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Abstract

SystemC is an IEEE standard system-level language
used in hardware/software co-design and has been widely
adopted in the industry. This paper describes a formal
approach to verifying SystemC codes by providing a map-
ping to the process algebra mCRL2. The outstanding ad-
vantages of mCRL2 are the support for different data types
and a powerful tool-set for model reduction and analysis. A
tool is implemented to automatically perform the proposed
mapping. This translation enabled us to exploit process-
algebraic verification techniques to analyze a number of
case-studies, including the formal analysis of a single-cycle
and a pipelined MIPS processor specified in SystemC.

1 Introduction

A growing trend in the microelectronics field is to inte-
grate a complete and sophisticated system on a single chip
(System on Chip). One of the most challenging requisites of
the SoC approach is to define a description language which
is capable of specifying the whole design in a higher level
of abstraction. At this level of abstraction, known as system
level design, the main concern is to simultaneously and ho-
mogeneously describe both hardware and software subsys-
tems. Among the different languages for system level de-
sign, SystemC has become very popular and widely adopted
by several leading companies in this field. Moreover, Sys-
temC 2.1 has been standardized as IEEE standard 1666 [1].

SystemC is a library of classes and macros implemented
in C++ that are to be used in the system level specification.
As SystemC is an add-on to the core language, all the fea-
tures of C++ are available in modeling but the designer has
to adhere to the particular style given by SystemC. The set
of data types in SystemC contains the necessary elements
for system level designs, such as bits, bit vectors, four state
logic (low, high, undefined, tri-state), and data types for
fixed-point arithmetic of arbitrary size. The notion of con-
currency is realized by introducing processes. Concurrent
processes are scheduled in a non-preemptive fashion. A
process may suspend itself on a particular event, after the

occurrence of which it will be ready to resume. The sen-
sitivity of processes to the events can be static or dynamic.
The communication of different components in SystemC is
achieved by the concepts of channels and ports. One of the
goals of SystemC is to provide verification at higher levels
of abstraction. Several attempts have been made in this di-
rection [4, 7, 8, 9, 10, 14] but this aspect of the language is
still in its early stages [15].

In this paper, we describe a mapping from SystemC pro-
grams into mCRL2 [5], a process algebra enhanced with
data types, which provides a common framework for an-
alyzing and verifying systems. The tool-set of mCRL2
particularly allows model checking against formulae in the
modal µ-calculus, a powerful modal logic that can code
other temporal logics such as PSL. We implemented a tool
that made this translation automatic. The translation and
the implemented tool enabled us to verify a number of case
studies. These case studies range from simple specifications
of combinatorial and sequential circuits (e.g., adders, flip-
flops) to a simplified single-cycle (comprising about 1000
lines of SystemC code) MIPS processor to a rather compli-
cated pipelined MIPS processor (comprising 2500 lines of
SystemC code).

Related Work. In [4], a model-checking technique is pro-
posed for a subset of SystemC, comprising fundamental
constructs of sequential circuits. Our work improves upon
[4] by treating a much larger subset of SystemC and sup-
porting modal µ-calculus as the specification language. In
[7], a translation from SystemC to an extension of Petri Nets
is defined. Their translation requires a bound on dynamic
constructs, which is not required in our approach. How-
ever, [7] supports quantitative time, which we do not sup-
port. We plan to extend our translation with quantitative
time. In [8], SystemC programs are partitioned into soft-
ware and hardware and are verified separately. This sep-
aration is not necessary in our case, since we try to trans-
form both hardware and software parts into mCRL2 at the
same time. In [9] a special process algebra is introduced for
SystemC codes. For verification, the specification is trans-
lated to the input language of Spin, a well-known model
checker. In our approach, we benefit from the existing tool-
set for mCRL2 and thus, provide a single framework both



