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Abstract the UML to SystemC transformations and code generation,
as an add-in to the Telelogic-TAU UML2 modelling téol
Today embedded system development is a complex task. Tbhis part of the MARTES project is carried out in close co-
aid the engineers new methodologies and languages areoperation between Lund University and Telelogic.
emerging. During the development the system is modelled In this research there are a number of decisions that
using different tools and languages. Transformations be- needs to be taken related to the detailed requirements on
tween the models are traditionally done manually. We in- the developed tool. It is crucial to take the right decisions
vestigate the automation of this process, specifically e ar concerning what functionality to include in the tool. This
looking at automatic UML to SystemC transformation. In is achieved by developing the tool iteratively. Differeetv
this paper we compare UML and SystemC, focusing onsions are developed after each other, and every version is
communication modelling. We also present mapping rulesevaluated in order to decide what additional functionatity
for automatic SystemC code generation from UML. The include in the next version. Evaluations are a very impdrtan
mapping has been implemented in our UML to SystemCpart of the development of the tool. The evaluations are be-
code generator. ing carried out together with other partners in the MARTES
project, in the context of case studies in industrial prigec
In this paper we present the work and results from devel-
1 Introduction oping the first version of our UML to SystemC code gen-
erator. We start with a summary of related work in section
Today there is a never ending demand for new functionality 2. We compare the constructs and semantics of UML and
to be included in embedded systems such as mobile phonesSystemC in section 3. Based on this comparison we have
This leads to increased design complexity. To overcome thedeveloped a set of mapping rules which are detailed and
increased system complexity new design methodologiesmotivated in section 4. Our implementation of the mapping
such as model driven architecture, have been introducedrules is presented in section 5 and practical experience can
In parallel with this, new languages, i.e. SystemC [2,3], fo be found in section 6. Finally the paper is concluded in sec-
system level modelling and simulation have also emerged.tion 7.
Combining new methodologies and new languages is a
promising approach to manage the increasing system com2  Rdated Work
plexity. This is the focus of the MARTES (Model-Based
Approach for Real-Time Embedded Systems development) o )
project. In the project we investigate how UML and Sys- Earlier publications on UML to SystemC mapping [4, 7]
temC can be used together when the ideas of Model DrivenStggest that, to a Igrge extent, there is a one to one relation
Architecture are applied. One of the tasks of the project is PEtWeen concepts in the two languages. For example a UML
to investigate how transformations from UML to SystemC Cl2SS is mapped to a SystemC module. This is not always
can be automated and supported by tools. During this re-desirable, sometimes UML classes are used for data encap-

search we are developing a prototype tool, which mamigesulation and in these cases they should remain as classes in
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the SystemC model. Only UML classes with ports, and/or | Game |
with architecture should be mapped to SystemC modules. _ IPing -
Riccobene et al. [7] address this by exposing all SystemC Ping <<|nte_rface>>
details in the UML model through a SystemC profile. Their IPing
approach is to use UML as an implementation language for | | pl signal Ping(Integer valug)
SystemC. In addition to making all standard SystemC types
available at the UML level they also extend actions in state IPong Pong
machines to handkec _t hr ead andsc_net hod synchro-
nisation. With their approach, the engineers must tag their
UML model by adding relations to the intended SystemC el-
ements. This is similar to the last part in our design process
In our design process engineers start with an abstract UML
model, which is refined in three steps. This is further ex-
plained in section 5. One difference compared to their work

IPong

<<interface>> >
IPong P

signal Pong(Integer valug

~

IPing

Figure 1. Structure in a UML design.

is that we intend to automate most of this part in our pro- — -

cess, minimising the design effort. pong.Pong‘
Another problem with bringing too many of the SystemC P P

details into the UML model is the semantic differences be-

tween the languages, as discussed in section 3. This will  Figyre 2. Communication in a UML design.

lead to problems during co-simulation of pure UML mod-
els with models applying the SystemC profile. It will also be

problematic to generate code for different targets, i.edha  Gane encapsulates the declarations of the claBPsesy and
ware and software. As far as we know no one has publishedpong as well as the interfacé<Pi ng andl Pong.

