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Abstract—Systems-on-chip (SOC) design calls for the use of executable
system design language (SLDL). SpecC is a C-based SLDL designed to
embrace the IP-centric design methodology. In this paper, we present a
SpecC-language-based approach for system level simulation of SOC. Pros
and cons of this approach is compared against the existing library-based
approaches. Furthermore, we discuss in detail the various design consid-
erations for the SpecC simulation API as well as our reference implemen-
tation.

I. INTRODUCTION

In the last few years, it has been a routine for papers and
public speeches in VLSI-related conferences to start with the
prediction of systems-on-chip as the inevitable outcome of
Moore’s law. Today, many semiconductor and telecommuni-
cation vendors are already designing and delivering systems-
on-chip with, however, painstaking efforts. These efforts taken
are a natural result of the new challenges posed by system-on-
chip design.

One of the design challenge is the lack of proven top-down
refining methodology, which brings the product concept at
very high level all the way down to the register transfer 1ével, at
which current EDA tools are mature enough to produce first-

- time-right silicon. Such methodology starts with a specifica-
tion at the so-called system level, and then makes judicious
design decisions in different aspects of the design space. The
decisions are mostly system architecture selection, as well the
mapping from specification to the architecture. These design
decisions are either taken or discarded based on performance
evaluation of the intermediate designs.

Due to the pressure of time-to-market, it is not realistic
any more to design system-on-chip completely from scratch.
Hence the reuse of the so-called intellectual property (IP) com-
ponents, becomes an absolute necessary. The IP components
can be general purpose, for example, processor cores, proces-
sor peripherals, standard on chip bus interfaces, DSP cores,
on-chip memories; or specialized, for example, Ethernet me-
dia access control block, viterbi decoder etc. The incorpo-
ration of the modeling and reuse of IP into the system-level
design methodology hence becomes an attractive option. In
fact, an IP-centric design methodology [1] has recently been
proposed. In addition, a system level design language (SLDL)
called SpecC [2] is proposed to facilitate this methodology.

In this paper, we address the verification challenge at the
system level by describing the implementation of the SpecC
simulator. The importance of verification to the IP-centric de-
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sign methodology is three-fold: First, by efficient simulation,
it functionally verifies if the system-level design specification
is exactly what the designer needs in the first place. Second,
again by simulation, it functionally verifies if an intermediate
design is consistent with the specification. Third, by profiling
typical design scenarios, it helps to analyze the quality metrics
of an intermediate design such as speed and power. In short,
verification serves as the touchstone of decision points in the
refinement decision tree.

In the sequel, we first compare our approach of system-
level simulation with other other proposals in Section II. We
then discuss the design of SpecC simulation API (for Appli-
cation Programmable Interface) in Section IV and show how
the SpecC programs are compiled into C++ code with calls to
SpecC APl in Section V. We then describe in detail a reference
design of the API in Section VI. The experimental results are
discussed in Section VIL

II. LIBRARY-BASED VS LANGUAGE-BASED

While the current industry standard for IP development and
deployment is at the register transfer level (soft IPs) or phys-
ical level (hard IPs), many vendors realize that these abstrac-
tion levels are too low for system specifiers and implementors
to communicate. The predominant languages used by system
specifiers are C or its derivatives. This can be exemplified by
the reference designs of telecommunication standards released
by the ITU. While the English specification of components and
systems helps to understand the principles, in many cases the
“C specification” is the best reference for implementers who
need to know every detail. For all practical reasons, it is de-
sirable to use C/C++ to serve as the golden model between
system specifiers and implementors.

Unfortunately, while C can serve as a good language for al-
gorithmic specification, it cannot be readily used for model-
ing IPs at the register transfer level. To solve this problem, a
number of efforts emerged, which happen to follow a similar
technical and business strategy. CynApps recently announced
its Cynlib [3], a C++ class library which provides features so
that C++ can be used to model hardware. The Open SystemC
Initiative, announced a similar library called SystemC [4] [5].
Another similar implementation with arguably superior sim-
ulation performance is the OCAPI library [6] developed by
IMEC. If either product becomes a standard, the adopters can
then freely exchange their IPs in C++—a similar goal accom-
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plished by VSIA for soft IPs except that now the IP models
can be simulated quickly using inexpensive or even free C/C++
compilers.