for formal semantics and formal verification of SystemC.
The authors of [10] have described a toolbox, called LusSy,
for analyzing the transaction level models written in Sys-
temC. An automaton-based intermediate language is used
between SystemC and the language of the back-end verifier
tool. This language is also used for describing the sched-
uler. The properties are expressed in normal assertions.
LusSy additionally supports some generic liveness proper-
ties. In comparison with [10], our approach has the advan-
tage of allowing for modal µ-calculus for property specifi-
cation. In [14], the intermediate language of LusSy is trans-
lated into Promela, the input language of SPIN. We are not
aware of an implementation of this translation so that we
can compare its performance with our implementation. In
[13], the authors present an approach for model-driven test-
ing of SystemC designs. [13] formalizes the scheduler in
AsmL and the rest of SystemC constructs are directly called
through a wrapper. In our approach, however, we formalize
the whole design in our process-algebraic formalism. Also,
[13] focuses on testing while we focus on formal verifica-
tion in this paper. Similar to [13], in [6], a translation from
SystemC to AsmL is given and PSL properties are also em-
bedded in the same formalism as monitors.
A translation from SystemC to the object-based language
Rebeca is defined in [2]. In order to encode SystemC con-
structs efficiently, the Rebeca language had to be extended
(in terms of an intermediate language) with global variables
and wait statement. The generality of process algebraic con-
structs in mCRL2 allowed us to do without any extensions.
Furthermore, we could apply existing tools and techniques
in the tool-set to SystemC designs as we illustrate in this
paper, whereas in [2] a customized model-checking engine
is proposed.

2 Background

SystemC. The basic building block of SystemC programs
are modules (SC MODULE). A module is a container class
where processes can be implemented. There are essentially
three types of processes in SystemC: methods, threads and
cthreads. In the initialization stage all the defined processes
in the program are executed once. The method processes
cannot be suspended during their execution, so after finish-
ing, they often wait for some activities to occur in their sen-
sitive signals to be reactivated again. Threads are activated
only once, and it is their own duty to suspend themselves on
the desired points. Cthreads or clocked threads, are special
kinds of threads, which can be sensitive to only one edge of
one clock in their sensitivity list of signals.
There is a scheduler in the model to manage the concurrent
execution of the processes. The logic of the scheduler is de-
termined by the simulator. Processes are non-preemptive,
which means that a process, in its turn, runs a piece of code

and voluntarily releases the control. There are two differ-
ent cases by which a process releases the control: when it
executes a wait statement, or when it terminates. In Figure
1, a simple SystemC model with a single process (method)
get input is given for a D-type flip flop.

SC MODULE(dff) {
sc in<bool> din; // data input port
sc in<bool> clk; // clock input port
sc out<bool> dout; // data output port
SC CTOR(dff) { // constructor

SC METHOD(get input); //create a method
sensitive pos << clk; //static sensitivity

}
void get input() {
dout.write(din.read()); //change output

}
};

Figure 1. SystemC module for DFF

Each process can be made sensitive to a set of events.
When a sensitive process to a particular event is suspended,
it will be activated again as soon as that event occurs.
This mechanism enables synchronization among processes,
and is useful in creating responsive elements that react to
events in their environment. Sensitivity can be static or dy-
namic. In static sensitivity processes are made sensitive to
a fixed set of signals at their declaration by the keyword
sensitive. Whenever a change is spotted in a signal,
implicitly a subsequent event is generated so that all the
processes sensitive to that signal can be activated. Each pro-
cess can be made sensitive to a positive edge in the signal
(.pos()), negative edge (.neg()) or both. For example
get input is sensitive to the positive edges of clk. In
dynamic sensitivity the process explicitly mentions at the
waiting point the event for which it is waiting. So, if a pro-
cess is waiting for an event e, another process can trigger
that event by calling the method notify on e. This will
change the state of the waiting process to ready.
The communication mechanism is based on two concepts:
ports and channels. A port is a kind of pointer to a chan-
nel. For example, clk is an input and dout is an out-
put port. Usually when the modules are instantiated chan-
nels are used to interconnect the modules together. Some
special kinds of channels, called signal channels, do not
change their value immediately when a new value is writ-
ten to them. When all the ready processes are evaluated,
the simulation enters a new step called the update phase.
In this phase the old values of channels are updated, con-
tentions are resolved and suspended processes that have to
be awaked are notified.
Simulation Semantics. The formal semantics of simula-
tion in SystemC is described using distributed abstract state
machines in [11]. Here we give an overview of the basic
phases in the simulation kernel. In the first step, Initial-
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ize, all the processes are instantiated to initialize the sys-
tem. During Evaluate phase, the system iterates over the
list of processes and executes the ready ones. As a result
of immediate notifications occurring during the execution,
some new processes may become ready. The Update phase
updates the values assigned to signal channels throughout
Evaluate. If some delayed notifications exist, in the fourth
phase the list of the ready processes are determined and then
the simulation proceeds to Evaluate phase. There is a fur-
ther step in the original algorithm to advance time, but we
ignore quantitative time here. Each evaluate-update phase is
called a delta cycle in terms of simulation semantics. Note
that the number of delta cycles can be more than one, since
in the evaluate phase, some events may occur that awake
suspended processes.

