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Abstract—Embedded system design usually starts from an executable
speci�cation model described in a C-based System Level Description
Language (SLDL), such as SystemC or SpecC. In this paper, we identify a
subset of well-de�ned C-based design models, calledperiodic ConcurrenC
models, that can be statically scheduled, resulting in signi�cant higher
simulation and execution speed. We propose a novel heuristic scheduling
algorithm that not only is faster than classic matrix-basedsynchronous
data�ow (SDF) scheduling approaches, but also reduces the model
execution time by an order of magnitude over the default discrete event
simulation.

I. I NTRODUCTION

With advanced semiconductor technology, embedded systems gain
tremendous functionality by integrating multiple processing elements
onto one chip (MPSoC) to perform various algorithms. Although
MPSoCs provide promising possibilities for embedded systems to
meet the tight real-time constraints, challenges still exist in HW/SW
partition, task scheduling, simulation, veri�cation, and synthesis, etc.

C-based system-level description languages (SLDLs), like Sys-
temC [7] and SpecC [6], are available for modeling and describing
embedded systems at different levels of abstraction. However, in
contrast to the popularity of the C-based SLDLs for system-level
modeling and validation, and the presence of early design �ows
supported by existing tools, the use of awell-de�ned andconsistent
system modelis often neglected.

In order to deemphasize the role of the design language being used
and emphasize the importance of themodel instead, we propose a
new Model of Computation (MoC) named ConcurrenC [4] that only
contains ”the best of both” SystemC and SpecC modeling features.
As shown in Fig. 1, ConcurrenC essentially contains the intersection
of the MoCs that the SystemC and SpecC SLDLs can describe,
omitting unnecessary and undesired language constructs (i.e. non-
synthesizable and non-veri�able constructs).

SpecC

Abstraction
Descriptive
Capability

SystemC

ConcurrenCSpecC
Models

SystemC
Models

SLDLs

MoCs MoCs

SLDLs

Fig. 1. Relationship between C-based SLDLs: SystemC and SpecC, and
MoC: ConcurrenC

A design model described in SystemC or SpecC quali�es as a
ConcurrenC model only if it is well-de�ned and follows ConcurrenC
semantics. A ConcurrenC model has a clear separation between com-
putation and communication. In the realm of computation abstraction,
a ConcurrenC model consists of blocks, channels and interfaces,
and fully supports structural and behavioral hierarchy. Blocks can

be �exibly composed in space and time to execute sequentially, in
parallel/pipelined fashion, or by use of state transitions. In the realm
of communication abstraction, ConcurrenC is intentionally restricted
to a set of prede�ned channels (see Table I) that follow a strict typed
message passing paradigm rather than allowing user-de�ned freely
programmable channels.

ConcurrenC
Category Channel Type Buffer Size Receiver Sender

(C)SDF-like Qn n (�xed) Blocking Blocking
KPN-like Q1 1 (in�nite) Blocking –

0 (double
ConcurrenC Q0 handshake) Blocking Blocking

Signal n/a Blocking –
Shared Variable 1 (storage) – –

TABLE I
PARAMETERIZED COMMUNICATION CHANNELS

In the broader scope, ConcurrenC is a new MoC speci�cally
designed for the modern C-based SLDLs. As such, ConcurrenC
enforces the use of well-de�ned modeling guidelines and imposes
restrictions on the available subset of the used SLDL. As a practical
MoC, ConcurrenC aims to be a realistic MoC between fully formal
MoCs, such as Kahn Process Network (KPN) [9] and Synchronous
DataFlow (SDF) [5], and the fully syntactical SpecC and SystemC
SLDLs.

Due to limited page space, we cannot describe ConcurrenC entirely
here. We will, for the rest of this paper, restrict our discussion
of ConcurrenC features to the execution/simulation and scheduling
semantics.

Since ConcurrenC models can be expressed by modern SLDLs,
it is obvious that the model can be simulated by the discrete
event (DE) simulation mechanism implemented by the native SLDL
simulators. This is the default case for executing our ConcurrenC
models. However, we will identify in this paper a speci�c subset of
ConcurrenC models, which we callperiodic ConcurrenC models, that
can be statically scheduled. Such static scheduling eliminates the need
for many dynamic context switches and thus results in signi�cantly
increased simulation and execution speed.

