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Abstract

Future mobile devices will be based on heterogeneous
multiprocessing platforms accommodating several cur-
rently stand-alone applications. Increasing complexity
of both application and platform development requires
coordinated separation of concerns so that interoper-
ability can be preserved. Application designer needs
abstract platform models to check rapidly whether a
new feature or application is feasible on a platform and
how it will impact on the performance of other coex-
isting applications. Platform designer needs abstract
application models for defining platform computation
and communication capacities.

We propose a layered UML workload and SystemC
platform modelling approach that allows application
and platform to be modelled at several levels of ab-
straction to enable early performance evaluation of the
resulting system. Platform services are presented to
workload models through APIs that allow a Y-chart-
like specify-explore-refine performance modelling and
simulation. The approach has been experimented by
applying it to MPEG-4 encoder, Quake2 3D game and
MP3 decoder case studies that validate the approach.

1 Introduction

Digital convergence is changing rapidly the landscape
of designing future mobile devices. On one hand, de-
vices accommodate a large number of currently sep-
arate applications, some of which run independently
while others interact concurrently. On the other hand,
devices combine technologies in different ways resulting
in heterogeneous multiprocessors with tens of process-
ing elements interconnected with network communica-
tion architecture. As a result, complexity will increase
by orders of magnitude on both application and plat-
form development sides. Because of deeper integration
through technology, there are needs to exchange more
information between sides, e.g. an application designer
needs to know whether a new application or feature is

feasible on a platform and a platform designer needs
means to rapidly analyse performance impacts of a new
requested application or feature.

The goal of the work is to develop a model-based ap-
proach for system-level design and performance evalu-
ation of future real-time embedded systems. The em-
phasis is on the raising of the modelling abstraction of
both the application development and platform devel-
opment, and on making them interoperable by apply-
ing the principles of the OMG’s Model Driven Archi-
tecture [MDA03]. The approach aims to improve de-
sign productivity by reducing complexity, increase pre-
dictability by allowing early validation of performance,
and optimise costs and risks by providing justified in-
formation for decision-making.

The co-modelling approach follows the specify-
explore-refine paradigm applying the principles of the
so called Y-chart model [BSC+97], i.e. by mapping a
model of application onto a model of platform and by
executing the analysis of the resulting allocated model.
In the recent years the use of UML [UML] has become
common in the application modelling, while SystemC
[Gro02] is being used for hardware oriented architec-
tural models at higher level of abstraction, i.e. for
the models of platform resources, such as processors.
Mapping between UML use case and workload models
and the SystemC platform models is proposed to be
defined as transformation rules to enable at least semi-
automatic generation of simulation models for system-
level performance evaluation.

Traditional system modelling approaches have
trusted on hierarchical containment that has a number
of excellent properties related to topological organiza-
tion, encapsulation of functionality and simplification
through abstraction as long as presented information
is of static nature. Future heterogeneous multiprocess-
ing systems will, however, contain application software
that will be scheduled dynamically [PTC05]. Design
layering is an ancient recipe for addressing dynamism.
Each layer is a logical collection of functions, i.e. ser-
vices, and data objects that support the higher layers of
the system. Each layer may contain private state and
may have ability to schedule its services among mul-
tiple requestors. Services are globalized so that more
than one function at a higher-level may use a service.
A layered model is not complete without some rep-
resentation from all the design layers, since each layer
contains elements that are not present in the other lay-
ers [Sel05].

Several proposals for combining UML with the
platform-based design emerged in the beginning of this
decade, e.g. layering of embedded system platforms
in UML [CSSV+02], linking UML with SystemC plat-
form descriptions [GE02] and generating SystemC code
from UML specifications [BNS02]. SystemC-based ap-
proach for linking different models of computation for
performance simulation of heterogeneous systems was
proposed in [PHS+04]. Needs for more formal defini-
tion of abstractions and transformations between them



in practical application of MDA and UML were anal-
ysed in [Oli05]. Recently, several proposals of linking
UML to SystemC [RSRB05] or multi-processor plat-
forms [KRH+05] have been presented.

The presented work defines a number of model ab-
straction layers for describing application workloads
in UML and platform services in SystemC to enable
early system-level performance modelling and evalu-
ation through transaction-level simulation. The ap-
proach has been partly validated with an MPEG-
4 encoder design case that used on one hand the
UML/SystemC modelling approach, and was on the
other implemented on an OMAP platform for compar-
ison. Two other design cases have been done, however
they were modelled fully in SystemC.

