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Abstract

The evolution of technologies is enabling the integration
of complex platforms in a single chip, called a System-on-
Chip (SoC). Modern SoCs may include several CPU subsys-
tems to execute software and sophisticated interconnect in
addition to specific hardware subsystems. To manage and
exploit this high degrees of provided parallelism in hw $ sw,
we need regular constructors both for hardware and soft-
ware.

SoC co-design requires to master a lot of different ab-
straction levels, different simulation techniques, different
synthesis tools. Due to the technology evolution, the best
one is the one to come. Evolution of the embedded systems is
not simple, both hardware and software, the business logic
has to be kept and the technical aspect has to be thrown.
To improve the permanence of System on Chip we have to
abstract from the technical concerns. Model Driven Engi-
neering proposes a separation of concerns: application and
technical concerns. Use of modeling standard can capital-
ize system descriptions and improve system evolution and
integration. We propose the use of UML2 as a modeling lan-
guage for MPSoC system design.

To model regular hardware and software, we propose to
introduce multi-dimensional multiplicities and mechanisms
for the description of regular connection patterns between
model elements. This proposition is domain independent.
We illustrate the use of these mechanisms in an intensive
computation embedded system co-design methodology. We
focus on what these factorization mechanisms can bring for
each of the aspects of the co-design: application, hardware
architecture, and allocation.

1. Introduction
1.1. Trend Towards Regularity

As compared to previous small embedded controllers
designing, the designing complexity of today’s embedded
systems (SoC, MpSoC, etc) has grown exponentially. This
complexity rise has been seen due to complex integration
of multiple resources (DSP, GPP, FPGA, etc) on a single
die [15, 14, 16, 4, 28] and further to the miniaturization of
electronic and mechanical devices, the changes in the ap-
proaches to design as determined by the cognitive complex-
ity of the task, the massive use of test automation tools, and
the pervasive use of embedded systems in all kinds of appli-
cations. Real-time systems, beside high performance com-
puting, are about strict timing constraints (deadline, period-
icity), application-specific design, and high reliability (fault
tolerance). The current trend of using multiple processors
and controllers (SoC, MpSoC etc) has been promoted to sat-
isfying the needs of real-time systems. This trend has made
real-time systems a special case of chip level high perfor-
mance distributed computing. Using multiple processors is
an attractive solution because of its price-performance ratio,
locality constrains (data processing must take place close to
sensors or actuators), reliability (replicating of computing
resources provides fault-tolerance), high throughput (paral-
lel task execution) and high schedulability (many schedul-
ing possibilities).

MpSoCs typically consist of heterogeneous processors
among which some nodes can be homogeneous (SIMD) ar-
rays of processors. Communication networks (NoC) [4, 16]
consist of switches and routers. But in this communication
platform nodes of SoCs are physically close to each other,
have high link reliability and low latency.

The trend in MpSoC platforms concerns using regu-
lar homogeneous hardware units (SIMD, VLIW, etc) as a
subsystem. The newcoming MpSoCs are multi-dimensional
grids of elementary processors [15, 14, 16, 4, 28]. Some
other regular architectures have already appeared and were



proposed on SoCs [5, 21, 25, 31, 27, 7]. Among them, there
exist some reconfigurable VLIW and SIMD architectures
templates (like ADRES [19], RaPiD [11], REMARC [20],
MorphoSys [24]). These proposed regular cores and tem-
plates can be used as a subsystem in NoC based SoCs or in
bus based SoCs. The known fact is that these regular sub-
system are highly supportive to facilitate higher degrees of
data parallelism [23, 18, 2, 30, 26, 3].

We focus on the applications that process large amounts
of data arrays and tend to be data-intensive. Of course, they
are generally found as a sub part(s) of some global ap-
plication task graph. Application such as battlefield intel-
ligence, surveillance, entertainment, tele-medicine, disas-
ter management and wireless communication (OFDM) [12]
etc) have many regular data intensive parts, which typically
includes compression, decompression, FFT, IFFT, DCT,
etc. In such data intensive applications, the profiling results
have shown that, these regular parts (e.g loops) consume ap-
proximate 80% of the total execution time of the global ap-
plication.

This kind of data parallelism can be exploited at fine lev-
els of granularity, i.e instruction level by using VLIW (Very
Long Instruction Word) [3, 26] architectures and at data
level by SIMD (Single Instruction Multiple Data) architec-
tures [23, 18, 2, 30].

