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Abstract 

This work presents two approaches for computing the 
number of functional units in hardware/software code- 
sign context. The proposed hardware/software code- 
sign framework uses Petri net as common formalism 
for performing quantitative and qualitative analysis. 
The use of Petri net as an intermediate format allows 
to analyze properties of the specification and formally 
compute performance indices which are used in the 
partitioning process. This paper is devoted to describe 
the algorithms for functional unit estimation. 
This work also proposes a method of extending the 
Petri net model in order to take into account causal 
constraints provided by tlie designers. However, an 
overview of the general liardware/software codesign 
method is also presented. 

1 Int ro d tic t io n 

Hardware/Software codesign is the design of systems 
comprising two kinds of components: specific appli- 
cation components and general programmable ones. 
Although such systems have been designed ever since 
hardware and software first came into being, there is a 
lack of CAD tools to support the development of such 
heterogeneous systems. The progress obtained by the 
C.4D tools a t  tlie level of algorithm synthesis, the ad- 
vance in some key enabling technologies, the increas- 
ing diversity and complexity of applications employing 
embedded systems, and the need for decreasing the 
costs of desigiiing and testing such systems all make 
techniques for supporting liardware/software codesign 
an important research topic. 
The choice of the components set (definition of a tar- 
get architecture) and the partitioning of tlie descrip- 
tion are critical tasks in a codesign system. This work 
considers Pet,ri as an intermediate model that allows 
both qualitative aiialysis and metrics computation [5]. 
In the quantitative analysis phase (metrics computa- 

tion), methods are applied for computing precedence 
relation degree, load balance [5], communicatioii cost 
[4], computing cycle time [5], area est,iiiiates [8] as well 
as functional unit estimation. Those metrics guide the 
partitioning process. 
This paper presents two algorithms based on Pet,ri 
nets for estimating the number of hardware funct.iona1 
units needed to carry out, a behavioral specification. 
The first one is based on reachabilit,y gra.pli approacli 
and the second one considers t.he use of invariants. 
Due to the large number of possible invariants, an 
approximation algorithm for implementing the she- 
t u r d  method has been proposed. Its result,s are coin- 
pared wit,li those results obt,ained by t.he exact solution 
of the structural methodology as well as wit,li those by 
the reachability based method. 
Moreover, this work describes a inet,hodology for ill- 

cluding causal constraints 011 tlie Petri net model. 
The nest, section presents an overview of tlie 1ia.rd- 
ware/software partitioning approach. Section 3 intro- 
duces timed Petri net. Section 4 describes how to 
introduce causal constraints in the behavioral spec- 
ification. Section 5 depicts the adopted hardware 
model and the methods proposed for estimating re- 
source sharing. A case study is described in Sectmioil 6. 
Finally some conclusions and perspectives for future 
works are presented. 

2 The Hardware/Software Par- 
titioning Approach 

The system uses Occam as specification language. The 
main reason for using Occam is its simple and elegant 
semantics, given in terms of algebraic laws. This fea- 
ture allows the hardware/software partitioning to be 
carried out by applying a serie of algebraic transfor- 
inations to the initial description preserving its origi- 
nal semantics. The set of transformation rules is ap- 
plied according to the result of a clustering phase. The 
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clustering phase groups processes taking into account 
tlie metric estimates (quantitative analysis) [ 5 ] .  This 
analysis is performed considering a Petri net iiiodel of 
the occani specification [GI and consider criteria like 
coiiiniunicatioii cost [4], load balance, precedence re- 
lat,ioii degree [5] and area estimates [7]. After hard- 
ware/software partitioning, tlie processes to be imple- 
mented in hardware are synthesized aiid tlie software 
processes are compiled. 

3 Timed Petri Nets 

Petri nets are a formal specification technique that al- 
low for a graphical, mathematical representation aiid 
have powerful methods which allow designers to per- 
form qualitative and quantitative analysis [ 2 ] .  
Petri nets are used to niodel a logical point of view 
of tlie systems, however no formal attention is given 
to temporal relations aiid constraints [12]. The first 
temporal approach was proposed by Ramcliandani [3]. 
Timed  Petri hrets are Petri net extensions in which tlie 
time inforiiiation is expressed by duration (determinis- 
tic tiiiied net with three phase policy firing semantics) 
and is associated to tlie transitions. 