The rest of this paper is organized as follows: research work for
static scheduling is brie�y reviewed in Section II. In Section III,
periodic ConcurrenC models are de�ned and the ConcurrenC simu-
lation scheme is proposed. Our heuristic static scheduling algorithm
is proposed in Section IV �rst for a SDF-like model, and then
extended for CSDF-like ones. Finally, optimization is discussed for
performance ef�ciency. In Section V, experimental results will show
that the algorithm works and simulation speed improves if static
scheduling is possible for the model. Conclusions and future work
are listed in Section VI.

II. RELATED WORK

Popular modeling formalism like Kahn Process Network (KPN)
[9] and its extensions are proved to be suitable paradigms to deal
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with distributed systems and signal processing applications. KPN
is a distributed MoC which consists of deterministic processes
connected with unbounded FIFO communication channels. Due to the
independency on the execution order of the processes, the �exibility
of scheduling simpli�es the multi-processor architecture mapping of
the system.

Synchronous Data�ow (SDF) [5] can be viewed as a special case of
KPN which improves the ideal unbounded channel size by �xing the
number of the tokens consumed and produced by an actor (process).
Cyclo-static data�ow (CSDF) [3] is a more expressive extension of
SDF MoC which allows varying rates of token consumptions and
productions for different actor invocations. Static scheduling can be
performed during compile time for both SDF and CSDF [5], [2].
This also helps in improving the model simulation in SLDLs, e.g.
by modifying the simulation kernel [11]. The improvements of the
scheduling proposed in this paper are driven by the work of SystemC
kernel extension [12] for different MoC modeling and ef�cient
scheduling. However, our work is quite different in the way to achieve
this modeling and performance improvement goal. ConcurrenC is a
superset of certain MoCs, like KPN, SDF and CSDF, and being an
abstract model, ConcurrenC allows direct implementation in SLDL
for ef�cient simulation without modifying the SLDL simulation
kernels.

Speci�cally for this paper, ConcurrenC is a superset MoC of KPN
and SDF. According to [10], [2] and [11], SDF and CSDF models are
proved to be able to be scheduled statically and the simulation speed
increases by applying static scheduling as well when the models are
expressed in SLDL. [14] and [15] discuss a technique, implemented
in a tool SDF3 , to analyze the throughput and storage capacity
requirements of these two models. The buffer minimization problem
for the (C)SDF is de�ned as �nding the smallest storage capacity for
which the model can run without deadlocks and an in�nite execution
is possible within this bound. Although this problem is proved to
be NP-complete [1], an optimal result can be achieved by pruned
state-space exploration for moderately sized models [15].

The basic SDF and CSDF static scheduling algorithm used in [10]
and [2] �rst builds an incidence matrix of the connected model graph,
solves the balance equation to get repetition vectors for the actors,
and then gets theperiodic admissible sequential schedule (PASS)if
it exists. In this paper, we will propose a new algorithm to �nd one
PASS of (C)SDF without the need to solve the balance equation.
Our heuristic algorithm achieves similar low buffer sizes at the same
time. Experiments show that our heuristic approach is much faster
almost as resource-ef�cient as the existing ones. In particular, it is
even able to �nd storage bounds for those cases that existing tools
cannot handle in reasonable amount of time.

III. C ONCURRENC MODEL SIMULATION

A �exible and ef�cient simulation strategy, see Fig. 2, for Con-
currenC models can be achieved considering static scheduling of the
periodic ConcurrenC models. For such models, we generate ef�cient
implementation based on the static scheduling results; otherwise, the
model will be run by the traditional discrete event simulator. The
details about the scheduling algorithm and implementation in SLDL
will be discussed in Section IV.

A. De�nition of Periodic ConcurrenC Model Subset

A certain kind of ConcurrenC models have a periodic process
schedule order. The features of this subset are listed below:

� not input dependent. The control �ow of all the processes only
depends on the internal states of themselves rather than the input
data from other eternal processes.

ConcurrenC

KPN-like

Generate SLDL model.
use discrete event simulation.

Generate optimized  SLDL code.
Simulate with minimum context switch

Heuristic scheduling 
successful?

Static schedule found
Dynamic 

scheduling

SDF-like

Periodic
(CSDF-like)

Fig. 2. Simulation Strategy for ConcurrenC Models

� KPN-like. The function blocks only communicate via FIFO
channels. There are no shared variables and signals between
blocks.