Architecture proposals like Raw [1] have shown the flex-
ibility to explore many forms of parallelism. It can support
both the SIMD and MIMD programming models used by
conventional multiprocessors This SIMD concept can be a
special instruction set provided by implementing through
separate special processor or by just incorporate these spe-
cial (multimedia) instruction set along with other instruc-
tion set.

As seen currently and in the future, MpSoCs can be con-
sidered as NoC enabled multi-processor architectures. We
believe the use of regular homogeneous parallel computa-
tion units will be more in practice with high order of density.
Especially for Multiprocessor Systems on Chips, which are
called NoC (Network on Chip) based SoCs [4]. The on-chip
communication backbone connects a large number of het-
erogeneous or homogeneous processing clusters and stor-
age elements. The NoC based designs do not need to be syn-
chronized with other subsystem cores like in bus based Mp-
SoC designs. An other advantage of NoC is scalable data
diffusion to the cores and provides more possibilities to-
wards power aware optimizations.

We believe that regular parallel computation units will
be more and more present in embedded in systems in the
future, especially for Systems on Chips.

This belief is driven by two considerations:

Time-to-market constraints. They are becoming so tight
that the massive reuse [?] of a few existing computa-
tion units is one of the only ways for fast development,

to meet the computation power needed for next gener-
ation embedded applications,and to remain in compe-
tition.

Homogeneous hardware. Parallelism is one among the
good potential solutions to reduce power consumption
in MpSoCs [6, 13].

With a large number of processing units, the only way to
make the most of an MpSoC is to take account of the ho-
mogeneous hardware topology. The repetitive constructs we
propose can be used to model parallel computation units,
such as grids, but also complex static or dynamic inter-
connection networks, or memory banks. Keeping a com-
pact representation of regular homogeneous structures is the
only way to avoid a complexity explosion. No one would
ever think about programming computation intensive appli-
cations without loops. The problem is the same when deal-
ing with repetitive hardware structures. One wants to de-
scribe the repeated element only once and have a compact
way of expressing the repetition. When dealing with map-
ping of repetitive application parts onto repetitive hardware
parts, it is necessary to use regular mappings expressed in
a compact way to avoid an explosion both in optimization
time and in code size (which costs a lot in resource usage
and power consumption).

1.2. Regularity and CAD Tools

These rising complexities and required flexibilities have
raised many questions against today’s existing design tools,
techniques, their methodologies, the quality of their solu-
tions, and their time and space complexity.

Commonly these tools are sub parts of a CAD tool and
used at different levels of abstraction. Many CAD tools fol-
low the concept of Co-design. Most of the CAD tools start
with the highest level of abstraction i.e modeling of hard-
ware platform and application, and follow some transfor-
mations between different levels (TLM, RTL etc). At last a
final realization of hardware with some HDL (hardware de-
scription language) and application into C, JAVA etc is pro-
duced.

Our project Gaspard2 [17] is a kind of CAD tool based
on Model Driven Engineering. The main objective of our
project is to provide a new set of intermediate models and
model transformations for Co-design. Co-design can be de-
fined as a simultaneous designing environment for hard-
ware, software and their relative mapping and scheduling.

These models and methodology are focused to meet
current and future embedded system designing, con-
sidering changing trends and trade-offs. Gaspard2 fol-
lows OMG (Object Management Group) [29] specifi-
cations. The Model Driven approach we opted in Gas-
pard2 helps us to remain open with other platforms, tools



and standards. It is based on the modeling specifica-
tions such as the MOF, the UML and XMI [29]. This
paper gives an overview on the UML 2.0 Gaspard2 pro-
file.

To support Multiprocessor SoC co-design, we propose
powerful extensions inspired by the Array Oriented Lan-
guage [9], which allow multidimensional repetitive expres-
sions, to increase the expression power of UML 2 structural
modeling mechanisms. The extensions we propose enable
to specify at design time all the links that will exist at run
time in a deterministic way. These extensions are used for
the modeling of complex topologies, and concern basically
multiplicities, connectors and dependencies, in the context
of composite structures. An extension at the level of struc-
tured classifiers is also introduced to simplify the use and
understanding of our repetition mechanisms.

The rest of this paper is structured as follows: we in-
troduce our modeling extensions in section 2, then, in sec-
tion 3, we illustrate how we have experimented the use of
these extensions in the context of an embedded systems co-
design framework: Gaspard2. We finally conclude this pa-
per in section 4.