Definition 3.0.1 Timed Petri Nets - Let N t  = 
(iV, D , C )  be a tznied Petrz net, where N = 
( P ,  T ,  I ,  0,  M O )  is U Petri net, D . T + IR' U 0 zs a 
fiinctzon which assoczates to euch truizsitzon t ,  the du- 
r-crtiorz of thefiring d, .  C' : T + c ( 0  5 IR 5 l),  t E T 
is a choice function which assigns ci free-chozce proba- 
61l1ty to  w c h  transitioii of the net, where CtET, c ( t )  = 
1 T, T is a set of strwctiir-ul coiiflictziig trunsitzons 

4 Causal Constraints 

Besides t,he behavioral specification, sets of causal con- 
straints may be useful when a.nalysing tlie design space 
of a. system [l]. These external assumptions allows one 
t.o analyse dist,iiict iiiipleiiieiitatioii possibilities with- 
out, re-cvrit,iiig the iiiain specification in order to find 
an alt.ernative wliicli sat.isfies the non-functional re- 
yuirenient,s 
In this work, external causal constraints are int,ro- 
ducecl int,o t,he Timed Petri net. iiiodel. The causal 
constraints considered are precedelice relation and niu- 
t,ual exclusion. 

4.1 Causal Precedence Constraint 

This constraint defines a causal precedelice execution 
order of operations within concurrent processes. If two 
operations represented by two transitions op, and opj 
should be carried out taking, into account a precedence 
order, a place pk should be introduced in the Petri net 
model such that p k  E O(op, ) ,  I ( o p j ) .  

Definition 4.1.2 Causal Precedence Constraint 
- Let N t  = ( N ,  D ,  C )  be a hnaed Petri net, opt , opj E 
T truiisztzons representang two operatzons and p k  E P .  
Zfpk E O(opz ) ,  I ( o p J ) ,  the operations op, and opJ ~ U L E  

a causal precedence relation (op, + opJ) .  

4.2 Mutual Exclusion Coilstrailit 

This Constraint is related to exclusive operation exe- 
cution of concurrent processes. If two concurrent op- 
erations, represented by two transitions opi and opj , 
should be mutually exclusively executed, in tlie tiiiied 
Petri net model, a safe marked place p k ,  as input and 
output of these operation, may be introduced in order 
to exclude possible concurrent execution. 

Definition 4.2.3 Mutually Exclusive Con- 
straint - Let N t  = ( N , D , C )  be a timed Petri net, 
opi, opj E T transitions representing two concurrent 
operations and Pk E P a safe place. If pk E O(opi), 
I(opi), O ( o p j ) ,  I ( o p j ) ;  I l / lo (pk)  = 1, p k  E P and p k  is 
defined as a ,mutual exclusion relation (opi @ opj).  

5 Estimation of  Functional Unit 
Nu nib er s 

Tlie hardware inipleineiitation of a process can be 
coiiiposed of data-paths and controllers [5]. Tlie 
data-path circuit consists of registers, functional units 
and multiplexers. The functional-unit area of a pro- 
cess is related to the area of ALUs, adders, multipliers 
etc needed to carry out ar ithmetic/logical operations. 

Definition 5.0.4 Functional Unit Area - Let 
F U N ( N S ,  O P - T I ' P E )  be functional unit n,umber of  
the type O P - T Y P E  related to a set of processes N S .  
Let O P S ( N S )  be the set of distinct operations types 
in the p'rocess N S .  Let opj be an operation within an 
arithntetic/logic expression e. 

O P - T Y P E )  x A H O P - T ~ P E  gives functional unit 
area of a set of processes, where AHOP-TYPE is the 

AHOP(NS) = C Y O P ~ Y P . E ~ O P S ( N S )  F U N ( N S ,  
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area associated to the operator that iniyle~iierits an oy- 
erutaon of the type O P - T Y P E ,  consdenng a yrven 
data type (nuniber of bits). 

Therefore, one aspect that, should be coiisidered is t,he 
estiination of tlie necessary iiuinber of functional uiiits 
to execute a given behavioral description. This as- 
pect lias to be taken into account possible functional 
unit sliariiig. Two approaches have been proposed for 
fuiictioiial unit estimation: a method based on reacli- 
ability graph (dependent on tlie architecture) and a. 
structural approach. 