� periodically schedulable. Formally,8 processpi 2 the model,
9 a sequence of process stateSi = s0 ; s1 ; :::; sj ; ::: (j 2 N ), so
that 9 T, n 2 N, 8 k > n, sk = sk + T .
Heresj is the model state, including the value of internal control
variables, the channels that each process is waiting for, and the
number of the produced and consumed tokens after thejth
process execution iteration.

The �rst item restricts the possible network state. The last one ensures
the existence of a PASS. It is obvious that the consistent SDF and
CSDF �t into the periodic ConcurrenC subsets. We call these kind of
ConcurrenC models that have PASSperiodic ConcurrenC model.

IV. PERIODIC CONCURRENC SCHEDULING

Any ConcurrenC model can be represented in both SpecC and
SystemC SLDLs. Blocks are expressed asbehavior in SpecC, and
module in SystemC. In SpecC, the execution order is organized by
using the keywordsseq, par , fsm , pipe for sequential, concur-
rent, �nite-state machine, and pipelined execution, respectively. In
SystemC, functional behavior is described asSC MET HOD and
SC T HREAD containing sequential statements and having their
own execution threads which operate concurrently. Both of the sim-
ulation kernels of these two SLDLs are based on C++ discrete-event
(DE) simulation according to [16], [13]. DE simulation sometimes
suffers from many delta cycles and a large number of context switches
between concurrent threads that hinder the simulation speed.

In this section, we are working out that for periodic ConcurrenC
model, optimization work could be applied for ef�cient simulation
by eliminating context switches caused by multiple threads created
in DE simulation and minimizing the number of delta cycles.

A. Scheduling of SDF-like Models

1) Periodic Admissible Sequential Schedule of SDF:As discussed
in Section II, ConcurrenC is a superset of SDF which means some of
the ConcurrenC models are SDF-like. Fig. 3(a) shows a simple SDF-
like model containing three actors communicating via three channels.
It is quite straightforward to describe this model in SpecC SLDL, as
shown in Fig. 4.

Algorithm 1 below determines the PASS without creating the
incidence matrix of the network and solving the balance equation as
in [10] and [11]. Our algorithm is based on the optimistic assumption
that a PASS does exist so that for each execution step, as long as
the �ring rule meets (the number of the input tokens on the input
channels are enough), the actor (process) can be a candidate to run
next. Priorities are set when multiple actors (processes) qualify to be
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Fig. 3. SDF-like and KPN-like ConcurrenC Examples

the next candidates. The less number of tokens stored in the channels
after the actor �res, the higher priority the actor (process) has. Thus,
those processes which just consume but not produce, gathered in set
Pe in Algorithm 1, have the highest priority. This heuristically tries
to minimize the size of the communication buffers. In order to �nd
the period of the execution order, we store the status of the model for
each �ring. After each process �ring, the functionmatch() is called
to compare the status with the previous ones and return whether an
identical one is found or not.

More speci�cally, suppose there areN processes andP channels in
model. The data structure we need for the proposed algorithm is (1)
a list for the number of tokens stored in the communication channels,
Token[P], (2) a static input channel list for each actor (process) with
the number of the tokens to be consumed,chWait[N][P] , and (3) a
hashing table to store the history of the scheduling status. The status
of the model is maintained in theToken[P] list, which speci�es the
number of tokens stored in each communication channel. For an SDF-
like model,chWait[N][P] is static since the numbers of the consumed
and produced tokens are �xed.

1 b e h a v i o r a ( i i n t s e n d e r ch0 , b e h a v i o r c ( ii n t r e c e i v e r ch1 ,
i i n t s e n d e r ch1 ) i i n t s e n d e r ch2 )

3 f f
i n t i = 0 ; i n t i ;

5 vo id main ( ) vo id main ( )
f f

7 wh i l e (1)f wh i l e (1)f
ch0 . send ( i ) ; ch1 . r e c e i v e (& i ) ;

9 ch1 . send ( i ) ; ch2 . send ( i ) ;
ch1 . send ( i ) ; g

11 g g
g g ;

13 g ;

15 b e h a v i o r b ( i i n t r e c e i v e r ch0 , b e h a v i o r Main ( vo id )
i i n t r e c e i v e r ch2 ) f

17 f c i n t q u e u e ch0 (1 u l ) , ch1 (2 u l ) , ch2 (2 u l ) ;
i n t i0 , i1 , i 2 ; a b a ( ch0 , ch1 ) ;

