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Abstract — Object-oriented descriptions are gaining more
and more importance in the high-level specification of hard-
ware/software systems. Hiding the complexity from the developer
is one of the key tasks in order to master the complexity of to-
days systems. With the high grade of abstraction necessary on
the system level the automatic partitioning of a system is a diffi-
cult problem. In this paper we therefore present a strategy that
allows the designer to guide the partitioning with object-oriented
techniques. We also developed an object-oriented interface for the
partition overlapping communication of objects. The usability of
our approach is shown with the example of a JPEG codec.

I. INTRODUCTION

The ever increasing complexity of modern hardware/soft-
ware systems imposes a great challenge on the developer. It is
almost impossible to develop a system while adhering to the
close time lines that are dictated by short product cycles.

This problem can be solved by making the specification on
higher and higher levels of abstraction. State of the art are
behavioral descriptions on the algorithmic level that are very
well suited for monolithic designs that fit on a single ASIC
or FPGA. The next higher level of abstraction –the system-
level– is subject to ongoing research in the academic world.
It is used for the specification of heterogeneous systems that
consist of multiple components that can be instantiated on dif-
ferent ASICs, FPGAs, DSPs, or microcontrollers. It offers a
high degree of flexibility in the way that each component can
be located in the domain that it fits in best: Critical parts be-
ing bound to real-time conditions or requiring low power con-
sumption can be realized in a custom IC or a dedicated FPGA;
computation and data intensive parts can be handled by digi-
tal signal processors. The rest of the system, including those
parts that use dynamic data structures, or that are likely to be
changed in the next revision of the firmware, can be executed
on a cheap microcontroller. Because of the high abstraction
level there is virtually no difference between the description
of the software and the hardware part, and it is possible to de-
scribe the whole system within a single specification.

In order to master the complexity object-oriented paradigms
can be applied which have shown their usefulness in the devel-
opment of large software packages. In the last years synthesis
from object-oriented specifications that are made in languages

well known in the software domain like C++ [15] and Java
[18, 9] has become possible. They give the benefit that they
produce executable specifications that can be easily and effi-
ciently simulated. These languages are supplemented by new
languages like ’e’ [8] that add constructs for verification.

If a whole system is described within a single specification,
the problem arises how the different parts or partitions are de-
termined. This problem is not well addressed on the system-
level yet. On this high level of abstraction it is important to
hide the underlying complexity from the developer and to pro-
vide a consistent object-oriented view. In this paper we there-
fore present a strategy how the partitioning can be integrated in
an object-oriented framework for the synthesis of system spec-
ifications. The communication between objects lying in differ-
ent partitions is modeled with an interface concept on object
basis.

The rest of the paper is structured as follows: First we dis-
cuss the advantages and weaknesses of existing partitioning
approaches in section II. In section III we will give an overview
of our object-oriented partitioning strategy and describe some
of the restrictions that have to be made. Afterwards we will
show the usability of our approach with the example of a JPEG
codec. We conclude the paper with a summary in section V.

II. PREVIOUS WORK

The partitioning of circuits is an old and well researched
topic. Some of the older publications in this area date back
to 1984 [7]. The granularity at that time was very fine and
the objects that were partitioned were net-lists — hence this
approach was appropriate for the logic level.

Later the abstraction level was successively raised to the
algorithmic level and the designs were split up into sep-
arate hardware and software parts. Today, in the age of
hardware/software co-design, the granularity of the partitions
ranges from instructions [5] over loops and basic blocks [6, 10]
to entire functions [4].

Recently the granularity was raised further; in [11, 12]
Noguera and Badia consider whole objects for partitioning.
This is a requirement for the partitioning of object-oriented
specified systems. However, their automatic approach works
on class basis and does not allow changes by the designer.
Therefore it is not possible to have several instances of the



same class in different partitions. Furthermore they neglect
the fact that certain objects that should be instantiated in hard-
ware might be too large. Vahid [17] states that many applica-
tions consist of few large processes that benefit much if they
are split up into several smaller processes. We think that this
statement also holds in the object-oriented case. Another point
that prohibits the instantiation of an entire object in hardware
is the presence of dynamic structures, which could be avoided
with object decomposition.