5.1 Reachability Based Method 

First, let us consider a model extension in order to cap- 
ture tlie nuinber of fuiictioiial units of the proposed ar- 
chitecture. Tlie extended model is represented by tlie 
net N = (P ,T ,  I ,  0 ,  MO, D,  C ) ,  wliicli describes the 
program, a set of places P’ in which each of its places 
( p ’ )  is a functional unit type adopted in the proposed 
architecture; the marking of each of these places repre- 
sents tlie number of fuiictioiial units of the type p’; the 
input and tlie output arcs that iiitercoiinect tlie places 
of tlie set P’ to the transitions which represeiits tlie 
aritlimetic/logic operatioiis (ALII,,  C T ) .  
Iii the exteiided model tlie number of conflicts in tlie 
net increases due to the allocation of operations to 
functional units. These conflicts require the use of a 
pre-selection policy. Such a policy is iinpleineiited by 
assigning equal probabilities to  the output arcs from 
places (representing furictiorial units types) to the en- 
abled transitions t j  E ALU,, ( O ( p , t j ) ,  p E P’) in 
each reachable marking Adz. Thus, more formally: 

Definition 5.1.5 -Extended Model : Let a net 
N = ( P ,  T ,  I ,  0, M O ,  D ,  C )  a program model, a set of 
places P’ the functional unit types adopted in the ar- 
chitectzrre such that P n P’ = 0 and D&,(p), p E P’ 
the wunaber of functional units of the type p .  Let 
a net Ne  = ( P e , T e J I e , O e ,  Ad$,De,  f )  the extended 
model m c h  that Fe = P U PI ,  T, = T ,  I&, t j )  = 1 
and O , (p , t j )  = 1, V p  E PI ,  oth- 

M$ : INPUP’ + IN and D, = D.  Let M2 a reachable 
nimrkiny fr-orn Ado, C : T + c (0 5 IR 5 l) ,  t E T is 
a choice funct ion which assigns a free-choice pobabil- 
i t y  to  each transition of the net, where CtETc c ( t )  = 1. 
Tc 

V t j  E ALU,,,, 
erwise I e ( p , t j )  = I ( p , t j )  and Oe(p, t j )  = O ( p , t j ) .  

T is a set of strzictural coriflicting transitions. 

In such a model, tlie coiicurreiice is constrained by 
the number of available number of fuiictioiial uiiits 

( M o ( p ) ,  p E P’) provided by tlie designer. The iiiaiii 
goal of tlie proposed approach is to estimate tlie min- 
iinal iiuinber of fuiictioiial units that can achieve best 
performance taking into account aii upper bound iiuni- 
her. Therefore, tlie designer, provides tlie iiuiiiber of 
available units (adders, ALUs etc), then tlie execution 
time ( C T )  is computed by reachability Insed iiieth- 
ods. Tlie following step comprises t,he reduction in tlie 
iiuiiiber offuiictioiial uiiit,s (Ad@) = Ad(p)-l, p E P’) 
in order to coiiipute a new execution tiiiie (CT’). If 
CT’ > C T ,  tlie necessary iiuiiiber of unit lias been 
reached. This iiuinber of fuiictioiial units is used in 
tlie proposed inethod for iiiitial allocation. 
The proposed algorithm is: 

# Input: 
a net Ne = ( P e ,  T,, I , ,  O,, Ar:,D,, C )  
the number of available functional units of a given type 

(MO(P)> VP E P ’ ) .  

4 Output: 

the optimum number of units Afopt(p), 13 E P’ tak- 
ing into account the resources constraints pro\,icletl by tli 
signer. 

the minimal execution time (CT) regariling to A I o p ,  ( p )  

Algorithm: 

Compute the execution time C T ( N , )  

For each place y E P ‘ ,  do: 
CT = C T ( N , )  

M ( p )  = M ( p )  - 1 
Compute a new execution time C T ( N .  j 
if CT(N,)  5 CT 
CT = CT(N,)  
M o P t ( p )  = A t ( > > ) ,  

else or if M ( y )  = 0, 
end 

Vp E P’ 
V p  E P’ 

The iiuinber of necessary units can also be reached 
by taking into account either tlie speed up, t8he effi- 
ciency or the efficacy provided by tlie use of multiple 
processors [5]. 
Although the interest,iiig results have been obtained, 
one should observe that the operation are allocated to 
certain types of fuiictioiial units. If tlie systeiii level is 
being considered, it inay be too early to perform this 
activity. 