a semantic comparison of these two languages. A SystemC module is very similar to a UML class. In
fact a SystemC module is defined as a C++ class with some
3 Language Comparison predefined methods and attributes. Thus a SystemC module

can have attributes and methods and also it can inherit from

In this section we compare the UML and SystemC lan- One or more classes and/or modules. There are a few proper-
guages. The comparison is based on UML 2[1,6] and Sys_ties which can be assigned to a UML class which cannot be
temC 2.2 [2, 3]. The purpose of the comparison is to find €xpressed in the SystemC language. One suelbstract

and motivate mapping rules for automatic SystemC codebut this can be emulated by making one of the methods
generation from UML. The focus is on concepts which are in the class abstract. We believe the minor limitations of a
equivalent in both languages as well as concepts and conSystemC module are negligible in practical use, so we treat
straints which are only present in one of the two languages.UML classes as equivalent to SystemC modules.

When we refer to concepts which are similar in both lan- ~ Both UML classes and SystemC modules can contain
guages we use the notatittML_name/System@ame for references to other objects making it is possible to commu-
exampleclass/moduleAlso we refer to a class which inher-  nicate between classes by method calls. This is however not
its fromsc_nodul e as a SystemC module and any class the intended means to model communication in neither lan-
inheriting fromsc_i nt er f ace as a SystemC interface. ~ guage. Instead communication should pass thrquoftts

connected usingonnectors/channel#\ port is part of an
3.1 Composition class/module and defines its communication interface.

In UML a port has a required and a realised interface

UML and SystemC are similar from a structural point of indicating which signals it will send and receive. Both the
view. Both languages have the conceptgpatkage/name required and realised interface can be composed of a list of
spacewhich can be used to group most other language con-UML interfaces. Some tools also allow signal lists.
structs. In real models packages/name spaces are mainly In SystemC asc_port must have exactly one Sys-
used to group declarations ofasses/module# package/-  temC interface. The interface details which methods the
name space cannot be instantiated. Any instantiations donenodule will call on the connected channel. A SystemC
in a package/name space will result in one instance in theport corresponds to the required interface of a UML port.
system, with limited visibility to the package/name space. The equivalent of the UML realised interface is a SystemC
In this paper we focus the discussion around the small sys-sc_export. A SystemCsc_export is part of a mod-
tem shown in figure 1 and 2. We will later show the Sys- ule and has exactly one interface, which details the cadls th
temC code generated from it. In this system the packagemodule will implement.



3.2 Communication

The way communication is commonly modelled is quite
different in UML and SystemC. In UML communication

is modelled usingignals asynchronous messages that can
carry data. The signals are sent through the ports of a class
The destination of a signal is determined by tdo@nectors

of the model. In figure 2 any signal sent from the object
pi ng will be forwarded to the objeqtong. At the receiv-

ing object the signal is stored in a queue, from where it later
will be consumed by the behaviour of this class. A UML
connector only provides routing information for signals, i

does not model the communication mechanism, i.e. a net-

work or a bus. If this is to be included in the model it must

be done using classes. Note also that a UML connectors arg,, 8]

primarily a relation between two objects and not between

classes. A UML port can have several connectors, and a

connector connects exactly two ports.

SystemC channels are a central part of communication
modelling in SystemC. They implement the behavior of the
communication mechanism, as follows. During initialisa-
tion each port is connected to a channel. At this time the

port saves a reference to the channel. Later during simula-

tion the ports will be transparent, forwarding any openatio
to the channel (this is done by overriding the operation).
This design implies some constraints, a port may only con-
nect to a channel which implement its interface, and also
a port can only connect to one channel. By default there is
no limit to how many ports that can connect to a channel
but it is possible for a channel to limit the number of ports
connecting to it.

