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Abstract— In the Artemis project an architecture workbench is being
developed. One of the inputs for defining this workbench is the S PADE
methodology. S PADE (System level Performance Analysis and Design space
Exploration) follows the Y-chart approach; application and architecture
are modeled separately, and the mapping of the application onto the architecture is an explicit design step. As an advantage we can easily modify
the application, architecture, or mapping, resulting in a quick turnaround
time to explore alternative system implementations.
In this paper we introduce and evaluate S PADE through an illustrative
case study. In this case study we start from a modified M-JPEG application
and map this application onto a shared memory multi-processor architecture. The example system is also used in the Artemis project as a driver
and case study for the design and evaluation of the workbench. We define
the application as a Kahn Process Network. The architecture and mapping
are specified using Spade architecture and mapping languages. We present
results of simulations for alternative architecture instances and mappings.
Keywords—system level design, M-JPEG, design space exploration, signal processing, application modeling, architecture modeling

I. I NTRODUCTION
Modern signal processing systems are increasingly becoming
multi-functional systems that also have to support multiple standards. For example, digital televisions, set-top boxes, and mobile devices need to offer a variety of functions and must support
different standards for transmission and coding of digital contents. In order to provide the required flexibility such systems
need to be implemented using programmable components. On
the other hand, in order to meet performance requirements and
cost constraints, parts of these systems are still required to be
implemented in dedicated hardware blocks.
Designing such heterogeneous systems, composed programmable and dedicated components and various kinds of
communication structures, is not an easy task. Each of the components still can be designed by using current methodologies
and tools, such as writing RT level HDL descriptions or using
high level synthesis tools. However, these methodologies are
no longer sufficient at the system level. The questions a system designer has to deal with are, e.g, which parts of an application are implemented in software and which in hardware,
which hardware components are selected, what kind of communication structure is going to be used, what are the critical parts
of the system. To find an answer to these questions designers
need to be supported by a different kind of design technology
than which is used to design the components. Today, several
methodologies and tools are being developed to support the designer at the system level, e.g., Polis [1], VCC [2], SystemC [3],
and eArchitect [4].
In this paper we present and evaluate a methodology, named
S PADE (System level Performance Analysis and Design space
Exploration) [5], for architecture exploration of heterogeneous

signal processing systems. This exploration starts from executable specifications of a set of representative target applications. The result is the definition of a heterogeneous hardware
architecture capable of executing these applications within predefined constraints with respect to cost, real-time response, etc.
We evaluate S PADE in the context of a case study in which
we are mapping a modified M-JPEG application onto a shared
memory multi-processor architecture. This case study is part
of the Artemis project, and is called Startemis. The Artemis
project [6] (ARchitectures and meThods for Embedded MedIa
Systems) is a research project that aims at reducing the development time of embedded media systems with a high degree
of programmability. One of the research challenges that is addressed in Artemis is the development an architecture simulation
workbench which provides methods, tools, and libraries for the
efficient exploration of heterogeneous embedded system architectures. S PADE will be one of the methodologies used in this
workbench; the Sesame (Simulation of Embedded System Architecture for Multilevel Exploration) framework [7] is another
methodology being used. The case study will be used as a driver
for the development of the Artemis workbench. Therefore, the
application used in the case study should be realistic, yet not too
complex, and it should be possible to refine it later on. Also, it
should be extensible, in order to add complexity when needed.
As we are building a workbench for heterogeneous systems, the
architecture onto which the application is mapped should be heterogeneous in the components and protocols used. The architecture should also be sufficiently complex in order to allow for
refinement of the components. The Startemis case study meets
these requirements.
In the next section first a description of the S PADE methodology and tool is given. The Startemis case study is described
in Section III, including the modeling of the case study using
S PADE. The exploration we did, and the results and conclusions
obtained from the exploration are presented in Section IV. Finally, some overall conclusions are given.

II. S PADE
S PADE is a methodology, implemented in a tool, that enables
modeling and exploration of heterogeneous signal processing
systems. In this section we first describe the basic concepts on
which S PADE is based. Then we go into some detail of the application modeling, architecture modeling, and mapping. For
more details on S PADE we refer the reader to [5].