19 vo id main ( ) b b b ( ch0 , ch2 ) ;
f c b c ( ch1 , ch2 ) ;

21 wh i l e ( 1 ) i n t main ( i n t argc , cha r�� a rgv )
f f

23 ch0 . r e c e i v e (& i 0 ) ; pa rf
ch2 . r e c e i v e (& i 1 ) ; b a . main ( ) ;

25 ch2 . r e c e i v e (& i 2 ) ; bb . main ( ) ;
g b c . main ( ) ;g

27 g r e t u r n 0 ;
g ; g

29 g ;

Fig. 4. SpecC description of the SDF-like ConcurrenC model

Fig. 5 simulates this algorithm on the example SDF in Fig. 3(a).
The PASS of it is:(a, c, c, b).
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STEP 0 1 2 3 4
List of the channels’ token number.

Fig. 5. Scheduling example for SDF-like model

Note that for the SDF-like models with inconsistent sample rate,
the number of the tokens in some communication channel may keep
increasing so that the algorithm cannot �nd an identical status in the
history status table. We set a number of maximum schedule step for
the termination of the algorithm to handle this case.

Initialization: Scan each processes. If the process has
initialization, run it (put it into the scheduling history stack).
count = 1;
while count < MaxStep do

Get the candidate processes' set to be scheduled,Pc=f p j
there are enough tokens in the channels thatp is waiting
for.g;
count + + ;
SeparatePc into two sets,Pe andPne , where
P e = f p j p is 2 Pc ^ p does not produce any tokeng,
P ne = f p j p is 2 Pc ^ p =2 Pe.g;
if Pe is emptythen

Get the setPm , Pm = f p j p 2 Pne ^ the maximum
number of the tokens stored in the channels after �ring
p is the least among those for the other candidates.g;
Select the �rstp 2 Pm ;
Schedulep;
Pushp into the scheduling history stack
update the Token list;
Store the Token list into the history status hash table;
if match()then

return the periodic scheduling order (from the stack);
end if

else
while Pe is not emptydo

Get onep from Pe;
Schedulep;
Pushp into the scheduling history stack;
Update the Token list;
Removep from Pe;
Store the Token list into the history status hash table;
if match()then

return the periodic scheduling order
(from the stack);

end if
end while

end if
end while
return (”failed”);
Algorithm 1 : Scheduling algorithm for SDF-like models

b e h a v i o r a seq ( i i n t s e n d e r ch0 , b e h a v i o r cseq ( i i n t r e c e i v e r ch1 ,
2 i i n t s e n d e r ch1 ) i i n t s e n d e r ch2 )

f f
4 i n t i = 0 ; i n t i ;

vo id main ( ) vo id main ( )
6 f f

/ / wh i l e (1)f / / wh i l e (1)f
8 ch0 . send ( i ) ; ch1 . r e c e i v e (& i ) ;

ch1 . send ( i ) ; ch2 . send ( i ) ;
10 ch1 . send ( i ) ; / /g

/ /g g
12 g g

g ;
14 b e h a v i o r Main ( vo id )

b e h a v i o r b seq ( i i n t r e c e i v e r ch0 , f
16 i i n t r e c e i v e r ch2 ) c i n t q u e u e ch0 (1 u l ) , ch1 (2 u l ) , ch2 (2 u l ) ;

f a seq b a ( ch0 , ch1 ) ;
18 i n t i0 , i1 , i 2 ; b seq b b ( ch0 , ch2 ) ;

vo id main ( ) c seq b c ( ch1 , ch2 ) ;
20 f i n t main ( i n t argc , cha r�� a rgv )

/ / wh i l e ( 1 ) f
22 / /f wh i l e (1)f

ch0 . r e c e i v e (& i 0 ) ; b a . main ( ) ;
24 ch2 . r e c e i v e (& i 1 ) ; bc . main ( ) ;

ch2 . r e c e i v e (& i 2 ) ; b c . main ( ) ;
26 / /g b b . main ( ) ;g

g r e t u r n 0 ;
28 g ; g

g ;

Fig. 6. Optimized SpecC code for fast simulation
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2) SLDL Generation for Fast Simulation:In Fig. 4, each actor
(process) in the SDF-like model executes as concurrent behavior in
the topMain behavior within thepar statement. When simulating
with the DE kernel, each actor is wrapped as an individual thread, and
communication events between the actors are evaluated and updated
for each delta cycle to decide the available thread to run next. Context
switches occur when scheduling different threads and often a great
number of delta cycles leads to avoidable simulation overhead.