Since a message sending is realised as a method call in
channel, it is not possible for two modules to communicate
without an intermediate channel. Also SystemC does not al-
low ports to be used to make methods in a module available
to other modules. For this purpose_export was added
to the language. Usingc_export a module can encapsu-
late a channel and exportits interface to other modules Thi
makes it possible forac_port in one module to connect
to asc_export in another module without creating any
intermediate channel.

4 Mapping Rules

Considering the difference in communication modelling it
is clear that there does not exist a trivial, one to one mappin
from UML to SystemC. Some UML constructs are however

UML SystemC
package name space
active class sc_nodul e
class with ports| sc_nodul e
other classes | C++ class

Table 1.
cepts.

Mapping rules for equivalent con-

on top of C++. The implementation of our code generator
is explained further in section 5. In this section we focus
on the mapping rules that are unique for SystemC and refer
for details regarding mapping of the parts of the UML
language not covered here.

The asynchronous communication of UML signals im-
plies that there must exist a message queue somewhere in
the communication. In UML this is located in the receiving
class. When comparing to the predefined channels in Sys-
temC,sc_f i f o comes closest. However, there are some
limitations which makes it less suitable. First, in a UML
state machine it is possible to wait for one of several sig-
nals, i.e. several transitions, with different triggersnh the
same state. When the state machine is in such state, the trig-
gering signals might arrive on different ports. This leaals t
the need to do blocking reads on several fifo queues at the
same time. This is not possible. In SystemC it is possible
to wait for one of several events to occur, but when the call
to wait returns it is not possible to determine which event
that actually occurred. The concept of events in SystemC

& similar to thewai t () andnoti fy() synchronisation

mechanism found in, for example, Java. The second prob-
lem with sc_fi f o is its limitation to connect only one
sender and one receiver. This is the same constraint as a
UML connector. The problem is that several UML connec-
tors can connect to the same port, but a SystemC port can
only connect to one channel. A UML connector does not
provide any message queue, instead it connects the sending
port with the queue inside the receiving class. This has the
same semantic as connecting a SystemC port to a channel,
assuming that the channel will provide a message queue.
The observation that a UML connector has the same se-
mantic as connecting a SystemC port to a channel is one
motivation for our mapping. We map a UML connector
to code which connects the sending modules port with the
channel containing the message queue of the receiving mod-

so similar to SystemC that we suggest that they should beule. For this to work, we need a channel which implements
replaced with the corresponding SystemC construct duringa message queue and allows multiple connecting senders.
the mapping process. Table 1 lists some of these constructsAlso, to solve the first problem withc_f i f 0, this queue

We base our SystemC code generator to a large extent orshould be shared among all ports of the receiving module.
Telelogic’s C++ code generator [8]. This is possible since There is no SystemC channel which meets these needs, so
SystemC is a library and a simulation engine implemented we generate one for each generated SystemC module. The



sc_module l 1| Ping ping("Ping");
/7 scport 2| Pong pong("Pong");
: 3| ping.pl_port(pong. p2_export);
SC._THREAD i 4| pong. p2_port (ping. pl_export);
BN sc_port
yyy' ) Figure 4. Code generated from figure 2.
sc_channel |« sc_export
. a C++st d: : deque. The channel also provides an block-
message : ing read, used by the modules threads, i.e. the methods gen-
queue < sc_export erated from the state machine of the active UML class. To
| clarify, let us look at an example. The UML diagram in fig-
ure 2 will generate the SystemC code shown in figure 4. In
the first two lines the module instances are created. Lines
Figure 3. The structure of a generated Sys- three and four connect the ports and exports of the gener-
temC module. ated module instances. Lines three and four are generated
from the UML connector. Commonly line one and two will
be attributes in a module and line three and four will be part
SystemC part UML source of that modules constructor.
sc_port port, required interface Next we will examine the SystemC declaration of mod-
sc_export port, realised interface ule Ping, shown in figure 5. This originates from the UML
sc_channel interface, signal view in figure 1. The UML port plis mapped ts&_por t
sc_interface | interface, signal and asc_export at line 3-4. The interfaces IPing and
constructor of port, channel, state maching. IPong are generated from the UML interfaces. This map-
sc nodul e Attribute initialisation have ping is detailed below. Lines 6-16 contain the declaration
h more sources of the SystemC channel, which contains the message queue
SC THREAD State machine of the Ping module. The channel is instantiated at line 17.
= The method Ping at line 15 originates from the UML sig-
nal Ping and is part of the IPing interface inherited at line
Table 2. The table lists SystemC parts and the 8. The implementation is on lines 21-26. At line 30, in the
UML constructs they are created from. constructor of Pingpl_export is bound to the chan-