While these library-based approaches effectively turn
C/C++ into a hardware description language and hence the
specifiers and implementors now seem to speak the same lan-
guage, the semantic gaps remain: the mapping from sys-
tem functionality in the specification, which is often captured
by various computational models; to the system architecture,
which the implementors are supposed to explore, is not triv-
ial. The mapping from algorithmic representation of IP com-
ponents from providers to the RTL representations of IP inte-
grators relies on behavioral synthesis tools which are not yet
mature. It can be envisioned that CynApps and SystemC can
be extended to describe system specifications much the same
way as the Ptolemy project but the question is how easy these
specifications can be understood by system-architecture explo-
ration and behavioral synthesis tools, in contrast to humans or
simulation engines only.

The SpecC Technology Open Consortium (STOC) [7],
backed by Japan’s top-tier electronics and semiconductor com-
panies, was founded in 1999 to promote the adoption of SpecC
as the specification language for system level design. While
motivated by the same desire to move from RTL to C/C++
for system level design, SpecC takes a different approach than
the library-based approaches taken by Cynlib, SystemC and
OCAPI. The SpecC language was developed by first identi-
fying the requirements of SOC design and then carefully de-
vising a set of constructs with well-defined semantics. These
constructs are an extension of the existing ANSI-C language.
When a SpecC specification is simulated, the extended con-
structs are expanded into a set of simulation API calls, which
are roughly equivalent to the API defined by SystemC and
Cynlib open source libraries. The difference here is that the
user interacts with the constructs and the library is hidden. In
addition to the added abstraction and expressive power from
the specifier’s side, the SpecC approach also has the advantage
that the synthesis tools have a much easier task of analyzing
and understanding the specification than the library-based ap-
proach, where it is hard to differentiate the code used for spec-
ification from the code used for simulation.

III. A SHORT SPECC TUTORIAL

Semantically, the functionality of a system is captured as a a
hierarchical network of behaviors interconnected by hierarchi-
cal channels. Syntactically, a SpecC program consists of a set
of behavior, channel and interface declarations.

A behavior is a class consisting of a set of ports, a set of
component instantiations, a set of private variables and func-
tions, and a public main function. Through its ports, a behav-
ior can be connected to other behaviors or channels in order
to communicate. A behavior is called a composite behavior
if it contains instantiations of child behaviors. Otherwise it is
called a leaf behavior. The functionality of a behavior is spec-
ified by its functions starting with the main function.
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A channel is a class that encapsulates communication. It
consists of a set of variables and functions, called methods,
which define a communication protocol. A channel can be
hierarchical, for example subchannels can be used to specify
lower level communication. An interface represents a flexible
link between behaviors and channels. It consists of declara-
tions of communication methods which will be defined in a
channel.

For example, Figure 1 shows a SpecC program. The exam-
ple system species a behavior B consisting of two subbehaviors
bl and b2 and communicate via integer ¢l and channel c2.
Note that the par statement specifies that b1 and b2 execute
in parallel. There are other statements in SpecC which define
different rules of composition. For example, the pipe state-
ment specifies that the subbehaviors execute in pipelined fash-
ion. The try-trap-interrupt specifies exception and
interrupt handling. The £ sm statements specifies a finite-state-
machine like behavior. For a detailed treatment, please refer to
the language reference manual contained in [1].
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interface L { void write(inta ); };

inint pt, L p2,inint p3) {
interface R{ int read( void ); };

behavior B1
void ) { ....p2.write(p1);

void main

behavior B2( outint p1, R p2, outint p3){
void main( void ) { ... p3 = p2.read(); }

channel C implements L, R {
int data; bool valid;

b
behavior B(in int p1, outint p2 ) {
intct;
C c2;
B1 bi(pi,c2,cl);
B2 b2(c1,c2,p2);
void main( void ) {
;)ar { b1.main(); b2.main(); }

b

void write( int x ) {
data = x; valid = true;

int read( void ) {
while( !valid )
return data;

waitfor( 10 );

Fig. 1. SpecC example.