2. Regular repetitive modeling in UML 2
2.1. Multi-Dimensional Multiplicities

UML 2 has defined the concept of multiplicity as an in-
clusive interval of non-negative integers beginning with a
lower bound and ending with an upper bound. This collec-
tion of elements is ordered or not. In the case where it is or-
dered, this “collection” can be seen as a mono-dimensional
array, where elements are implicitly indexed.

The first extension we propose for topology modeling
is to take into account multi-dimensional arrays for the de-
scription of “collections”. Multiplicities UML 2 metamodel
subset is extended with the introduction of the MultiDimen-
sionalMultiplicityElement concept. Lower and upper bound
attributes are defined by Vectors instead of Integers'. In
other words, the MultiplicityElement is seen as a particular
case of the MultiDimensionalMultiplicityElement concept:
lower and upper bounds attributes contain only one integer
value. In Fig.1, we illustrate the use of multi-dimensional
multiplicities to specify a grid topology (3 x 3).

2.2. Extended relationships for multi-dimensional
multiplicities

In order to handle modeling of links topologies, we intro-
duce the abstract concept of LinkTopology. The LinkTopol-

1 The Vector datatype is an ordered set of integer values. Here, each el-
ement of the Vector gives the size of the corresponding dimension of
the multi-dimensional array

ogy is an optional information set that can be associated to
a relationship between potential instances. It takes into ac-
count the multi-dimensional aspects introduced in the pre-
vious section. Two use cases are identified: links between
several potential instances playing the same role, or play-
ing different roles. These two use cases lead respectively
to two refinements of LinkTopology: InterRepetitionLink-
Topology and RepetitiveLinkTopology. In the context of a
Connector, the Elements represent the ConnectorEnds as-
sociated to the Connector. In the context of a Dependency,
the Elements represent the source and target ends of the De-
pendency. summarizing the extensions introduced.

2.2.1. InterRepetitionLinkTopology. The systems con-
cerned are composed of a repetition of a single element,
such as in a grid or a cube topology. Each potential instance
of this element is connected to other potential instances of
the same element, in a regular way. For example, in the
case of a cyclic grid, each element instance is connected to
neighbors located at north, south, east, and west. The first
extension we propose via the InterRepetitionLinkTopology
enables to specify the relative position of the “neighbors”
of each potential instance of an element that carries a multi-
dimensional multiplicity. Each potential instance is implic-
itly associated to one point of the multi-dimensional array
described by the multi-dimensional multiplicity of the ele-
ment. The repetitionSpaceDependance attribute is a transla-
tion vector on the space of the multi-dimensional array that
identifies the position of a given neighbor. The modulo at-
tribute (inherited from LinkTopology) indicates if the trans-
lation is applied modulo the size of the multi-dimensional
array. If it is not the case, the translation is not applied on
the borders of the array, and the corresponding link will not
be created. In Fig.1, we illustrate the use of this mechanism
for the modeling a 2d cyclic grid topology. Each connec-
tion is supposed to be bi-directional®.

2.2.2. RepetitiveLinkTopology. Complex topolo-
gies have to be modeled between different potential in-
stances, playing different roles. Each repeated element typ-
ing each potential instance owns a multi-dimensional mul-
tiplicity. Each point of the multi-dimensional arrays iden-
tified by the multi-dimensional multiplicities corresponds
to a potential link end. In the case where the repeated el-
ement owns ports and a connection is expressed on one
of these ports, the ports are considered as the link ends
and the multi-dimensional array is based both on the mul-
tiplicity of the repeated element and the multiplicity of
the port. The mechanism we introduce via the Repeti-
tiveLinkTopology enables to specify in a compact way
all the correspondences that exist between the ends con-
tained into two multi-dimensional arrays, and so all the

2 That’s why two connectors only are used to specify the relative posi-
tion of the four neighbors.
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Figure 1. A 3x3 cyclic grid topology modeled with InterRepetitionLinkTopologies

links that will exist at run-time. Basically, the idea con-
sists in identifying regular patterns inside of each of the
arrays, and to relate the points (and so the link ends) con-
tained in these patterns. In the general case, a PatternDe-
scription is associated to each of the relationships ends? to
identity the link ends belonging to a pattern. The paving at-
tribute is a set of vectors that enable to identify the origin
of each pattern inside of the array corresponding to a rela-
tionship end. The number of patterns contained inside of
the array is determined by the pavingLimit attribute*. Iden-
tifying the origin of each pattern can be seen as an iterative
process, where the iteration limits are given by the paving-
Limit vector. Each pattern origin is computed by multi-
plying each iteration index by each paving vector, adding
the related origin vector. From each of the identified ori-
gins, the points belonging to the patterns are identified
with the firting vectors. The fittingLimit attribute de-
termines the number of points that belong to the pat-
terns, or in other words, the shape and size of the patterns.
Each point belonging to a pattern is computed by mul-
tiplying the firting vectors by each index of the iteration
space defined by the fittingLimit attribute, adding the ori-
gin of the current pattern.