nel instancePi ng_channel . With the generated code

in figures 4 and 5, the module instanpeng can send

a Pi ng signal carrying the value three, using the syntax
channel will handle all incoming signals to the module. p2_port->Pi ng(3).

The structure of a generated SystemC module is shown
in figure 3. The module is composed of one or more threads,4.1 Interfaces and Signals
one channel, and one or more ports and/or exports. When a
message arrives atsc_export, a method in the chan-  The mapping of UML classes, ports and channels detailed
nel will be invoked and the the message will be stored in above is not enough to generate code which compile. The
the channels message queue. The threads in the modulgystemC interfaces and data structures for storing sigmals
will later consume the message using the channels blockthe message queue are missing. These are generated from
ing read() method. The threads can also send messageshe UML interfaces and signal. For each UML interface a
through asc_por t . A message sent througrsa_por t SystemC interface will be generated. The generated inter-
will arrive at asc_expor t of another module. face will contain one method for each signal in the UML
Table 2 lists the UML sources for different SystemC interface. The method will have the same parameters as the

constructs. How we generate the components of the Sys-original signal. In addition to the method each signal will
temC module will be detailed below. For each realised in- also generate a class with one attribute for each signal pa-
terface of the UML class we generate ose_export rameter. The code generated from the UML interface IPing
and connect it to the modules channel. The channel imple-in figure 1 is shown in figure 7.
ments all realised interfaces with one method for each sig- In SystemC a port and export can only have one interface
nal. The method stores the parameters of the signal in theand for a port to connect to an export/channel its interface
channels message queue. This queue is implemented usingiust be implemented by the channel. Now look at figure 6.
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SC MODULE( Ping ){ A, B A, C
publ i c: ‘ M2 ‘ M3
sc_export<l Ping> pl_export;
sc_port<l Pong> pl_port;

[*--- channel ---%/
cl ass Channel _c! ass: %—O A B, C
public sc_channel,
public I Ping{
private: Figure 6. UML classes with interface lists.
std:: deque<UML_si gnal *> queue;
sc_event e;
publi c:
Channel _cl ass(sc_nodul e_nane nane);
UML_signal =*read();

class I Ping: public sc_interface{
public:
virtual void Ping(int value) = 0;
class Ping_signal: public UM__signal{

© o N o g o~ W N

void Ping(int value); publ i c:
b _ int val ue;
Channel _cl ass Ping_channel; inline Ping_signal (int val ue)
[ x--- state machi ne behavior ---x/ val ue(val ue) {}
voi d Ping_thread(); };
} ; 10 } ;
voi d Pi ng:: Channel _cl ass:: Ping(int
val ue) {
gueue. push_back( new Figure 7. Code generated from figure 1
Pi ng_si gnal (val ue));
e.notify(); .
} To solve this we suggest that one UML port should

be mapped to several SystemC ports, one for each in-
terface it requires. The list of realised interfaces can
still be mapped to one export with one interface, i.e.
pl_export (Pi ng_channel): class if1: A B, C{}_. With this mapping M2 will
SC HAS PR(I:ESS(_Pi ng) : have two ports, one for |_nterface A and one for B. Both
SC_THREAD( Pi ng_t hread) : can connect to M1::p. This solves the problems mentioned
} - - above while preserving the type hierarchy among interfaces
in the UML model.