IV. SPECC SIMULATION API

SpecC defines an application-programming interface (API)
for simulation. The goal of the simulation API is to separate
simulator implementation from compiler implementation. In
this way, C++ code produced by any SpecC compiler can be
linked with any SpecC API compliant simulation library to
produce an executable. In addition, a wrapper library can be
developed to wrap around existing simulation library, such as
SystemC, or Cynlib library, to make them work with SpecC.

The design of the simulation API is a matter of dividing the
work of implementing SpecC semantics between SpecC com-
piler and SpecC simulator.

On the one extreme, one can choose to let the SpecC com-
piler to generate all the low level code to implement the SpecC



semantics, thus effectively eliminating the need for the simu-
lation library. This approach not only leaves a heavy burden to
the compiler implementation, but also makes the system fairly
inflexible. For example, whenever a new algorithm is devel-
oped to improve simulation efficiency, one has to rewrite a
large chunk of the compiler code. Given the complexity in-
volved in the compiler development, this option is obviously
impractical.

On the other extreme, one can embed as much functionality
as possible in the simulation library, thus effectively leaving
the job of compiler simply translating the SpecC constructs
into corresponding API calls. Note that due to the limitation

on the expressive power of the host language (C++), it is not -

always possible to find a concise correspondent of SpecC con-
struct. Note that the library-based approaches face a similar
limitation, although the problem is alleviated by leveraging the
operator overloading construct of C++, to make the use of API
as intuitive as possible. *

Our criterion on where to draw the line is to make the simu-
lation API as simple as possible, while leaving the compiler to
perform the trivial yet tedious work of translation.

This decision results in an API that is surprisingly small.
In fact, it consumes only 6 names in the C++ name space,
as well as 10 functions. The names are reserved for a set of
C++ classes. Note that the API does not prescribe how the
classes are implemented, that is, it does not assume the avail-
ability of any data members or member functions for each of
the class, except the availability of a constructor of predefined
form. In fact, the definition of these classes is not needed until
the SpecC generated C++ code is to be compiled into object
code using a host compiler, such as gcc.

A. API Classes

Figure 2 lists the six C++ classes reserved by the APL
behavior is the super class of all translated SpecC behav-
iors. channel is the super class of all translated SpecC chan-
nels. event correspond the the SpecC event data type. fork
is the class used to capture the information of a concurrent
behavior. The fork constructor takes a behavior object as
its argument. try block and exception_block are the
classes used to capture information of exception and interrupt
handling. The try.block constructor takes a behavior object
as its argument. The exception_block constructor takes a
boolean flag indicating whether it is an exception or interrupt,
a behavior object, and a list of events as its arguments.

behavior;
channel;

event;

fork;

try_block;
exception_block;

class
class
class
class
class
class

Fig. 2. API classes.

B. API Functions

Figure 3 lists the set of C++ functions defined in the
API Functions start and end give the simulation library
a chance to initialize and finalize its private data structures.
Function abort is used to abort the simulation in case of fail-
ure. Function par accepts a list of fork objects and will
execute the corresponding subbehaviors in parallel. Func-
tion pipe accepts a list of fork objects and will execute
the corresponding subbehaviors in pipelined fashion. Function
tryTrapInterrupt accepts a try block object as well
as a list of exception_block object as its arguments. It
will execute the behavior captured by the try_block object,
while monitoring events captured by the exception block
objects. If a relevant event is notified during the execution, the
corresponding exception handling behavior or interrupt han-
dling behaviors will be executed. Function waitfor takes a
number delay as an argument and will suspend the execution