In Fig.2, we illustrate the use of this mechanism with the

definition of a “perfect shuffle connection pattern”.

2.3. Repetitive Structured Classifiers

To simplify the use of the RepetitiveLinkTopology, we
introduce the concept of RepetitiveStructuredClassifier. It

w

A particular case is presented in section 2.3

4 The number of patterns is the same for all the arrays concerned by the
relationship.

5  This kind of topology is found in multistage networks such as the

Omega interconnection network [8]

contains a single element with a multi-dimen-sional mul-
tiplicity. This element is connected to ports with multi-
dimensional multiplicities on the boundary of the Repeti-
tiveStructuredClassifier that contains it®.

In the previous section, we have introduced the concept
of repetition (or iteration) space, via the pavingLimit and fit-
tingLimit attributes of RepetitiveLinkTopology and Pattern-
Description. The RepetitiveStructuredClassifier represents
arepetition space. The shape and size of the repetition space
is determined by the multi-dimensional multiplicity of the
element it contains. In other words, each potential instance
of the repeated element is implicitly associated to one point
of the repetition space. Links concern ports on the bound-
ary of the classifier and ports of each potential instance of
the repeated element.

In the context of RepetitiveStructuredClassifiers, Repeti-
tiveLinkTopologies
can own only one PatternDescription, related to the
port on the boundary of the RepetitiveStructuredClassi-
fier. The pavingLimit is given by the multi-dimensional
multiplicity of the repeated element and the fittingLimit
is given by the multi-dimensional multiplicity of the con-
cerned port on the repeated element.

3. Using Extensions for Embedded Sys-
tem Co-Design

The extensions presented in the previous sections have
been experimented in the context of Gaspard2. Gaspard2 is
an MDA (Model Driven Architecture) oriented environment
for computation intensive embedded systems co-design. It
follows a “Y” approach, and enables automatic model to

6 A RepetitiveStrucuturedClassifier is necessarily strongly encapsulated
and requires the usage of ports
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Figure 2. Perfect shuffle modeling via a RepetitiveLinkTopology

model transformations and code generations, for various ab-
straction levels, from high level UML models, through the
use of the MDA transformation tool ModTransf [10].

At the top level of the “Y”, software, hardware architec-
ture and allocation abstract syntaxes are described by 3 dif-
ferent metamodels. However, these metamodels share com-
mon modeling constructs, such as a component oriented ap-
proach, or especially the mechanism for compact modeling
we have introduced in this paper. After a brief presentation
of the Gaspard2 metamodels and their implementation in
UML profiles, this section illustrates the use of this com-
mon mechanism for the three parts of the co-design, and
emphasizes on what it can bring for each of these aspects.

3.1. Gaspard2 metamodels and profiles

Software and hardware architecture metamodels share a
common component oriented approach’. Components are
described by a composition of other component potential
instances (parts), via connections between their ports. Ports
enable to encapsulate the structure and the behavior of a
component in order to make it independent of its environ-
ment, and increase its reusability. Interfaces are associated
to ports, and a connection can be expressed between two
ports only if their interfaces are compatible. The Elemen-
taryComponent is a particular kind of component that does
not own any structural or behavioral description. Its imple-
mentation is supposed to be available in the language that
will be targeted by the Gaspard2 transformations.

7  The concepts introduced are near to the concepts of UML 2 composite
structures.

In the software metamodel, the Component concept is
refined into the AppComponent concept. Application com-
ponents can be interpreted as functions, that performs
some computations on data coming from their environ-
ment trough their provided ports® and sending the results
to their environment trough their required ports®. Com-
putations are delegated to the parts of the components, or
actually performed by the elementary components. Inter-
faces basically define the data types that can be handled by
an application component.