In a sequential execution of the behaviors, context switch can be
eliminated since no extra threads needs to be forked for simulation.
We generate an equivalent sequential simulation code for the example
model Fig. 6. This code can be easily generated by rewriting the
implementation code from Fig. 4. The rewritten parts are (1) remove
the top iteration loop (e.g.while (1) statement) for each process (if
there are initializations before the loop, we split the function into two
parts, one for initialization, and one for the loop body), (2) create an
in�nite loop in the topMain behavior in which the behaviors are run
according to the pre-calculated PASS order. The modi�ed code has
the same function as the original one but leads to great simulation
speed improvement, which will be shown in Section V.

B. Scheduling of Periodic ConcurrenC Models

As discussed in Section III-A, despite not in the SDF-like subset,
certain ConcurrenC models still possess the feature of periodical
execution, or in other words, have a �nite PASS. The �rst ever KPN
example mentioned in [9](Fig.1 and Fig.2) falls into this category.
The diagram of this example is shown in Fig. 3(b) and the SLDL
implementation is shown in Fig. 7. One PASS of this KPN-like model
is (initialization is done by running h(0) and h(1) �rst):(f, g, h(0),
f, g, h(1)).

The same algorithm presents in Section IV-A can be applied to �nd
the PASS of this periodic ConcurrenC model by adding two additional
data structures: (1) the internal state of each process (e.g. the local
variables for control state), and (2) the lists of waiting channels and
number of input tokens for each process which will be updated for
each �ring step. Both of them become part of the status for each
execution step and are stored for periodic schedule search.

However, dif�culties exist in updating the waiting channel lists
of the processes since the input channel for the next execution
iteration cannot be predicted in previous execution iterations. In
order to update not only the listToken[P] but alsochWait[N][P]
dynamically, we applyCode Slicingon the input model description
for the scheduling algorithm.

The source code is sliced into two pieces, one for updating the
numbers of tokens(_t() ) and one for predicting the token consuming
/ producing rate of the channels(_ch() ).

The basic operations for code slicing areREPLACE, REMOVE ,
andKEEP, as listed below:

� REPLACE: replace channel send / receive withToken[P] list
updating (in_t() ) andchWait[N][P] predicting (in_ch() ).

� REMOVE : (a) the loop statement, e.g. while(1); (b) statements
dealing with the data variables.

� KEEP: statements dealing with the state variables (in_t() )
and make these variablesstatic to the functional block.

Here,data variables refer to those variables which are input depen-
dent or those local temporary variables for computation rather than
controlling, e.g.int i in behavior h()(in Fig. 7); state variablesrefer
to those local static variables which are used for determining the
control �ow inside the functional blocks, e.g.int b in behavior g()
(in Fig. 7). Besides these slicing rules, we create new classes for each
actor instance to wrap these sliced codes for scheduling, e.g.class
f slice (in Fig. 8).

The details of our code slicing for the KPN example are shown in
Fig. 8. The left code pieces (_t() ) in each slicing group contain the
computation of the condition variables and the code forToken[P]
updating. The right code pieces (_ch() ) in the slicing group omit
the computation of the condition variables but contain the code for
chWait[N][P] updating. When a process is selected as the next one
to run, we �rst call the code forToken[P] updating (_t() ). After
this, the control �ow may reach the branch for the next iteration.
Then we call the code forchWait[N][P] updating (_ch() ) so that
the channel prediction can be achieved.

1 b e h a v i o r f ( i i n t r e c e i v e r Y, b e h a v i o r h ( i i n t r e c e i v e r U,
i i n t r e c e i v e r Z , i i n t s e n d e r V, i n i n t i n i t )

3 i i n t s e n d e r W) f
f i n t i ;

5 i n t b = 1 ; vo id main ( )
vo id main ( ) f

7 f V. send ( i n i t ) ;
wh i l e ( 1 ) f wh i l e ( 1 ) f

9 i f ( b ) U. r e c e i v e (& i ) ;
Y. r e c e i v e (& i ) ; V. send ( i ) ;