The rest of the paper is structured as follows: Chap-
ter 2 describes the general modelling approach, Chap-
ter 3 considers the hierarchical structure of workload
models and some methods for obtaining load informa-
tion, Chapter 4 presents the platform model layers,
Chapter 5 describes experimental case studies, and fi-
nally, Chapter 6 presents some concluding remarks and
planned future work.

2 Modelling approach

Figure 1 presents our modelling approach according to
the Y-chart model. The purpose of workload modelling
is to illustrate the load an application causes to a hard-
ware platform when executed. Workload models are
non-functional in the sense that they do not perform
the calculations or operations of the original applica-
tion, e.g. a video encoder model is not able to encode
video. Workload modelling enables performance evalu-
ation already in the early phases of the design process,
because the models do not require that the applica-
tions are finalised. Workload modelling also enhances
simulation speed as the functionality is not simulated
and models can typically be easily modified to quickly
evaluate various versions of use cases.
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Figure 1: The mapping based approach to performance
simulation.

Platform modelling comprises the description of both
hardware and platform software (middleware) compo-
nents and interconnections that are useful for perfor-
mance simulation. Similar to workload modeling, plat-
form modelling considers hierarchical and repetitive
structures to exploit topology and parallelism. The
resulting models will provide interfaces, through which
the workload models can use the resources and services
provided by the platform.

In our approach the workload models are created
with UML or SystemC, while the platform models are
based on SystemC only. If the workload modelling is
done with a UML tool, the models have to be trans-
formed into SystemC using e.g. code generation. After
mapping the workloads to the platform, the models can
be combined for transaction-level performance simula-
tion in SystemC. Based on the simulation results, we
can analyse e.g. processor utilisation, bus or memory
traffic and execution time.

3 Workload Model

Workload modelling layers: Workload models
have a hierarchical structure, where main workload
model W divides into application workloads Ai, 1 ≤
i ≤ n for different processing units of the physical ar-
chitecture model:

W = {Ca, A1, A2, . . . , An}, (1)

where Ca denotes the common control between the
workloads, which takes care of the concurrent execu-
tion of loads mapped to different processors, and n is
the number of application workloads under the main
workload.

Each application workload Ai is constructed of one
or more processes Pi:

Ai = {Cp, P1, P2, . . . , Pn}, (2)

where Cp corresponds to the control between the pro-
cesses. The structure of the main workload model and
the application workloads is depicted in the UML di-
agram of figure 2. The application and process con-
trol are shown as classes in the diagram; however, they
may be implemented using e.g. standard C++ control
structures in SystemC based workload models.

The processes are comprised of function workloads
Fi:

Pi = {Cf , F1, F2, . . . , Fn}, (3)

where Cf is control and describes the relations of the
functions, e.g. branches and loops. Process workload
models can also be statistical, in which case the model
will describe the total number of different types of load
primitives and the control is a statistical distribution
for the primitives (figure 3). This is beneficial in case
the chosen workload modelling method is not accurate
enough so that functions could be modeled in detail, or
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Figure 2: The hierarchical structure of the main and
application workloads.

if less important workloads are modeled less accurately
for reducing the modelling effort.
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Figure 3: The process (and function) workloads can be
statistical or deterministic models.

Function workload models are basically control flow
graphs

Fi = (V,G), (4)

where nodes vi ∈ V are basic blocks and arcs gi ∈ G are
branches. Basic blocks are ordered sets of load prim-
itives, e.g. abstract instructions, which are used for
load characterization. For example, these abstract in-
structions could be read and write for modelling mem-
ory accesses and execute for modelling data processing.
Furthermore, the function workloads can be statisti-
cal the same way and for the same reasons as process
workloads. Workload models using deterministic pro-
cess models but statistical function models are more
accurate than those using statistical process models,
but less accurate than models that are deterministic
down to basic block level.

Further one or two workload model layers, namely a
distributed application and/or networked application
layer, could be considered beside those shown above.
This addition would help in modelling of complex dis-
tributed workloads that are typical in e.g. telecom sys-
tems.

Obtaining load information: There are a number
of methods for obtaining the load information for the
workload models from different sources. In the analyti-
cal method, the number of memory accessing and data
processing operations is estimated from the algorithm
description or other suitable source. This is most suit-
able for simple DSP like applications (e.g. static data
flow models), where the control flows are simple enough
so that such estimations can be made with reasonable
accuracy. However, it is often very difficult to get a
realistic distribution for the operations with real-life
applications.