mCRL2. mCRL2 is a process algebra extended by includ-
ing features such as true concurrency (in terms of multi-
actions), real time, higher-order functions and abstract and
concrete data types. A more detailed description of mCRL2
and its features can be found in [5]. The choice of mCRL2
as our formal language is motivated by the existence of a
rich set of abstract data types in mCRL2. The mCRL2 tool-
set also provides a powerful mechanism for analyzing spec-
ifications. The summarized syntax of mCRL2 processes is
given by the following grammar.
p ::= a(−→d ) | p+p | p·p | p ‖ p |

∑
d:D p | c → p � p

A basic action a of a process may have a number of argu-
ments−→d . These arguments correspond to the data elements.
Non-deterministic choice between two processes is denoted
by the “+” operator. Sequential and parallel composition of
processes are denoted by “·” and “‖”, respectively. The sum
operator

∑
d:D p denotes (possibly infinite) choice among

processes parameterized by d. c → p � p is a conditional
process, and depending on the validity of the Boolean ex-
pression c the first or second operand is selected. There are
a number of other constructs in mCRL2, e.g., for abstrac-
tion and encapsulation. We refer to [5] for a full treatment
of mCRL2 syntax and semantics.
There are a number of built-in data types in mCRL2, such
as integers, reals, lists, sets and functions which are useful
for our implementation.
An mCRL2 program contains a set of definitions; each of
them are prefixed with a keyword determining their pur-
pose. By a sort definition one can define a new data type.
The constructors of a data type are denoted by cons (for
constructor) and struct declarations. Constructors defined
using struct get their equality and inequality axioms gener-
ated for free. A data type can equipped with maps, which
are user-defined functions for manipulating data. A set of
equations (eqn) can be defined to specify the definition of
a mapping. A new process is declared by proc. The initial
process is designated with keyword init.
The mCRL2 tool-set contains tools for state space genera-

tion, reduction, analysis, visualization and model-checking.

3 Kernel Data Types

The simulation kernel of SystemC is modeled by some
fixed mCRL2 processes, which are described in Section 4.
These processes are repeated in all translations, and con-
trol the general behavior of the system. They make ex-
tensive use of a set of data types that we have designed
using the mCRL2 abstract data types (Figure 2). For the
sake of brevity, we only describe the data type mappings
and do not present the specification of the equations ma-
nipulating the data types here. The interested reader may
find the complete implementation in http://www.win.
tue.nl/˜mousavi/sysc08/. The first part of the def-
initions, given at the top of Figure 2, represents the identi-
fiers and names used in the program. These identifiers and
names are extracted from the program code by the tool. Six
sorts are defined for this purpose, ID: the unique identifers
which are assigned to processes (cf. Section 5), SigName:
the names of the signals used in the program, PortName: dif-
ferent names which are used as ports, VarName: the names
of variables, EvnName: the names of events, and ModuleIns:
module instance names.
We assign a natural number to each delta cycle, which helps
us differentiate delta cycles; this number is called round in
our model. So, if we are in the delta cycle i, a process which
is ready in the delta cycle i + 1 cannot be executed at the
moment. Round is defined after the program definitions in
Figure 2.

Following the above-explained definitions, there are
three groups of data type definitions: variables, signals and
process information. First, a list of variables (VarList) is de-
fined which offers two maps for changing and finding the
value of a variable. For each variable, other than its name,
value, and bit width, a scope discriminator is also intro-
duced to distinguish the variables in different scopes. There
are two values for each signal, one for the current and one
for its new value. The map changeSig can be used to give a
new value to a signal. This map is used in translating the
regular assignments to signals in the SystemC code. The
signal does not get the new value immediately after apply-
ing this map; only by applying updateSig the new value is
copied to the current one. This is due to the special treat-
ment of signal modifications in SystemC. The only use of
updateSig is in the update phase, where the signals get their
new values. The map findChangedSig denotes the signals of
which the current and the new values are different.
In the last group of the data type definitions, a list of pro-
cess information is declared (ProcQueue). For each process,
three facts are recorded: a unique identifier, its status and
the sensitivity list. The status can be finished, ready, or sus-
pended. Ready has an argument which shows the current
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%– Program definitions
sort
ID = struct · · · ; % the processes names
SigName = struct · · · ; % the signals names
PortName = struct · · · ; % the ports names
EvnName = struct · · · ; % the events names
VarName = struct · · · ; % the variables names
ModuleIns = struct · · · ; % the module names