A. Concepts
The main concept on which S PADE is based is the Y-chart [8],
as depicted in Figure 1. The Y-chart represents a general scheme
for the design of heterogeneous systems. In the Y-chart a
clear distinction is made between applications and architectures, which are related via an explicit mapping step. This concept can be applied at various levels of abstraction; here we focus on the system level, but the Y-chart can be applied at more
detailed levels, such as RT level, as well. The Y-chart approach
permits multiple target applications to be mapped one after another onto candidate architectures in order to evaluate their performance. The resulting performance numbers may inspire an
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Fig. 1. The Y-chart

architecture designer to improve the architecture. He may also
decide to restructure the application(s) or to modify the mapping
of the application(s). These options are indicated in Figure 1 by
light bulbs.
The distinction between applications and architectures can be
rephrased as the distinction between workload and resources.
An application imposes a workload onto resources which are
defined by an architecture. A workload consists of both computation workload and communication workload; resources can
be processing resources, communication resources, and memory resources. Computation workload requires processing resources; communication workload requires a combination of
communication resources and memory resources. The architecture design process is concerned with the specification of resources that can best handle the workloads imposed by target
applications.
The explicit mapping defines how an application is mapped
onto an architecture, in other words, how the workload of an application is mapped onto the resources of an architecture. Within
S PADE, we are using simulation as the means for performance
evaluation. So, we need a way to capture this mapping such
that we can simulate a system, consisting of both an application and an architecture. For this purpose we extend a technique
called trace-driven simulation. This is a simulation technique
that has been applied extensively for memory system simulation
in the field of general-purpose processor design [9]. The workload of an application is captured in one or more traces. A trace
contains symbols, called trace entries, that represent the computation and communication operations performed by an application; data dependent behavior in the application is thus captured
by these traces. The resources in an architecture accept these

trace entries as the workload to be executed. The traces drive
computation and communication activities in the architecture.
B. Application modeling
One of the objectives of application modeling in S PADE is to
expose task level parallelism and to make communication explicit. We have chosen the Kahn Process Networks [10] model
of computation for application modeling. In the Kahn model,
parallel processes communicate via unbounded FIFO channels.
There are two main reasons for choosing this Model of Computation. First, the model fits nicely with signal processing applications as it can model stream processing and as it guarantees
that no data is lost. Second, the execution of a Kahn Process
Network is deterministic, meaning that for a given input always
the same output is produced and the same workload is generated,
irrespective of the execution schedule.
Each process in the network produces a trace to capture the
workload of that process. The communication workload is also
captured in these process related traces.
Spade uses the YAPI Application Programmers Interface [11]
for application modeling. The following three functions are provided1 .
 A read function. This function is used to read data from a
channel via a process port. Furthermore, the function generates a trace entry in the trace of the process by which it is
invoked, reporting on the execution of a read operation at the
application level.
 A write function. This function is used to write data to a channel via a process port. It also generates a trace entry, reporting
on the execution of a write operation.
 An execute function. This function performs no data processing, but only generates a trace entry, reporting on processing
activities at the application level. The execute function takes
a symbolic instruction as an argument in order to distinguish
between different processing activities. For example, such an
instruction may correspond to an IDCT operation on an eight
by eight matrix.
The trace entries generated by the read and write functions represent the communication workload of a process. The trace entries generated by the execute function represent the computation workload of a process. The trace entries can be used either
to drive the architecture simulation, or, when executing the application stand-alone, to analyze the computation and communication workload of an application.
C. Architecture modeling
In order to efficiently explore different architectures, it is required that architecture models can be easily constructed. In
S PADE, functional behavior is described at the application level.
If this behavior is data dependent, the traces, which drive the operation of the architecture, also depend on the input data. Therefore, we can use architecture models that do not need to model
the functional behavior, while maintaining functional correctness. Such architecture models can be constructed from generic
building blocks. As the building blocks are generic, we can provide a library of such blocks. The generic building blocks need

 Note that the YAPI select function is not supported by S PADE.

to model the different types of resources in an architecture, such
as processing resources, communication resources, and memory resources. Defining an architecture then becomes as easy as
instantiating building blocks from a library and interconnecting
them.
The processing resources in the architecture model take the
traces generated by the application as an input. We have taken
a modular approach to allow the construction of a great variety
of processing resources from a small number of basic building
blocks. A processing resource is built from the following two
types of blocks.
 A trace driven execution unit (TDEU) which interprets trace
entries. The entries are interpreted in the order in which they
are put in the trace, thereby retaining the order of execution of
the application process. A TDEU has a configurable number
of I/O ports. Communication via these I/O ports is based on a
generic protocol.
 A number of interfaces which connect the I/O ports of a
TDEU to a specific communication resource. An interface
translates the generic protocol into a communication resource
specific protocol, and may also include buffers to model input/output buffering of processing resources. Currently, we
have interfaces for point-to-point communication via a bus,
and for communication via a bus and shared memory, both
buffered and unbuffered. No interfaces are needed for communication via a FIFO or an unbuffered direct link; these
communication blocks can be directly connected to the I/O
ports of a TDEU.
The current library contains the TDEU and interface blocks described above, a generic bus block, including a first-come-firstserved arbiter, a FIFO block, an unbuffered direct link block,
and a generic memory block. All blocks are parameterized. For
each instantiated TDEU a list of symbolic instructions and their
latencies has to be given. This list specifies which instructions
from the traces can be executed by the processing resource and
how many cycles each instruction takes when executed on this
processing resource. These latencies can be obtained either from
a lower level model of a processing resource, from estimation
tools, or they can be estimated by an experienced designer. For
instances of the FIFO and interface blocks, buffer sizes can be
given. For a bus instance, the bus width, setup delay, and transfer delay can be specified.
An architecture is specified by means of a textual description
using some dedicated architecture description language. In this
description first the processors, buses, and FIFOs are defined.
Here the user does not need to define the exact interfaces; these
are inserted automatically when the architecture model is constructed. Only the parameters, such as, latencies, buffer sizes,
and bus width need to be specified. After the components are defined, the structure of the architecture is defined, by describing
for each FIFO and each bus which processor ports are connected
to them. An example of such textual architecture description is
given in Figure 4.
D. Mapping
Once both an application model and an architecture model
have been defined, mapping can be performed. This means that
the workload of the application has to be assigned to resources