11 e l s e g
Z . r e c e i v e (& i ) ; g

13 X. send ( i ) ; g ;
b = ( b + 1) % 2 ;

15 g
g

17 g ; b e h a v i o r Main ( vo id )
f

19 b e h a v i o r g ( i i n t r e c e i v e r X, c i n t q u e u e X(1 u l ) , Y(1 u l ) ;
i i n t s e n d e r T1 , c i n t q u e u e Z(1 u l ) , T1 (1 u l ) , T2 (1 u l ) ;

21 i i n t s e n d e r T2 ) f b f (Y, Z , X ) ;
f g b g (X, T1 , T2 ) ;

23 i n t b = 1 , i ; h b h0 ( T1 , Y, 0 ) ;
vo id main ( ) h b h1 ( T2 , Z , 1 ) ;

25 f
wh i l e ( 1 ) i n t main ( i n t argc , cha r�� a rgv )

27 f f
X. r e c e i v e (& i ) ; pa rf

29 i f ( b ) b f . main ( ) ;
T1 . send ( i ) ; b g . main ( ) ;

31 e l s e b h0 . main ( ) ;
T2 . send ( i ) ; b h1 . main ( ) ;

33 b = ( b + 1) % 2 ; g
g r e t u r n 0 ;

35 g g
g ; g ;

Fig. 7. The KPN-like example expressed in SpecC

Note that for the periodic ConcurrenC scheduling, when comparing
two status columns of the model (match() ), the internal condition
variables, the process being scheduled, and the number of the tokens
in the communication channels are taken into consideration. Identical
status occurs as long as the model can be scheduled with bounded
buffer size. Otherwise, we may never have the chance to �nd the
repetitive schedule of the periodic ConcurrenC model. Fig. 9 shows
the schedule steps for the KPN-like example in Fig. 3(b). Static
scheduling is indeed possible and found by our algorithm.

C. Performance Optimization of the Scheduling

The idea we use for optimization is to reduce the time of status
comparisons for the scheduling algorithm. We originally compare the
new status with the historical ones for each scheduling step. Since
the PASS is periodic, we can reduce this to compare the status only
every N (N is a number greater than 1) scheduling steps to avoid
redundant comparisons.

This optimization technique still ensures to provide a correct PASS
�nally. Assume that the length of the PASS isl and we �nd that the
current status is identical with the previous ones at thei th scheduling
step. This means that the previous status is for the(i � l ) scheduling
step. Since the scheduling order is periodic, for any status for the
j th scheduling step whenj is greater thani , it will be identical with
the (j � l )th one. Therefore, for thetth comparison withN intervals
wheret is the minimum number to maketN greater thani , we �nd
the status for thetN th step is identical with the(tN � l )th one, and
thus obtain the PASS. Although the PASS may be different from the
original one, the length of it will still be the same.

In turn we reduce the number of comparisons fromi (i � 1)=2 to
t(t � 1)N=2 � 1, where(t � 1)N < i � tN . For simplicity, we just
setN to be the number of the blocks in the model.
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Finally, in order to reduce the redundant initial steps before the
PASS caused by the optimization technique, we back-trace the status
whenever we �nd the identical one withN intervals to �nd the �rst
repetitive one.

i n t Token [N] , chWait [ P ] [N ] ; / / P = t h e number o f t h e p r o c e s s es
2 / / N = t h e number o f t h e c h a n n e l s

enum ch enum proc
4 f f

X, Y, Z , T1 , T2 h0 proc , h1 proc , f p roc , g proc
6 g e channe l ; g e p r o c e s s ;

8 c l a s s f s l i c e c l a s s g s l i c e c l a s s h 0 s l i c e c l a s s h 1 s l i c e
f f f f

10 p u b l i c : p u b l i c : p u b l i c : p u b l i c :
s t a t i c i n t b ; s t a t i c i n t b ; s t a t i c i n t b ; s t a t i c i n t b ;

12 s t a t i c vo id f t ( ) ; s t a t i c vo id g t ( ) ; s t a t i c vo id h0 t ( ) ;
s t a t i c vo id h1 t ( ) ;

s t a t i c vo id f ch ( ) ; s t a t i c vo id g ch ( ) ; s t a t i c vo id h0 ch ( ) ; s t a t i c vo id h1 ch ( ) ;
14 g ; g ; g ; g ;

i n t f s l i c e : : b = 1 ; i n t g s l i c e : : b = 1 ;
16 i n t h 0 s l i c e : : f l a g = 0 ; i n t h 1 s l i c e : : f l a g = 0 ;