%–Rounds
sort Rnd = Nat;
%–Variables
sort
Scope = struct local(getProc:ID) | field(getModule:ModuleIns);
Value = struct boolean(getValBool:Bool)?isBool|
integer(getValInt:Int,getIntSize:Nat))?isInt|
array(getValArray:Array)?isArray|NullVal?isNull;

Var = struct variable(getVarName:VarName,getVal:Value,getScope:Scope);
VarList = List(Var);

map
changeVar:VarList × Var → VarList;
findVarVal:VarList × VarName × Scope → Value;

%–Signals
sort
Sig = struct sig(getName:SigName,getCurVal:Value,getNewVal:Value);
SigList = List(Sig);

map
findCurSigVal:SigList × SigName → Value;
changeSig:SigList × SigName × Value → SigList;
updateSig:SigList × SigName × Value → SigList;
findChangedSigs:SigList → SigList;

%– SystemC process information
sort
Evn = struct event(getEvnName:EvnName,getModuleIns:ModuleIns);
Stat = struct finished?is finished | ready(getRnd:Rnd)?is ready |
suspended(getEvn:Evn)?is suspended;

SensType = struct both | none | negedge | posedge;
SigSens = struct sigsens(getName:SigName,getType:SensType);
SigSensList = List(SigSens);
ProcInf = struct procInf(getID:ID,getStat:Stat,
getSensitiveList:SigSensList) | NullInf;

ProcQueue = List(ProcInf);
map
changeStat:ProcQueue × ID × Stat → ProcQueue;
notifyEvn:ProcQueue × Evn × Rnd → ProcQueue;
findSensType:SigSensList×SigName→SensType;
notifySigChange:ProcQueue×SigName×Rnd×SensType→ProcQueue;
getFirstReady:ProcQueue × Rnd → ProcInf;
isAnyReady:ProcQueue → Bool;

Figure 2. Data types used in the mCRL2 code

round. For the sensitivity to a signal, it should also specified
if this sensitivity is to a positive edge, a negative edge or to
any changes in the signal. There are several maps declared
for changing the status of a process, notifying an event, and
gathering information from the queue.

4. Kernel Processes

The processes that constitute the kernel of the mapping
are shown in Figure 3. The first three processes which are
prefixed with “Handler” are containers for the variables, sig-
nals and process information lists. The lists are kept in
the arguments of the process. Apart from usual actions
for retrieving and setting the values from/to the list, the
following actions are provided by processes. In the vari-
able handler, the action r changeVar is used for changing
the value of a variable. SigHandler offers two actions for

changing and updating the values of a signal: r changeSig
and r updateSig. There are actions for changing the status of
a process (r changeStat) and notifying an event (r notifyEvn)
or a change in a signal (r notifySigChange) in the process
ProcQueueHandler. Other than the three handlers, the pro-
cess Evaluate and the translated processes of the model are
initiated at the beginning. Each of the threads or methods
that are defined in the model is mapped into one mCRL2
process. This mapping is described in more detail in the
following section.
The process Evaluate is the central process of the system.
It has an argument showing the current round. The ma-
jor work of Evaluate is to choose a ready process from the
process information list. The selected process should be
ready in the current delta cycle. Then it commands the
corresponding mCRL2 process to run. This is performed
by the action s start. As the scheduling is non-preemptive,
Evaluate has to wait until s finish is issued by the recently
started mCRL2 process. This means that the running pro-
cess has finished its work, and another process can be initi-
ated. Before a process finishes, it should change its state to
suspended or finished in its corresponding entry in the process
information list. The evaluate phase will be repeated till no
more processes are ready in the current delta cycle. After-
wards, the process Evaluate converts to another process, Up-
date. This process recursively checks all the signals to see if
there is a signal, of which the current value is different from
the new value. If so, it updates the signal and also notifies
the lists, so that if a process is waiting for a signal change,
it converts into ready for the next delta cycle. The condition
in this process is to check the changed signal to see if it is
Boolean and also if there is a positive edge occurring in it.
If so, it passes a posedge argument with the s notifySigChange
in order to awake the processes which are only sensitive to
a positive edge of the signal. Otherwise, the argument is
negedge. The s notifySigChange message is received by the
queue handler which then marks all processes waiting on
the corresponding signal (signal edge) as ready.
At the end of Update, the queue of processes is checked to
see if any ready process is remaining. If so, another round
of evaluation (with an increased round number) is begun.
When all the processes are finished, the process Validate is
run to check the system for another set of inputs. This is
explained in more details in Section 5.