in the architecture as follows.
 Each process is mapped onto a TDEU. This mapping can be
many-to-one, in which case the trace entries of the processes
need to be scheduled by the TDEU.
 Each process port is mapped one-to-one onto an I/O port. This
mapping also implicitly maps the channels onto a combination of communication resources and memory resources.
If it appears that the functionality of a single process needs to
be distributed over more than one processing resource, then the
designer first has to rewrite the application such that this process
is partitioned into two or more processes. Then these processes
can be mapped onto separate TDEUs.
The mapping is also specified by means of a textual description using a dedicated mapping description language. First, for
each process in the application it is specified onto which processor in the architecture it is mapped. At the same time, the mapping of process ports onto processor ports is specified. Then
some characteristics of the channels are specified, such as the
physical size of tokens that are communicated, and whether
communication is done via shared memory. Finally, for each
processor a scheduler can be defined, including some parameters. An example of such textual mapping description is given
in Figure 6.
E. Simulation
Performance analysis in S PADE is done using simulation. We
use trace driven simulation to co-simulate an application model
with an architecture model. The simulation of the application
model is based on the Pamela [12] multi-threading environment,
where each Kahn process is executed in a separate thread. The
simulation of the architecture model is currently based on TSS
(Tool for System Simulation), which is a Philips in-house architecture modeling and simulation framework [13].
F. Performance Metrics
In order to evaluate a system, the S PADE library blocks from
which an architecture is built collect several numbers during
simulation. From these numbers performance metrics can be
calculated. These metrics give an indication of the performance
of the system, such as, throughput, frame rate, overall latency,
and bus utilization. For example, for a video processing system
we can collect the times at which a new frame is output; from
those times we can calculate the frame rate of the system.
The numbers that are currently collected in the library blocks
are the following. For each TDEU we keep track of the number
of cycles it was busy with computations, the number of cycles
it was doing I/O, split out into reads and writes, the number of
cycles it was waiting either for data or for room, and the number
of cycles it had nothing to do at all, i.e., was idle. In addition, for
each input and output port we get the number of reads or writes
that were performed, plus the number of cycles no room or data
was available. For each bus we get the number of cycles it was
in use and the amount of data transported via this bus. Also, for
each interface connected to the bus, we get a histogram of the
delays between issuing a bus request and being granted access
to the bus.
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We started the application modeling from a C-code specification of a JPEG codec that is publicly available from UC Berkeley. First, we studied this C-code of the JPEG codec in order
to fully understand it, and then we modified the code in order
to implement our M-JPEG* application. For example, the decoder part was removed and some code was added to implement
the Huffman and quantization table adaptation and the RGB to
YUV conversion.
Having the M-JPEG* encoder C-code specification we used
the S PADE application modeling technique, described in Section II-B, to transform this sequential C-code into a set of parallel communicating processes. Some global data structures were
removed in order to be able to parallelize the C-code. The obtained Kahn Process Network which models the M-JPEG* application is shown in Figure 2.
The Video in process fetches video data (frames) and information about the dimensions and the format, i.e., RGB or YUV,
of each incoming frame. Also, Video in sends all of this data to
the DMUX process which distributes it to the different processes
within M-JPEG*. The DMUX process checks the format of the
incoming video frames and forwards the frames to the DCT process (YUV frames) or to the RGB2YUV process (RGB frames)
in a block-wise fashion. The RGB2YUV process converts the
RGB blocks into YUV blocks. This conversion includes also
sub-sampling of the color pixel data in order to obtain 4:2:2
YUV format.
The DCT process receives YUV blocks via two data channels.
Via another channel the DCT process receives control tokens
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The application we have chosen for the Startemis case study
is an M-JPEG encoder. A traditional M-JPEG encoder typically compresses a sequence of video frames, applying a JPEG
based compression technique [14][15] to each frame in the video
sequence. M-JPEG is used for motion pictures compression
like MPEG [16] but without interframe predictive coding. This
means that M-JPEG does not perform motion estimation and
compensation. We have modified a traditional M-JPEG encoder
in order to add data dependent behavior to it. The modified encoder, named M-JPEG*, has three main differences from traditional M-JPEG:
 M-JPEG* supports only lossy encoding, whereas M-JPEG
typically supports both lossy encoding and lossless encoding.
 M-JPEG* can operate on video data in both 4:2:2 YUV and
RGB formats on a per-frame basis, whereas traditional MJPEG uses only YUV format.
 M-JPEG* can process the incoming video frames with different quantization and Huffman tables. These tables can differ per video frame, depending on the output bit-rate and the
accumulated statistics from previous video frames. Such dynamic change of the tables is not performed by a traditional
M-JPEG encoder.
The possibility of M-JPEG* to handle two video data formats
and different tables on a per-frame basis means that M-JPEG*
is data dependent.