18 /���������� ( a ) code s l i c e s f o r p r o c e s s f����������������������� /
vo id f s l i c e : : f t ( ) vo id f s l i c e : : f ch ( )

20 / / upda te Token [ ] / / upda te chWait [ ] [ ]
f f

22 / / wh i l e (1)f / / wh i l e (1)f
i f ( b == 0) i f ( b == 0) f

24 Token [Y] �� ; chWait [ f p r o c ] [Y] = 1 ;
e l s e i f ( b == 1) chWait [ f p r o c ] [ Z ] = 0;g

26 Token [Z ] �� ; e l s e ( b == 1) f
Token [X] ++; chWait [ f p r o c ] [Y] = 0 ;

28 b = ( b + 1) % 2 ; / /g chWait [ f p r o c ] [ Z ] = 1;g / /g
g g

30 /���������� ( b ) code s l i c e s f o r p r o c e s s g����������������������� /
vo id g s l i c e : : g t ( ) vo id g : s l i c e : : g ch ( )

32 / / upda te Token [ ] / / upda te chWait [ ] [ ]
f f

34 / / wh i l e (1)f / / wh i l e ( 1 )
Token [X] �� ; / / f

36 i f ( b == 0) chWait [ g proc ] [X] = 1 ;
Token [ T1 ] ++; / /g

38 e l s e i f ( b == 1) g
Token [ T2 ] ++;

40 b = ( b + 1) % 2 ; / /g
g

42 /���������� ( c ) code s l i c e s f o r p r o c e s s h0����������������������� /
vo id h 0 s l i c e : : h0 t ( ) vo id h 0 s l i c e : : h0 ch ( )

44 / / upda te Token [ ] / / upda te chWait [ ] [ ]
f f

46 i f ( ! f l a g )f i f ( ! f l a g ) fg
Token [Y] ++; f l a g = 1;g e l s ef

48 e l s ef / / wh i l e (1)f
/ / wh i l e (1)f chWait [ h0 proc ] [ T1 ] = 1 ;

50 Token [ T1 ] �� ; / / g
Token [Y] ++; / /g g

52 g g
g

54 /���������� ( d ) code s l i c e s f o r p r o c e s s h1����������������������� /
vo id h 1 s l i c e : : h1 t ( ) vo id h 1 s l i c e : : h1 ch ( )

56 / / upda te Token [ ] / / upda te chWait [ ] [ ]
f f

58 i f ( ! f l a g )f i f ( ! f l a g ) fg
Token [Z ] ++; f l a g = 1;g e l s ef

60 e l s ef / / wh i l e (1)f
/ / wh i l e (1)f chWait [ h1 proc ] [ T2 ] = 1 ;

62 Token [ T2 ] �� ; / / g
Token [Z ] ++; / /g g

64 g g
g

Fig. 8. Source code slicing for static scheduling

V. EXPERIMENTS

For our experiments, we use SDF3 [14], a random synchronous
data�ow generation tool, to automatically generate SDF-like and
CSDF-like models with different sizes, and a real-world application,
JPEG encoder [8] (Fig. 10).

Table II shows the scheduling results of our heuristic scheduling
algorithm. Theperiod (the number of input/output patterns),#actors,
and thesum of repetition vectorsare speci�ed in the con�guration
�le of the (C)SDF generator. Ignoring the timing information, we
set the execution time of the actors tozero and the bandwidth of
the channels to beinf . We automatically prepare the input data
structures for the static schedule algorithm presented in Section IV-A
from the model generated and run the algorithm automatically to
compare the PASSes. Finally, based on the static scheduling result, we
automatically create the optimized implementation of these models
in both SpecC and SystemC.

We have simulated all models on a host machine with Intel(R)
Pentium(R) 4 CPU at 3.00GHz. As shown in Table II, the result of
the length of PASSprovided by our algorithm matches the original
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Fig. 9. Static scheduling steps for the KPN-like example
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Fig. 10. Diagram of the JPEG encoder example, the PASS is (RdBmp,
DCT1, DCT2, Quant, Zigzag, Huff)

speci�cation;the total buffer sizeis not much greater than the optimal
ones provided by SDF3 ; and the execution time is much quicker. The
last �ve cases did not �nish analysis by running the reference SDF3

tool (exec time> 1 day), but resulted in seconds by applying our
algorithm. # initial �rings states the number of the initial processes'
�rings before the beginning of a founded repetition vector.