5 From SystemC to mCRL2 Processes

Each SystemC process is mapped into an mCRL2
process. These mCRL2 processes have two arguments:
the first one is the ID of the process which differentiates
it from others. The second one is the module instance
that contains this process. The reason for differentiating
among processes in such a manner is that a module can be
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proc VarHandler(vl:VarList)=∑
v:Varr changeVar(v).VarHandler(changeVar(vl,v)) +∑
n:VarName

∑
s:Scoper getValue(n, findVarVal(vl,n,s),s).VarHandler(vl) +

r getVarList(vl).VarHandler(vl);
proc SigHandler(sl:SigList)=∑

n:SigName

∑
v:Valuer changeSig(n,v).SigHandler(changeSig(sl,n,v)) +∑

n:SigName

∑
v:Valuer updateSig(n,v).SigHandler(updateSig(sl,n,v)) +

r getSigList(sl).SigHandler(sl);
proc ProcQueueHandler(pq:ProcQueue)=∑

i:ID

∑
s:Statr changeStat(i,s).ProcQueueHandler(changeStat(pq,i,s))+∑

e:Evn

∑
r:Rndr notifyEvn(e,r).ProcQueueHandler(notifyEvn(pq,e,r))+∑

n:SigName

∑
r:Rnd

∑
st:SensTyper notifySigChange(n,r,st).

ProcQueueHandler(notifySigChange(pq,n,r,st))+
r getQueue(pq).ProcQueueHandler(pq);

proc Evaluate(round:Rnd)=∑
pq:ProcQueues getQueue(pq).(getFirstReady(pq,round)6=NullInf)→

(s start(getID(getFirstReady(pq,round)),round).
r finish(getID(getFirstReady(pq,round))).Evaluate(round))�
(
∑

sl:SigLists getSigList(sl).Update(round,findChangedSigs(sl)));
proc Update(round:Rnd,sl:SigList)= (sl6=[])→
(s updateSig(getName(head(sl)),getNewVal(head(sl))).
((isBool(getNewVal(head(sl))) ∧
getValBool(getNewVal(head(sl))) == false ∧
getValBool(getCurVal(head(sl))) == true) →

s notifySigChange(getName(head(sl)),round + 1,negedge)�
s notifySigChange(getName(head(sl)),round + 1,posedge)).

.Update(round,tail(sl)))�
(
∑

pq:ProcQueues getQueue(pq).
(isAnyReady(pq)→Evaluate( round+1)�Validate));

Figure 3. The kernel mCRL2 processes

instantiated more than once in a program, and a SystemC
process can be instantiated more than once in a module.
The translation of the body of the process goes in between
the start and the finish actions. The following process
specification is the mCRL2 translation of the SystemC
processes in Figure 1.
proc get input(pID:ID,container:ModuleIns)=∑

ro:Rnd.r start(pID,ro).
∑

sl:SigList.s getSigList(sl).

s changeSig(signalConnect(dout,container),

boolean(getValBool(findCurSigVal(sl,signalConnect(din,container))))).

s changeStat( pID, suspended( event( NullEvn,container))).

s finish(pID).get input( pID, container);

As it can be seen in the translation of the processes,
the translated processes are basically sequences of different
actions for communicating with the kernel processes. These
include modifications to the signals and variables. The
map signalConnect, used in the description of the process
get input, is a mapping of the form PortName × ModuleIns
→ SigName. It determines the signal to which a port of a
module instance is connected. As the process get input is
a method, upon termination it changes its state to wait on
a dummy event. This also occurs when a thread executes
the command wait(). This means that the process is
ended but can be reactivated when one of the events in its
sensitivity list occurs.