In our approach we are avoiding these weaknesses:

III. OBJECT-ORIENTED PARTITIONING

Traditional partitioning schemes are not well suited for the
high level of abstraction inherent in system-level specifications.
It is very difficult to obtain accurate estimations for the con-
straints that would influence partition decisions; they only be-
come available much later in the synthesis process. The parti-
tioning of a system specification can therefore only be an inter-
active, iterative process, where the designer validates the sug-
gestions produced by algorithms. It is vital that the designer
can influence the partitioning early in the specification phase
and explicitly mark certain parts of the system for a later in-
stantiation in a certain partition.

Unfortunately this adds complexity to the system, which we
want to avoid. Therefore we have to present the partitioning to
the designer with object-oriented methods. We must take care
that the object-oriented view is maintained at all times while
the designer is working on the specification.

In the next paragraphs we show how the partitioning can be
integrated in an object-oriented synthesis framework. We start
with the system modeling and specification, describe the meth-
ods a designer can use for marking objects for certain partitions
and present the interface for partition overlapping communica-
tion. We also show a strategy for optimizing the partitions by
avoiding some of the drawbacks inherent in the object-oriented
synthesis.

A. System Design Flow

In our framework we use CASE1 tools like Together [16] or
RationalRose [13] for the entry of the system model. The class
hierarchy, collaboration diagrams and sequence diagrams, etc.
are entered in UML notation [1] and the destination source
code for the specification is automatically generated in the se-
lected language.

The partitioning strategy itself is pretty much language inde-
pendent, as long as the language is object-oriented. The syn-
thesis part of our framework can currently process specifica-
tions in Java and ’e’; support for C++ with SystemC libraries
is under development. Since the CASE tools can not export ’e’
source code yet, we use Java for the examples throughout this
paper.

Once the source code is generated, our interface genera-
tion tool which we describe in paragraph III.C generates the
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necessary classes for the partition overlapping communication.
Then the designer can complete the specification by adding the
code that is not generated by the CASE tools. The design flow
in the framework continues with the object-oriented analysis
that generates the input for commercial high-level synthesis
tools for the hardware part and the source code for the soft-
ware part.

In the next paragraph we present the partitioning specific
classes a designer can use for the system specification within
our framework.

B. OASE Specification and Partition Classes

The determination whether an object of a class should be
instantiated in the hardware or in the software partition is ex-
pressed by inheritance. We provide a set of interface classes2

as shown in the hierarchy in Fig. 1.

<<Interface>>

<<Interface>>

<<Interface>> <<Interface>><<Interface>>
oase.partitions.Hardware .partitions.FixedPartition oase.partitions.Software

oase.partitions.PartitionType

oase.util.ThreadInterface

Fig. 1. UML class diagram of the interface hierarchy used for determining a
certain partition type.

The following code fragment specifies a class whose objects
will be created in hardware:

import oase.partition.*;

class Exmpl implements Hardware {
...

}

With this concept, interactively changing the membership
of a class in a partition is just a matter of changing an inheri-
tance arrow in the UML class diagram. This also works for the
opposite direction: The changes to the partitions made by an
automated scheme are reported back to the designer as changes
in the inheritance hierarchy.

The Software interface is used analogously to the Hard-
ware interface for the specification of objects that are go-
ing to be instantiated inside the software partition. The
FixedPartition interface is used in conjunction with a
Hardware or Software interface to express that an object

2The interface concept is Java specific, but the same functionality can also
be expressed by multiple inheritance in C++ and ’e’. For clarity reasons we
only show the Java part.



has to be definitively instantiated inside a specific partition,
even if the analysis process would later come to a different
conclusion.

It is not necessary to mark every single object in a parti-
tion by deriving it from a partition class. All objects that are
instantiated by a hardware object will be recognized during
the analysis phase and automatically be associated to the ap-
propriate partition — the same holds for the software objects.
Together these objects form a component that is modeled in
analogy to the JavaBeans component model [3]. Every com-
ponent is running in its own thread –which is denoted by the
ThreadInterface on top of the hierarchy in Fig. 1– and is
mapped to a VHDL or Verilog process during synthesis. For
details we refer to [9, 8].

It has some advantages and is good programming practice
to insert another level of indirection: Instead of directly imple-
menting the Hardware interface, it is better to implement a
different interface which in turn extends the Hardware inter-
face:

interface ExmplInterface extends Hardware
{
...