Pi ng(sc_nodul e_name nane)
sc_nodul e( nane),
Pi ng_channel (" Pi ng_channel ") {

Figure 5. Code generated from figure 1 5 Mapping Process

UML port M1::p has three realised interfaces A, B, C. Ports During initial system modelling, a pure UML model is used.
M2::p and M3::p have required interfaces A, B and A, C. Thoughitis possible to define a set of mapping rules from a
Port M1::p will be mapped to an SystemnC export while pure UML model directly into SytemsC code, it would give
M2::p and M3::p will generate SystemC ports. The gener- the engineer little influence on the mapping and most likely
ated export and ports need one interface each, here named less satisfactory result. Instead we divide the mappiteg in
if1, if2, and if3. A trivial attempt would be for the gener- three steps, as depicted in figure 8. All models are available
ated interfaces to inherit directly from from A, B and C, i.e. and editable. This makes it possible for the engineer to have
class if1l:A B, C{},class if2: A B{}, and full control over the relevant details for the system under d
class if3: A C{}. Now neither if2 nor if3 is a sub-  velopment and have the tool manage all remaining details.
type of ifl and the ports can not connect to the export. A Step 1, vertical refinement transformation: In this step
working solution is for ifl to inherit form if2 and if3. But  an initial UML description is refined to a UML description,
now, due to the double inheritance, if1l will contain two in- which follows a UML profile for SystemC. This step will, at
stances of A. Also, with this mapping an exports interface least partly, be carried out manually. To minimise the desig
will change as ports connect to it making it unpractical to effortit should not be required to tag the whole model. This
generate code for parts of a system, or to distribute IPscore means that a set of default values for the SystemC specific
in binary form, since they need to be recompiled when used.attributes of the UML profile, must be defined. The default



SystemC like module declarations, instead of a C++ class
UML, pure declarationsSC_MODULE( MyMbdul €) {...} instead of
cl ass MyModul e: public sc_nodul e{...}.

| UML, SystemC profile*

6 Experimental Validation

UML, SystemC ex Iici1—» Systemd ) o

| J 2 The mapping rules and code generator presented in this pa-
per have been use by VTT to extend their workload-based

Figure 8. Our three step code generation. performance simulation [5]. The automatic mapping from

UML to SystemC makes it possible to partially reuse exist-
ing UML application models, removing the need for sep-
arate work load models. VTTs experience is that our Sys-
values will in most cases provide a satisfactory mapping in temC code generator is useful in practice and simplifies the
the following transformation steps. engineers work in their model based design flow, see [5].
Step 2, vertical refinement transformation: In this step
the model is transformed into a new UML description that 7 Conclusions
only includes UML constructs with direct representations
in SystemC, i.e. classes, attributes, inheritance etceitOth Combining new methodologies and new languages is a
constructs such as state machines are translated to tle¢ targpromising approach to overcome the increased complexity
language. During this step we transform each state machineof today's embedded systems. This is the driving force in
to a class with methods that implement the behaviour of the MARTES project. In this paper we compare UML and
the states and transitions. In the first version of the thal, t SystemC. The comparison reveals that the communication
resulting model will be a un-timed functional model. The is modelled quite different in the two languages. Based on
mapping rules for UML classes, ports, channels, signals andour observations we present mapping rules for automatic
interfaces are given in section 4. A complete list of UML SystemC code generation from a UML model. We also
constructs which are removed during this transformation is present our transformation technigue, composed of two ver-
beyond the scope of this paper. tical and one horizontal transformations. Using our transf
In addition to removing UML only concepts, we also mation technique it is possible to reuse large parts of a code
make all relations in the model explicit. When a class is generator for other target languages similar to the taeget |
made active in UML it implies that the class will have its guages of the code generator, i.e the implementation of our
own thread of execution. In SystemC this is realised using SystemC code generator uses a large part of Telelogic's C++
SC_THREAD or SC_METHCOD which implies that the class  code generator.
is an instance of the SystemC class_nodul e. During
this transformation all such implicit relations are made ex References
plicit. For example, we add a generalisation relation to the
SystemC classc_nodul e from all active UML classes. [1] H. Eriksson, M. Penker, B. Lyons, and D. FaddJML 2
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