In the hardware architecture metamodel, the Compo-
nent concept is refined into the HwComponent concept.
Hardware components are abstractions of physical hard-
ware resources. Elementary components are refined in three
categories, according to their function. HwPassiveCompo-
nent, HwActiveComponent and HwinterconnectComponent
respectively represent resources able to store data (all kind
of memories), perform some data transfers with or without
data transformation (CPU, DMA, ...) and interconnect other
hardware resources'?. Interfaces associated to ports define a
communication protocol between resources.

The allocation metamodel introduces concepts enabling
to express the spatial mapping of a software onto an hard-
ware architecture!!. Some special dependencies can be ex-
pressed between ports of software parts and hardware ar-
chitecture passive parts to model a mapping of the data
(DataAllocation) and between software parts and hardware

8 e.g ports with provided interfaces
e.g. ports with required interfaces

10 Refinements of these concepts, with particular attributes, are also de-
fined but will not be presented in this paper.

11 Temporal aspects are not presented in this paper



architecture active parts to express a mapping of computa-
tions (TaskAllocation).

The concrete syntax of these metamodels are imple-
mented in UML profiles, with nearly a “one to one” equiv-
alence between the concepts of the metamodels and the
stereotypes of the profiles. The Component concepts are im-
plemented via stereotyped StructuredClasses. Components
structures are defined via internal structure diagrams. Ap-
plication modeling follows a simple design pattern: One in-
terface for each port, and one signal for each interface. The
type of the signal represents the data type that can be han-
dled by an application component. Dependencies from the
allocation metamodel are implemented in stereotyped UML
dependencies.

3.2. Case Study

In this section, we illustrate the use of the factorization
mechanisms presented in section 2.2 for each part of the co-
design modeling. The extensions have been implemented in
a separate UML profile.

3.2.1. Application Example: Contour Detection Anim-
age is an array of elementary values, named pixels. A con-
tour detection of an image may be realized with a convo-
lution. A convolution is a simple operation which produces
each pixel of an output image from a linear combination of
some pixels of the input image. The coefficient of the lin-
ear combination are given in a coefficient matrix.

The convolution ContourDetection is realized as a
RepetitiveStructuredClassifier that can receive from its en-
vironment 514 x 514 signals'? representing the pixels com-
posing the image, and 2x2 signals'® representing the val-
ues of the coefficient matrix. It can send to its environment
512x512' signals representing the pixels of the computed
image. Each potential instance of t is connected to ports on
the boundary of ContourDetection. Basically, each t
is able to emit one pixel via its dataOut port when all its
input signals have been received. The order in which pixels
are produced’ is determined by the order in which signals
are received from ContourDetection provided ports.
In opposition to a classical sequential loop, the specifica-
tion of ContourDetection does not induce any artifi-
cial execution order for the production of pixels.

3.2.2. Hardware Architecture Example: Bi-SPMD We
target a parallel architecture made of a two sets of PE (pro-
cessor elements) sharing a global memory global :RAM
(Fig.4). Each set is made of 64 PE linked together in a

12 fromits 514x514 dataIn provided ports.

13 fromits 2X2 coeff provided ports

14 viaits 512x512 dataOut required ports

15 or The order in which the behavior associated to each ¢ is executed

ring via east and west communication channels as de-
fined by the InterRepetitionLinkTopology. Each PE is as-
sociated to an element of a set of 2x64 local memories
local:ScratchPad. The use of RepetitiveLinkTopol-
ogy allows to specify both the link of each PE with the
global memory and the link of each PE with its particular
local memory.

3.2.3. Allocation example: Bloc mapping We spec-
ify the distribution of the 512 x512 potential instances of t
on the 2x64 potential instances of pe so that each pe re-
ceives a bloc of 512x4 t (Fig.5). Note that the Repeti-
tiveLinkTopology is here applied to a Dependency.

4. Conclusion

As we said in the introduction, regular structures in both
the applications and the hardwares will be more and more
common in future embedded system designs.

In the context of high-level modeling of such systems
based on UML 2, we have presented the definition of com-
mon modeling mechanisms for factorizing repetitive struc-
tures. We have illustrated the use of these mechanisms
with the embedded systems co-design environment Gas-
pard2, for the modeling of application, hardware and soft-
ware/hardware allocation parts of a sample application.

Such regular modeling constructs are a requirement of
the MARTE RFP [22] (Modeling and Analysis of Real-
Time and Embedded systems) recently voted by OMG. Our
mechanisms will be proposed for standardization of this
profile.
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