}

class Exmpl implements ExmplInterface {
...

}

With the extra level of abstraction the manipulation of the par-
tition membership is very easy, because the number of depen-
dencies in other objects that have aggregated the object is kept
at a minimum. Furthermore with this it is possible to have
instances of a given class in the hardware and the software par-
tition at the same time, as shown in Fig. 2:

Both classes A HW and A SW are derived from the same class
A, but implement different interfaces. Therefore it is possible
to specify different partitions for them, while no extra code has
to be written or copied. Class A remains the single location of
all relevant code that is written by the designer.

C. Communication Model

The implementation of the interfaces for the communication
between partitions is often a source of subtle errors. Therefore
it is necessary to take this task from the designer and provide
tools for the automatic generation of the interfaces. In our case
we also have to encapsulate the interfaces in such a way that
the object-oriented view can be maintained.

The interfaces have to fulfill two mayor tasks:

1. They have to provide methods for the exchange of data
between the partitions, and

2. they have to provide ways for the synchronization of the
threads in the different partitions.

<<Interface>>
AInterface

<<Interface>>
A_SWInterface

<<Interface>>
A_HWInterface

A

A_SWA_HW

<<Interface>><<Interface>>
oase.partitions.Hardware oase.partitions.Software

Fig. 2. Instantiating objects of the same class in different partitions.

For the realization of our communication interfaces we
chose a stub/skeleton technique which is a standard in other
object-oriented communication packages like Java RMI [14].
This way the designer is not confronted with unknown con-
cepts.

We illustrate this technique with an example in Fig 3: Object
A resides in the hardware partition and object B remains on the
software side. Previous to the partitioning object Awas directly
associated in object B by the following code:

AInterface a = new A();

During the partitioning step object A becomes unavailable in
the software partition and the communication has to be done
via a stub/skeleton pair. Therefore all requests to it are now
directed to it via a skeleton object AHardwareSkeleton:

AInterface a = new AHardwareSkeleton();

The skeleton object holds a reference to the stub object
AHardwareStub and delegates all method calls to it after
serializing them. This is done by pushing the op-code and the
arguments for each method call on a special stack3 of the stub
object.

The stub object mainly consists of a while loop that gath-
ers and re-assembles the queued requests from the stack and
performs the actual method calls on the hardware implementa-
tion of object A. The method calls on the stub object are imple-
mented using a blocking semantic. Therefore they can serve
as synchronization points between the two threads/processes
in the different partitions.

3The stack is only necessary for simulation purposes — in the synthesized
hardware the arguments are directly sent to the corresponding ports.



A B

<<Interface>>
AInterface

AHardwareSkeletonAHardwareStub

<<Interface>>
...HardwareStub

<<Interface>>
oase.partitions.Hardware

<<Interface>>
oase.partitions.Software

<<Interface>>
BInterface

<<Interface>>
AStubSkeleton

<<Interface>>
..HardwareStubSkeleton

<<Interface>>
...HardwareSkeleton

generated for class A

Fig. 3. Class diagram of the generated stub/skeleton pair and its integration in
the specification context.

Currently we only support primitive data types like inte-
gers, floats and special objects like bit-vectors –that are defined
within our synthesis package– as type of the arguments and re-
turn value of method calls. For the future we are planning to
relax this restriction by also accepting a this reference to the
calling object.

Direct access to public attributes of an object residing in a
different partition is not possible with our interface concept.
Read or write access to those variables has to be done via
setter/getter methods, instead. Since this is considered good
object-oriented programming practice the CASE tool Together
automatically generates the setter/getter methods for each at-
tribute that is entered.

For the automatic generation of the stub/skeleton pair we de-
veloped the interface generator IFGen. Our generator reads in
the source code that was written by the designer and extracts
all necessary information. Then the source code for the stub
and skeleton of the interface is generated and all references to
the partitioned object are updated accordingly. After this the
new classes are imported into the CASE tool and the designer
can continue with the specification. The specification can be
compiled at any time and its functional correctness can be es-
tablished by executing and thereby simulating it.

D. Object Decomposition

In some cases it is not possible to instantiate an object inside
a hardware partition, even if the designer explicitly marks it
with the FixedPartition tag:

int lgArray[4096];

void calcArray() {
    ...
}

Delegate

void calcArray() {
  proxy.calcArray();
}

Delegate proxy =
     new Delegate();

Software partitionHardware partition

LargeObject

...