- of the calling behavior until delay time units later. Function
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wait takes a set of events as arguments. It will suspend the ex-
ecution of the calling behavior until any of the events are noti-
fied. Functions notify and notifyone take a list of events
as their arguments. When called, notify will awake all the
behaviors that are “waiting” on the corresponding events. On
the other hand, notifyone will awake only one of the be-
havior that are “waiting” on the corresponding events.

start( void );

end( void );

abort ( const char* formatString,
par( fork* first, )i

pipe( fork* first, )y
tryTrapInterrupt (

try_block *t, exception_block *f,
)

void
void
void
void
void
void

void waitfor( long long delay );
void wait( event* first, ... );
void notify( event *first, ) ;
void notifyone( event *first, )

Fig. 3. API functions.

V. COMPILING SPECC FOR SIMULATION

SpecC compiler translates a SpecC program into a C++ pro-
gram which contains the use of SpecC APIs.

A. Compiling SpecC classes

SpecC extends the C language with a set of SpecC classes,
namely, behaviors, channels and interfaces. The SpecC com-
piler translates SpecC classes into corresponding C++ classes.
The translated behavior inherits from class behavior and the
translated channel inherits from class channel. The mem-



bers of the SpecC class becomes the members of C++ class
without modification.

The ports of SpecC classes become the C++ class data mem-
bers. Furthermore, the types of the ports are converted into
corresponding reference types.

The constructor of the translated C++ classes will be synthe-
sized so that it takes a list of arguments with the same signa-
tures as the port list. The constructor will automatically make
sure all the data members inferred from the ports reference the
corresponding arguments of the constructor.

For example, in Figure 6, behavior X has two ports el and
e2 with type event. The translated C++ code makes el and
e2 as data members with type event&. Also note the creation
of the constructor X.

B. Compiling Basic Data Types

SpecC extends C language also with a new data type
event. The API defines a C++ class event, which corre-
spond directly the the SpecC data type. SpecC directly trans-
lates reference to data type event into the C++ event type.

C. Compiling Statements

SpecC extends C language with a set of new statements.
Some statements are translated into calls to the correspond-
ing API functions. For example, the SpecC waitfor,wait,
notify and notifyone statements are directly translated
into corresponding API calls.

Some statements are synthesized into low level C++ code
without the use of API calls.

Figure 4 shows how a fsm statement is translated into low
level C++ code. Note that variable next_state is first syn-
thesized with a synthesized enumerate type. A switch state-
ment is then synthesized to branch upon the runtime value of
next_state. Each state in the £sm correspond to a case
statement. The code for executing the state is automatically
synthesized. The state transitions are synthesized into assign-
ments to next._state.

Another example is the SpecC timing statements, which are
synthesized into low level C++ code using a real-time schedul-
ing algorithm.

Most others involve both code synthesis and API call.

Figure 5 shows how a par statement is translated into C++
code. Note that for each concurrent behavior, a fork object is
automatically synthesized and passed as argument to the par
function. Since the fork object is a local variable, the creation
and finalization of associated data structure is automatically
managed by the C++ compiler using the constructor/destructor
mechanism. The pipe statements are compiled exactly as the
par statements except the name of the API call.

Figure 6 shows how a try-trap-interrupt statement
is translated into C++ code. Note that a try block object
as well as two exception_block objects are synthesized
for the monitored, exception handling, and interrupt handling
behaviors respectively. The synthesized objects are passed as
arguments to the tryTrapInterrupt API call.