In Table III, we compare the models between generic SLDL
implementations (listed asdyn model) and the optimized implemen-
tations (listed asstatic model). Thedyn models regard each process
as separate concurrent ones and communicate asynchronously. The
static models order the processes according to the PASS and delta
cycles and context switch overheads of the DE simulation kernel.
Similar to the experimental results discussed in [11], we achieve great
speed up by applying this static scheduling to the model simulation.
The average speedup is6.55for SpecC and4.10for SystemC models.

VI. CONCLUSION AND FUTURE WORK

In this paper, we have discussed the scheduling of periodic Con-
currenC models which are similar to SDF and CSDF models. We
con�rm that static scheduling helps to improve the simulation speed
of periodic ConcurrenC models.

We have shown a new heuristic static scheduling algorithm without
balance equation solving for the static scheduling of theperiodic
ConcurrenC models. Our algorithm is an order of magnitude faster
than classic matrix-based algorithms and can handle large models
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Example Proposed Algorithm Reference SDF3 Comparison
statistics statistics

exp period #actors
sum

#chs
length #initial total exec opt exec opt exec total exec buffer

rep of �rings buffer time time speedup buffer time speedup size
vector PASS size (� sec) (� sec) factor size (� sec) factor (%)

sdf5 1 5 20 9 20 0 63 63 10 6.30 62 188 18.80 101.6
sdf10 1 10 50 15 50 0 140 106 82 1.29 135 248 3.02 103.7
sdf25 1 25 100 42 100 23 353 575 355 1.62 303 872 2.46 116.5
sdf50 1 50 120 92 120 110 329 1403 937 1.50 313 3446 3.68 105.1
sdf75 1 75 150 132 150 90 425 1638 1481 1.11 404 7587 5.12 105.2
sdf100 1 100 200 257 200 150 869 3703 2637 1.40 827 20413 7.74 105.1
csdf5 2 5 20 7 20 2 16 64 55 1.16 16 1835 33.36 100
csdf10 2 10 40 14 40 14 29 116 102 1.14 25 446783 4380.23 116
csdf25 2 25 100 45 100 154 136 1583 1295 1.22 n/a > 1 hour > 36000 n/a
csdf50 2 50 200 90 200 283 755 11253 9219 1.22 n/a > 1 hour > 36000 n/a
csdf75 2 75 300 138 300 625 685 62615 43267 1.45 n/a > 1 hour > 36000 n/a
csdf100 2 100 400 177 400 514 631 77696 71654 1.08 n/a > 1 hour > 36000 n/a
JPEG 1 6 6 6 6 0 321 54 53 1.02 321 160 3.02 100Encoder

TABLE II
SCHEDULING RESULTS, FOR VARIOUS PERIODICCONCURRENC EXAMPLES

exp SpecC (sec) SystemC (sec)
dyn static speedup dyn static speedup

sdf5 11.22 2.04 5.50 5.46 1.55 3.52
sdf10 12.34 2.25 5.48 4.88 1.53 3.19
sdf25 11.63 2.52 4.62 6.57 2.06 3.19
sdf50 9.74 0.91 10.70 4.44 0.76 5.84
sdf75 13.95 1.56 8.94 5.69 1.24 4.59
sdf100 17.60 2.44 7.21 7.94 1.89 4.20
csdf5 8.26 1.05 7.87 4.42 1.03 4.29
csdf10 9.66 1.12 8.63 4.68 1.00 4.68
csdf25 11.43 1.30 8.79 5.58 1.16 4.81
csdf50 10.92 3.75 2.91 10.44 3.00 3.48
csdf75 13.04 2.32 5.62 7.46 1.86 4.01
csdf100 31.20 5.71 5.46 13.16 3.96 3.32

JPEG Encoder 4.64 3.28 1.41 3.15 2.84 1.11

TABLE III
SIMULATION RESULTS, FOR VARIOUS PERIODICCONCURRENC EXAMPLES

that cannot be handled by the previous algorithm in reasonable time.
Based on the result of the static scheduling, ef�cient model imple-
mentations in SLDLs have been generated, signi�cantly improving
the model simulation speed.

Future work includes (1) support for simulation timing information
in the ConcurrenC blocks, and (2) extend this scheduling strategy into
a distributed simulation environment.
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