5.2 Structural Based Method 

The method presented in this section provides an up- 
per bound iiuinber of functional units needed for car- 
rying out each operation type. This method takes 
into account precedence/niutual exclusion relation be- 
tween operators of tlie same type within a process. 
In order to estimate this bound, the behavioral de- 
scription is analyzed in terins of a causal precedence 
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relation of operators in such a specificat<ion, that is, 
either operators which are coiiibiiied to be executed 
in sequential fashion, tlie ones that have a causal rela- 
t,ioii because of communication, or tlie ones that are in 
niutua.1 exclusion due to shared variables or semaphore 
iiiipleiiieiitatioii. Shared variable aiid semaphore ini- 
pleiiieiitatioii is out of tlie scope since occaiii has been 
adopted as a specification language aiid the coniiiiuiii- 
cation is represented by synchronous actions. Never- 
t.lieless, it is iiiiportaiit to stress that the niethod pro- 
posed is able coiisider niutually exclusive statements 
represented by these iiiipleiiieiitatioiis. 
Considering a Petri iiet model obtained from an oc- 
cain description according a traiislatioii method pre- 
sent.ed in [ 5 ] .  However, a closure1 is applied to this 
iiet. in order to turn it strongly connected. The causal 
precedence relation caii be aiialyzecl by means of p- 
niininiuni invariants ( IP i )  [ 5 ] .  Tlie first step of tlie 
met,hocl proposed in order to compute tlie iiuiiiber of 
funct.ioiia1 units iieeded to carry out. tlie description 
is t,he calculation of invariant supports. After that ,  
tlie transition-paths' have to be computed. The es- 
tiiiiat,ecl nuniber of functioiial unit (of a given type) 
iieecled to execute a description is the miiiiiiial iiuiiiber 
of transition-paths that covers a transition set (repre- 
sent.iiig operations) of a given type. 
Taking into account. that a set of processes repre- 
sent,ed by N S  and a transition set of a given type 
T.S(NS, OP-T l IPE) ,  if t81ie transitions of such a set 
are covered by one tra.iisitioii-path, generated by one 
p-niiiiinium invariant, their execution can be carried 
out, by only one fuiictioiial unit. In order to carry 
out, each sta.t.ement of a given type considering a spe- 
cific set, of processes ( T S ( N S ,  O P - T Y P E ) ) ,  an upper 
houncl nuniber of functional units is be provided by the 
minimal nuniber of p-minimum invariants [I 11 needed 
to ge1ierat.e the smallest transition-paths set (STPS) 
t.liat. contains each tra.nsit,ion of T S ( N S ,  O P - T Y P E ) .  

Tlleorenl 5.2.1 - L e t  N = ( P ,  T , I , O ,  h f 0 , D )  Le a 
struiiyly coimcctcd n e t  c o v e r ~ d  by p-niiiii~i~ium invari- 
coifs. Let TPS i  be a t,ruiisition-path set of a sub-net 
S N i  0bt<61li€d froin a p-riiiiii~nzii~n ima,riant IPi of a 
net N .  Lct T S ( N S ,  opl) T be the trniisition set 
of ( I  yiieri opt-ration type ,related to  (1 processes set N S .  
A n  upper b o i i d  fiiiictioiial w i t  nunibe,r of the type opl 
rtlattcl to N S  is Flri\'(N,S. o p )  = # S T P S ,  .whe,re 
# S T P S  denotes the t i i i i i i inul  nuniber of t~mis~i t ion-  

' a  transition connecting the final place t o  the start place. A 
start place IS is the initial condition of a program. When a final 
place is inarkecl. i t  iiieaiis the grogram completion ' a transition-pat11 is tile set of output transitions of the support 
of a p-minimum invariant. 

path  set TPSi  that contains each transition of TS (  N S ,  
O P l ) .  

Tlie proof of such theorem can be fouiid in [7]. 
The exact solution of that probleiii (set-covering prob- 
lem) inay be computationally very complex, hence an 
approximation algorithm has been proposed t.0 coiii- 
pute F I I N ( N S ,  opl) = # S T P S .  Tlie method pro- 
posed is based on c1usteri:ng technique and results in 
O(n3) complexity, where n, is the number of transition- 
paths. 