Another alternative is source code based modeling,
which relies on a compiler tool chain for producing the
required information for the workload models or for
mapping execution models on SystemC TLM or ISS
architecture models. The source code of the applica-
tion or of a very similar application has to be available
and it has to be mature enough that it can be compiled
at least in a workstation environment if not in the tar-
get architecture. In this method, a profiler is used to
obtain control information for the workload models and
to limit the modeling work to the most loading func-
tions. The compiler front-end can be used to produce
the load primitives for the models.

The third method for obtaining the load information
is trace or measurement based approach. In this case,
an existing execution trace or measured load informa-
tion of a similar application in a resembling architec-
ture is used as input. Multiple independent traces or
measurements can be combined to model complex use
cases. This is a rapid way for producing workload mod-
els but also a bit limited due to the prerequisites.

4 Platform Model

The platform model is an abstracted hierarchical rep-
resentation of the actual platform architecture. It con-
tains timing information along with structural and be-
havioral aspects. The platform model is composed of
three layers: component layer, HW architecture layer,
and platform architecture layer (figure 4). Higher lay-
ers that describe more complicated system, e.g. dis-
tributed computers and networked platforms, could be
built on top of low-level layers, but these are not de-
tailed further in this document.

Each layer has its own services, which are abstrac-
tion views of the architecture models. They describe
the platform behaviors and related attributes, e.g. per-
formance, but hide other details. Services in the HW
architecture layer and platform architecture layer can
be invoked by workload models. High-level services are
built on low-level services, and they can also use the
services at the same level. Each service might have
many different implementations. This makes the de-
sign space exploration process easier, because replac-
ing components or platforms by others could be easily
done as long as they implement the same services.
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Figure 4: The three layers of the platform side.

Component layer: This layer consists of processing
(e.g. processors, DSPs, dedicated hardware and recon-
figurable logic), storage, and interconnection (e.g. bus
and network structure) elements. An element must im-
plement one or more types of component-layer services.
For example, a DMA controller should implement both
the master services and the slave services. In addi-
tion, some elements need to implement services that
are not explicitly defined in component-layer services,
e.g. a bus shall support arbitration and a network shall
support routing. The component-layer services are the
primitive services, based on which top-level services are
built.

Models of component-layer elements are organized in
a library. The components in the library have param-
eterizable UML models, so it is easier to import the
platform model into the UML environment of work-
load models. These parameters are component specific.
For example, an embedded reconfigurable core should
include following parameters: reconfiguration latency,
power consumption, and size of reconfigurable logic.

Since the parameterized description does not de-
scribe the functionally of hardware, the description can
not be functionally simulated. Instead, the simulation
models are conducted from the parameterized model
through transformations or library instantiations. Ei-
ther way, parameterized templates of simulation mod-
els are needed.

In the library, each component-layer element has a
corresponding transaction-level SystemC model with
compatible interfaces to OCP-IP TL channels for sim-
ulation. Using standard interface can make the system
integration phase easier, which happens in the map-
ping stage where the workload model is available and
mapping decision is done. Fast performance evaluation
needs high abstraction-level models. Therefore, units
should be modeled at OCP-IP transaction-level layer
2, namely timed, but not cycle-accurate.

HW architecture layer: The HW architecture
layer is built on top of the component layer. It de-
scribes the components of the system and how they
are connected. The services used at this layer include
the abstract instructions, e.g. execute(), read() and

write(), and hide all the interconnection services.
The model can be presented as a composition of

structure diagrams that instantiates the elements taken
from the library. The load of the application is ex-
ecuted on processing elements. The communication
network connects the processing elements with each
other. The processing elements are connected to the
communication network via interfaces.

Platform architecture layer: The platform archi-
tecture layer is built on top of the HW architecture
layer by incorporating platform software, e.g. OS, and
serves as the portals that link the workload models and
the platforms in the mapping process. Platform-layer
services consist of three parts, service declaration, in-
stantiation information and timing information. The
service declaration describes the functionalities that
the platforms can provide. Because a platform can
provide the same service with quite different manners,
the instantiation information describes how a service is
instantiated in a platform. The timing information is a
tagged value of a particular instance of the service, and
it gives preliminary performance estimate. The value
is meant for early system analysis, and more accurate
value must be collected from the system simulation re-
sults.

Instead of trying to build up the complete set of ser-
vices, we consider only the application domain-specific
core services. The platform-layer services are divided
into several categories with each category matching one
application domain, e.g. video processing, audio pro-
cessing and encryption/decryption. The OS system-
call services are in an individual domain, and as men-
tioned earlier they can also be invoked by other services
at the same level. A number of platform-layer services
are defined for each domain, and more could be added
if necessary.