60

clags Main : public behavior {
State1 S1;
State2 S2;
public: -
Main( void ) {}
virtual ~Main( void ) {}
void main( void ) {
enum { _state_0,

_state g;,
) . . _state_
beg?;/txgr Mszqnp( void ) { } _next_state = _state_S1;
Shate 82; do switch( _next_state ) {

case _state_S1
S1.main();
if(c2){

void main( void ) {
fsm _next_state = _state_0;

S1:{if( c2) break; } !
S2:{if( ¢1) goto S2;} k):reak,
! case _state_S2:
) S2.main()

if(c1){ ;

_next_state = _state_S2;
break;

}
case _state_0:
_next_state = _state_0; break;
} while{ _next_state != _state_0 )|

%

Fig. 4. Compiling fsn'statement.

class Main : public behavior {
event& ef;
behavior Main( void ) { )e(vent& ex2 'y z;
event ef,e2; public: T
X x(el,e2); Main( void ) :
Y y(el,e2) x{el,e2),
4 Z(el,e2), y(el,e2),
. , . 2(el,e2){}
Intpa:n(am( void ) { virtu(al ~Main( void ) {}
. g > int main( void ) {
x,ma!n(): fork _tmplx( &x),
y.main(); _tmp_y( &y ),
z.main(); _tmp_z(&z);
return 0; par( %Httrrrr]\%__xz,, %_tmp_y,
} return 0;
}
}

Fig. 5. Compiling par statement.

VI. SIMULATION LIBRARY REFERENCE DESIGN

We have developed a reference design, called SpecSim, for
the simulation library. A detailed user’s and programmer’s
manual can be found at [8]. As its name suggests, the purpose
of the reference design is to demonstrate the implementation
of the SpecC system. Performance optimization, on the other
hand, is secondary. Nevertheless, design decisions are care-
fully made so that the simulator is reasonably simple, fast and
flexible enough for for future improvement.

To achieve the goal, we have divided the implementation
into several abstraction layers —- a strategy that has been suc-
cessfully applied in many other areas of computer science, for
example, operating system design and protocol design. While
the third layer, namely the SpecC simulation API as described
in Section 1V, is realized by a set of C++ classes, the first and
second layers are implemented by a set of COM interfaces [9].

A. Thread Layer

At the lowest level is the thread layer, implemented by three
COM interface: INative, IThread, IScheduler.
The purpose of this layer is to abstract away the implemen-



class X : public behavior {

event& etl;
event& e2;
B1 b1;
B2 b2;
behavior X( event e1, event e2 ) { Bl3 . b3;
B1 bi{el,e2); public:
B2 b2(); X(event&el, event& e2) :
B3 b3() o1(e1), e2(e2) {}
virtual ~X( void } {}
void main() { void main( void ) {

try_block _tmp_b1{&b1);
exception_block _tmp_b2(
true, &b2, &e2,0);
exception_block _tmp_b3(
false, &b3, &e1, 0);
tryTraplnterrupt(
& tmp_b1, & tmp_b2,
)&-tmp_bs, 0

try { b1.main(); }
trap{ e2 ) { b2.main(}; }
';menupt( e1){b3.main(); }

g

}
L)}

Fig. 6. Compiling try-trap-interrupt statement.

tation detail of different multi-threading packages we might
use, for example, the POSIX pthread package [10], the
QuickThread package implemented by University of Washing-
ton [11]. While sharing a similar functionality, these packages
differ in both performance and portability. Since choices of
the multi-threading package to use on different platforms may
vary, it is best that we establish an multi-threading API that
can wrap around different packages. Furthermore, since the
functionality we need and only need from the thread layer is
a simple abstraction of execution context as well as the mech-
anism to perform non-preemptive context switch, we can use
this API to mask away the other functionalities the package
may provide, or to create the abstraction using the package’s
native primitives.

B. Discrete Event Layer

At the second layer is the discrete event layer, implemented
by the COM interface IDeEngine. This layer implements
the discrete event semantics of SpecC defined in [2].

At the heart of the discrete event layer is a scheduler which
maintains a priority queue, called the timing wheel. The tim-
ing wheel contains a set of timed Events sorted by their
time stamps. Each event contains a set of Threads and
Closures (atomic functions) suspended for execution for a
delay equal to the time stamp of the event. The interface func-
tions such aswaitfor,wait, notify adds threads and clo-
sures to existing events, or newly generated timed events, and
inserting timed events to the timing wheel.