Input: 

set U T P S ,  

set T S ( N S ,  o p t )  

* output:  

F U N ( N S ,  o p i )  = # 9 T P S .  

* Algorithm: 

Z = U T P S ,  S T P S  = 0, M = 0 - dynamic 

S T P S  = ConaputeCowelabilitgr(UTPS, TS(.VS, o p i ) )  
I f  S T P S  # 0 

sets -, 

F U N ( N S ,  0p1) = # S T P S  
STOP. 

X ,  1' = F i n d T P S s ( Z )  

I n s e t t ( S T P S ;  X ,  Y )  
D e l e t e ( Z ; X ,  Y )  

WHILE Z # 0 

D d E t e ( Z ; h f )  

= UvTP,ESTPSTP '  
I n s e r t ( Z ;  M )  
V = M n T S ( N S ,  o p t )  
If #V == # T S ( N S ,  o p t )  

F U N ( N S ,  opt) = # S T P S  
STOP. 

e,a = 0 
F i n d T P S s ( Z )  ; ( # Z  = N )  
For i=0 to  N-1, do: 
For j = i f l  to  N,  do: 
a = ConiputeCloseness 
Me t r i e (TPS ,  ,TPS , )  

I f a > e  
e = a ,  K = T P S , ,  

For j= i+ l  to N ,  do: 

L = T P S j  
For i = O  to N-1, do: 

a = ConiputeCloseness 
I\;letrie(TPS, , T P S j )  

I f  a == c A K f T P S ,  A 

L # T P S j  
E = h', F = L, 
G = T P S , ,  
H = T P S ,  

K ,  L = FindLeast S i n - d a r T P S s (  E ,  F ,  G ,  H )  
I f a = = c A h ' # T P S ,  A 

L == T P S j  
E = I < ,  F = L ,  
G = T P S , ,  H = L 

I< ,  L = FindLeast 
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S ~ T I I ~ ~ U V T P S S  ( 

E ,  F,  G ,  H )  
If a == e A I< == T P S ,  A 

L # T P S ,  
E = IC, F = L ,  G = IC,  
H = T P S ,  

I<, L = FindLeast 
Si?nilarTPSs( 
E ,  F ,  G, H )  

Return(l<,L) 
Fi i idLeas tS inai larTPSs(E,  F ,  G, H )  

If # ( E  n F )  i # ( G  n H )  
Return (E,  F) 

Return (G,  H )  
Else 

ComputeClosenessMet l . i c (TPS, ,  T P S ,  ) 
V = TPS,U T P S , n  T S ( N S ,  o p ~ )  
Ret urn( # V ) 

ConiputeCovernbi l i ty (UTPS,  T.5)  
c=0 
While i 5 N - 1 v C # ID, do: 
V = T P S ,  n T S ( N S ,  o p l )  
If #V == # T S ( N S ,  o p t )  
C = T P S ,  

i = i + l  
Ret urn (C ) 

3 

The inetliod proposed , however, only provides an up- 
per bound. Tliis approach does not deal with tein- 
poral precedence relation between statements, that is, 
statements that are neither under a causal precedence 
relationship or in exclusive choice, but, have a teinpo- 
ral precedence relation. 

5.3 Exp erinieiit s 

In this section, tlie approximation algorithm presented 
in Section 5.2 (structural based method) is applied to 
a set of small examples. These results are compared 
to the solutions provided by exact-solution algorithm 
(structural based method). The reachability graph 
based algorithm proposed in Section 5.1 is also ap- 
plied to these examples. In the following the occain 
description of tlie examples is described. 

e Example A Example B 

INT a.b,c,d: CHAN OF INT ch: 
PAR PAR 
SE9 INT a,b: 
a:=a+l SE9 
PAR I F c < O  

b:=b+l c : =c+1 
c:=ct2 c >= 0 

I F d < O  c : =c+2 
d:=d+l ch ! c 

d >= 0 INT d: 
d:=d+2 SE9 

3Functions I a s e r t ( A ;  e )  ancl Delete(A; e )  inserts and removes 
an element e to/from a dynamic set A ,  respectively [lo] 