Statements. By interacting with the kernel processes, the
values of signals and variables can be obtained and changed.
This makes the translation of assignments and similar state-
ments straightforward. In hardware modeling normally bit-
wise operations are frequently used, which are not sup-
ported in mCRL2. For this purpose we implemented the
required functions for converting a value to its binary form
and also perform bitwise operations. Further details can be
consulted from the code in the web page of the tool.
Concerning the mapping for control flow statements, the
conditional statements such as if-then-else and switch-case
are mapped to mCRL2 conditionals. Loops are translated
into recursive processes guarded by their conditions, if any.
Model checking the code. In several designs, there are in-
put signals which are received from the environment of the
system. As an example in Figure 1 the ports din and clk sig
are connected to some signals from outside. An additional
mCRL2 process should be considered for these open sys-
tems in order to generate all the possible values that can be
given to the system. Using the mCRL2 tool-set the state
space of the closed system can be generated. Several anal-
yses including model checking modal µ-calculus formulae
can be then performed on the system. In the processor case
study that we consider in this paper we only use the usual
model checking for verifying the single cycle case. We use
an alternative approach (inspired by [3]) in the verification
of the pipelined MIPS architecture. We have implemented
a tool for automatically translating the SystemC codes into
mCRL2. It supports a reasonable subset of SystemC includ-
ing the features described above. The tool is written using
the Java programming language and the ANTLR compiler
generator.

6 Case Study

We considered both single-cycle and pipelined specifi-
cation of mMIPS (mini MIPS) which is the generic ba-
sis for MIPS processor. With some extensions for incor-
porating network facilities, mMIPS is used in MiniNoC, a
Network-On-Chip based multi-processor SoC. We analyzed
both single-cycle version of the mMIPS processor (com-
prising about 1000 lines of SystemC code) as well as its
pipelined version We omit the details of the simpler case
of the single-cycle processor here, and focus only on the
pipelined architecture.

In their seminal paper [3], Burch and Dill put forward
an efficient approach to the verification of the pipelined ex-
ecution of instructions. This method has been widely con-
sidered as a fundamental way to formally prove the correct-
ness of processors. The verification scheme is depicted in
the commuting diagram of Figure 4.

The state of the processor is defined at two different ab-
straction levels: ISA (Instruction Set Architecture) and MA
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m steps

Figure 4. Burch and Dill’s Diagram

(Micro Architecture). The former includes those parts of
the system which are visible to the user and the latter con-
tains all the intermediate storages. The functions FImpl and
FSpec are the transition functions for implementation and
specification. In the flushed states the processor has been
stalled for a sufficient number of cycles so that no partially
executed instruction remains in the pipeline. The proces-
sor is said to be correct if each sequence of execution at
the MA level has the same effect as its ISA counterpart on
the user visible components, as long as the comparison is
done in the flushed states. The function h is an abstraction
function that maps an MA state to its corresponding ISA
state by stripping off all but the programmer visible parts of
the implementation state. In our case, we apply hiding and
τ -confluence reduction to leave out the unrelated informa-
tion. We translated the specification of pipelined mMIPS to
mCRL2. We checked the correctness of the data semantics
of each instruction by putting an instruction into the ROM
of the processor and letting it gradually leave the circuit.
Afterwards the state of the processor was compared with
the expected behavior. During our analysis, we discovered
a flaw in the semantics of the shift instructions which was
reported to the designers and corrected in the new version
of the code.

7. Conclusions

In this paper, we presented a formalization of SystemC
code in the process algebra mCRL2. The formalization is
implemented in a tool and this enables automatic transla-
tion and formal verification of SystemC code in the mCRL2
tool-set. Using the implemented tool, we analyzed several
case studies including a single-cycle and a pipelined MIPS
processor. We plan to extend our work by providing support
for more advanced features of SystemC, such as quantitative
timing and transaction level modeling (TLM). Furthermore,
we think that tailor-made reduction techniques are yet to
be developed for the process graphs resulting from system-
level designs. We are also working on extending our verifi-
cation technique to better exploit the symbolic approach of
Burch and Dill.
Acknowledgments. Our mMIPS case studies are due to
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