The scheduler is consulted whenever the native thread finds
no thread to execute (deadlocked), in which case the scheduler
will remove the event with the smallest time stamp, thereby ad-
vancing the simulation time. Execution will be resumed imme-
diately for the Closures and the Threads contained in the
removed events, thereby generating more events. This process
is repeated until the timing wheel is empty or the simulation is
aborted.
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C. API Layer

The third layer directly implements the SpecC simulation
APL ]

This involves the implementation of the classes defined in
the API except class event, as it is already implemented in
the second layer. The implementation of these classes involves
only trivial bookkeeping tasks since their only function is to
record the information necessary for the API functions.

Since the second layer provides the bulk of the simula-
tion semantics, the implementation of the API functions are
not hard either and usually involves only thread management.
For example, the par function basically suspends the current
thread, called the parent thread, and resume the set of threads,
called the child threads, which are maintained by the fork ob-
jects it receives. It then resumes the parent thread when all the
child threads finish execution. The pipe function implements
the same fork-join behavior as the par function except it puts
a loop around it. Furthermore, the pipeline flushing behavior is
implemented. Similarly, the tryTrapInterrupt function
starts the handler threads and let them wait on the correspond-
ing events. It then starts the monitored thread. When awaked,
the handler thread either aborts the monitored thread in case of
exception handling, or suspend the monitored thread in case of
interrupt handling. The functions wait and waitfor dele-
gate their implementation to the scheduler defined in the sec-
ond layer. The functions notify and notifyone move all
or one threads in the events that they receive as arguments from
the Suspended list to the Ready list. The functions start
and end create and destroy the DEScheduler object.

VII. IMPLEMENTATION AND EXPERIMENTS

We have implemented the the reference simulation library
as described and made an open source release at [8]. It has
been ported to most commonly used platforms such as Sun
Solaris and Linux x86 based on different thread packages such
as pthread and quick thread. With the open source license, we
expect this implementation can be evaluated, used, ported and
enhanced by the community in an efficient way.

To test the robustness of the implementation, we have devel-
oped a comprehensive set of test programs to exercise hope-
fully every corner of the SpecC functionality. Furthermore, we
have developed and simulated a number of real-life applica-
tions, some of which are listed in Table I. The types of appli-
cations range from embedded controller to high performance
DSPs. The complexities of these applications, as shown in the
second column of Table I, also give us a fair amount of con-
fidence in the expressive power as well as the implementation
robustness of the SpecC system.

The total simulation time of each application is not shown
since many of the them are reactive systems, which by def-
inition should interact with its environment in a continuous
fashion. However, many of the examples are included in the
SpecC release for those who are interested in improving or re-
implementing the simulation library and would like to bench-
mark the simulation performance. ’



Application Complexity (#lines)
Traffic light controller 1485
Elevator controller 2035
Forward Error Control Code 1227

FIFO 679

JPEG 1464

JBIG 3106

GSM vocoder 13000

TABLE |

SIMULATED SPECC SPECIFICATIONS.

VIII. CONCLUSION

The complexity involved in System-On-Chip design calls
for the use of IPs and an IP-centric design methodology. It
is critical for such a methodology to use a language to help

the design specification and design exploration of an end ap-

plication. It has becoming a consensus that such language
should be C/C++ based and the SpecC language is one of
the candidate solution. One critical issue in the SLDL based
design environment is the verification methodology. This pa-
per presents the implementation of the SpecC simulator, which
helps both the design specification verification and design im-
plementation verification by fast simulation. Our implementa-
tion strikes a balance between compiler complexity and simu-
lator complexity, and is considerably smaller than alternative
solutions. Our future work extends to the following directions:
First, porting of the simulation library to more architectural
platforms and more multi-threading packages need to be per-
formed. Second, interfacing with other open-source C-based
simulation libraries, such as SystemC and CynLib, should be
performed. Third, simulation performance needs to be per-
formed by the use of more efficient data structures.
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