5 Experimental case studies

The proposed workload and platform model layers have
been examined in a number of case studies. The cases
have focused on specific parts of the modelling ap-
proach, e.g. on certain workload and platform layers
or on different methods for obtaining load information.

5.1 Case 1: MPEG-4

The application, function and load primitive layers of
the workload modelling hierarchy have been experi-
mentally applied to an MPEG-4 encoder, which was
partitioned into the ARM and DSP processors of the
OMAP architecture [KES05]. Four variations of the
encoding use case were developed, where certain al-
gorithms of the encoder were accelerated by the DSP,
while the ARM was doing most of the work. The work-
load models were created with a UML tool and trans-
formed to SystemC so that they could be combined
with the SystemC-based platform model.



Table 1: OMAP utilisation with two alternative
MPEG-4 partitionings.

Algorithms accelerated by
the DSP Fps MCU

load
DSP
load

DCT, SAD 16.5 100% 27%
DCT 13.8 100% 11%

In the platform side, the component and hardware
architecture layers were used together with higher-
abstraction level platform service models of the hard-
ware accelerators available in the OMAP system. The
model was developed using the OSCI SystemC library
and OCP-IP protocol models.

For validation purposes the same MPEG-4 encoder
was ported to the Spectrum Digital’s OMAP Starter
Kit (OSK). The operating system in the OSK was
Linux. The encoder was executed in the OSK using
the four partitioning alternatives and its performance,
e.g. achieved frame rate and processor utilisation, was
monitored (figure 5, table 1). Finally, the simulated
and monitored results were compared and the average
error was found to be only 12%.
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Figure 5: The modelling and validation flow for the
MPEG-4 encoding.

5.2 Case 2: Quake2 3D game

Approximately the same workload model hierarchy up
to the application level was evaluated in [KPKS04] us-
ing a source code based modelling approach. How-
ever, specially-crafted workload subsets were used in-
stead of the process layer in this case. The purpose
of the subsets was to take the effect of the operating
system scheduler into account by manually collecting
related function models into the subsets so that the
length of each subset would correspond to the length
of the scheduler time slice.

In this case, the Quake 2 3D game and a prototype
future platform were modelled using SystemC. Quake

was partitioned for the multiprocessor architecture in
such a way, that the first CPU was executing game
logic, the second was dedicated to audio and the last
one was processing the 3D graphics. Again, there were
four variations of the use case consisting of two display
resolutions and two frame rates. The modelling ap-
proach enabled rapid evaluation of the four cases and
the obtained simulation results could easily have been
used to feasibility evaluation. For example, we were
able to estimate that, with a 320 x 200 pixel display
resolution and a frame rate of 30 fps, the graphics pro-
cessor will be at the limit of its performace (table 2).

Table 2: Quake 2 PU utilisation with different frame
rates.

Fps PU1 PU2 PU3
30 57.8% 34.7% 97.1%
15 44.0% 29.9% 48.1%

5.3 Case 3: MP3

Furthermore, the same platform model layers as in the
previous two cases have been used in combination with
the statistical, measurement-based workload modelling
approach [KKS04]. Two rather complex use cases con-
sisting of several, both parallel and sequential appli-
cations were modelled, including e.g. data communi-
cation (bluetooth download, GPRS connection), text
messaging (both SMS and MMS) and video capture.
In addition, an MP3 decoder was modelled from the
source code using the deterministic approach.

The OMAP platform model used in this case was the
same SystemC-based model as in the case 1. All work-
load models for the case were also created with Sys-
temC. The simulation results were compared to mea-
surements obtained by running the same applications
in a prototype product based on the OMAP architec-
ture and Symbian operating system; the worst case er-
ror was about 25%. The average error (with original
unadjusted models) was about 15%. A sample of the
results for this case is shown in table 3.

Table 3: OMAP processor utilisation with case 3.
Use case MCU DSP

MP3 playback 19% 0%
Complex 43% 9%

6 Conclusions

A layered workload and platform model structure for
early system-level performance evaluation was pre-
sented. On the workload modelling side we covered
application, process, function and basic block layers,
whereas on the platform side component, hardware ar-
chitecture and platform architecture layers were dis-
cussed. The modelling approach has been validated in



three separate cases, where the average and maximum
errors between simulated and monitored results have
been about 15% and 25% respectively.

In the future, we plan to work on model transfor-
mations, e.g. improving the SystemC code genera-
tion from UML. The approach should be expanded,
so that other criteria besides performance, like power
consumption, can be evaluated. Future work will also
include a real-scale case study to further validate the
approach.
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