Fig. 4. Delegation of parts of an object into a different object that is located
in the software partition.

� The net-list that is generated during synthesis is too large
to satisfy given area constraints.

� The object contains dynamic structures. The synthesis
can only be made if all instantiations of objects can be
determined at compile-time. Therefore it is not possible
to synthesize objects that instantiate other objects in loops
with an unknown number of iterations.

� Some other constraints that are required for the analysis
and synthesis of the specification are violated. For more
information on this subject we refer to [9].

Our solution to this set of problems is object decomposition
based on the application of the delegation pattern [2]. We cre-
ate a new object and move all conflicting parts into it:

Suppose that the object LargeObject in the example in
Fig. 4 can not be synthesized because its net-list does not fit
onto any FPGA. We then create a new object Delegate and
move some part of the object into it, in this case the attribute
lgArray[] and the implementation of the method calc-
Array(). The original calcArray() method is substi-
tuted by a call to the method of the delegate object. Similarly,
all references to the lgArray[] attribute are substituted
by calls to setter/getter methods on the delegate object (not
shown). If the delegate object implements the Software-
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3.3. block3 := inverseDct()

2.1. dct(pixels,quality)

3.2. dctBlock:= dequantize()

2.2. quantize(dctBlock)

2.3.1. block4 := getValue()

3.1.1. setValue(block4)

Fig. 5. JPEG collaboration diagram.



JPEGCodec DCTBlock

QuantizedBlockCompressedBlock

<<Interface>>
oase.partitions.Hardwareoase.partitions.Software

<<Interface>>

<<Interface>>
MainIOInterface

MainIO

CodecHardwareSkeleton

<<Interface>>
JPEGCodecInterface

JPEGCodecStubSkeleton
<<Interface>>

CodecHardwareStub

Software partition Hardware partition

Fig. 6. Partitioning of the JPEG codec.

Interface it will be located in the software-partition. The
HW/SW-interface generator will recognize this and automati-
cally generate the necessary stub/skeleton pair for the partition
overlapping communication between the objects.

With this strategy we increase the flexibility of the object
segmentation and the designer can possibly generate optimized
partitions containing smaller objects.

IV. EXAMPLE

In this paragraph we illustrate the application of our parti-
tioning scheme with the example of a JPEG codec. The col-
laboration diagram for the classes of the codec are shown in
Fig. 5.

All classes are strongly connected with each other, with the
class JPEGCodec being the initiator of most actions. The
amount of data that is going to be exchanged for each block
is quite high. Furthermore the calculations performed in the
DCTBlock and QuantizedBlock objects are relatively
time consuming. Therefore the ideal solution would be to real-
ize all the classes in hardware. This is, however, not possible,
since in class JPEGCodec File-I/O is performed.

This problem can be solved by object decomposition: We
move all I/O-related parts into a new object MainIO; as a re-
sult we get a different JPEGCodec implementation that can
be instantiated in the hardware partition. Therefore we derive it
from the Hardware class and derive the MainIO class from
Software. In the next step the hardware stub/skeleton pair
is automatically generated and the partitioned system is ready
for simulation and synthesis. The result of the partitioning is
shown in Fig. 6.

V. CONCLUSIONS

The synthesis of object-oriented specifications on the algo-
rithmic level is almost a standard today. But in order to be able
to raise the level of abstraction further suitable concepts for the
object-oriented encapsulation of the partitioning are missing.
We therefore introduce a partitioning scheme for system-level
descriptions that does not show the drawbacks of existing ap-
proaches. It fulfills the difficult task of giving the designer the
ability to control the partitioning process while not unneces-
sarily increasing the complexity. The partitioning is presented
with object-oriented methods to the designer who can make
partitioning decisions by changing the inheritance of classes.
This is important because partitioning on this high level of ab-
straction has to be an iterative process. An automated approach
can hardly produce satisfying results because the data needed
for the partitioning decisions are not available on this level.
With our object decomposition scheme the designer is given
the ability to reduce the granularity of objects, thereby facili-
tating the generation of optimized partitions.

The partition overlapping communication is modeled with a
stub/skeleton concept for which all necessary classes are gen-
erated automatically.
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