Example C 

CHAl OF INT chl,ch2: 
PAR 
INT a,b: 
SE9 

a:=a+l 
chl ? b 
a:=a+b 

INT c: 
SE9 

I F c < O  

c >= 0 

chl ! c 
ch2 ! c 

c:=c+1 

c : =c+2 

INT d: 
SE4 

ch2 7 d 
d:=d+3 

ch d 
d: =d+2 

Example D 

CHAN OF INT ch: 
PAR 

INT a,b,c: 
SE9 

a:=a+l 
SKIP 
b:=a+b 
SKIP 
ch ? c 
b:=b+c 

INT d 
SE4 

I F d < O  
d:=d+l 

d >= 0 
d: =d+2 

ch ! d 
INT e,f,g: 

SE4 
e : =e+2 
f:=f+e 
PAR 

e : =e+2 
SE9 

f:=f+l 
g:=g+2 

For theses examples, Table 1 presents tlie fuiictional 
unit numbers estimated by considering the appros- 
iiiiation algorithm presented (column FUN,, - s t )  i n  
Section 5.2 as well as tlie exact solutioiis wlien con- 
sidering such an approach (column FUiVe-st). The 
obtained results are tlie same. 

Table 1: Number of Functional Units 

Example FUNe-,t FUN,,  FUhT,. 
A 3 3 2 
B 2 2 2 
C 2 2 2 
D 4 4 2 

It should be highlighted that for inany other small 
examples, which I was able to obtain tlie exact solu- 
tions, the approximation algorithm proposed provided 
equivalent results. 
Table 1 also presents the obtained results for tlie func- 
tion units estimatioii (column FUN,)  based on the 
reachability approach (see Section 5.1). One niay ob- 
serve that the functional unit nuinbers are sinaller 
than those estimated by tlie structural approach, but 
should also remember that such an approach needs 
allocation process. 
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Table 2: Area 

Metrics Estimated Iiiipleiiiented 
Reg+Mux 4G4 G50 
FU 4291 4291 
Coiitrol 1026 1230 
Tot,al 5781 6171 

PISH codesign met,liodology. 

G Results 

This section presents some results for a vending ma- 
chine specification. Tlie occaiii specification is com- 
posed of seveii (7) processes. Escutioii time, load bal- 
ance: m u t d  esclusioii degree, coiiimuiiication cost , 
area metrics were compute. Coiisideriiig these met- 
rics, tlie liard~vare/software partitioiier generated two 
clust,ers. Tlie first one is a software cluster and tlie 
secoiid one a hardware cluster. 
The hardware. cluster mas iiiapped onto 2 FPGAs from 
SC.4000 Siliiis family. Table 2 shows the metrics es- 
t,iniat.ed and its real iiiipleiiieiitatioii. In this table, 
t,lie close results reached by the iiietliodology are com- 
parecl with tlie real iiiipleiiieiitatioii, in terms of count 
gates. For this esa.mple, tlie average accuracy is 94% 
(for all these area met,rics). 
Tlie va.lues of tlie implementation are given by the 
rapid prot,otypiiig Siliiis Foundation tool in terms of 
gates couiit,s. 

7 Coiiclnsion 

'This work compares t,wo method for functional unit 
estiiiiat,ion. Tlie reachability approach provides in- 
t.erest,ing results in terms of accuracy. However, an 
allocat,ion in a early phase of design is needed. Tlie 
stmctural method does not allocate operation to func- 
t,ioiial uiiits, it considers causal precedence relation 
ancl niut.ual exclusion, h i t  it does not take into ac- 
c-aunt, t,emporal precedelice relat,ion. This method pro- 
vides an minimum upper bound number of functional 
uii i t ,s .  For this a.pproacli, an approsiiiiatioii algorit,lim 
has been presented and it,s result,s compared with the 
exact, st.ruct,ural solution ancl with t,liose obtained by 
t,he reacIia.bilit,y ba.sec1 met,liod. Tlie results obtained 
for t,lie c-ase st,tidy presented were siiiiilar wlien using 
both tlie reachabi1it.y based and t,lie structural based 
met,liocls. 
As future worl<sj we int,eiicl t,o use Pet,ri net. t,o consider 
scliedulling: and power consumption estiiiiat,ion in tlie 
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