in combinational circuits of network components. The dgorithms of a
FSM decompasition and the entropy power estimation for upper bound in FSM

networks were programmed and tested at FSM benchmarks.
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