b = frame format bit = {RGB,YUV}
NT = New Tables
OT = Old Tables
EOF = End Of Frame
NLP = Not Last Package
LP = Last Package

Fig. 2. The M-JPEG* Kahn Process Network.

specifying which data channel is active at the moment. The DCT
process transforms YUV blocks into blocks of DCT coefficients
using Forward Discrete Cosine Transform and sends the transformed blocks to the Quantizer process. After quantization, the
Quantizer process forwards them to the VLE (Variable Length
Encoder) process. The VLE process receives quantized DCT coefficients, applies run length encoding and Huffman encoding to
the data and transmits the resulting data in 16-bits packets to the
Video out process. A special token indicates whether or not a
packet is the last one for the current compressed frame. At the
end of the M-JPEG* data flow, the Video out process makes a
standard JPEG header of the compressed image. The Video out
process prepends the header to the compressed image bit stream.
The Quantizer and VLE processes use tables produced by
an output bit-rate control process, named OB Control. The
OB Control process is responsible for generating and distributing these tables to the quantizer and the variable length encoder.
The synchronization of the table transmission is performed by a
special token which can assume three values: NewTable (NT),
OldTable (OT) and EndOfFrame (EOF). At the end of each
frame the control process makes a decision whether or not the
tables for the next video frame have to be changed. To make this
decision it uses the output bit-rate of the current video frame. If
the tables have to be changed the control process first computes
the new tables using image statistics of the current frame and
then sends these tables to the Quantizer and VLE processes. The
OB Control process receives image statistics and output bit-rate
from the VLE process. For each frame, the OB Control process
sends the Huffman and quantization tables which are used in the
process of compression to the Video out process.
C. Startemis Architecture
The initial Startemis architecture shown in Figure 3 consists
of five processing components connected to a bus and communicating with each other via shared memory. We have chosen such
shared memory multi-processor architecture because it is sufficiently complex in order to allow refinement of its components.
Also, by changing the implementation of the components, we
can easily obtain different heterogeneous architectures, i.e., ar-

chitectures consisting of programmable, reconfigurable and/or
dedicated components.
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Fig. 3. Abstract view of the Startemis architecture.

Below we give a brief description of the components in the
Startemis architecture, depicted in Figure 3. Note that this figure is an abstract view of the architecture; some details, such
as the synchronization channels between the processors, are not
shown.
VIP (Video In Processor) The VIP scans video frames in a linewise fashion and writes the video lines into an image buffer in
shared memory. There are at least two image buffers, which
are used in a round-robin fashion. This allows the VIP processor to fill a buffer while the other buffer(s) are consumed.
Each image buffer consists of 8 video lines. The size of one
line is 1024 pixels. Each pixel in a line is represented by a
32-bit value, containing either the R, G, and B components
of the pixel, or the Y, U, and V components. The VIP also
writes specific information such as the size of the frame, and
the frame format, RGB or YUV, for each frame into a header
buffer.
RGB2YUV/DCT This processor reads the image buffers in a
block-wise fashion and performs a DCT transform onto the
fetched blocks. Also, it reads the format of the current frame
from the header buffer. If the format is RGB an RGB to YUV
conversion including 4:2:2 sub-sampling is performed before
the DCT transform. The RGB2YUV/DCT processor writes
the transformed blocks into shared memory in a FIFO buffer
called DCT   Q. This buffer is used for intercommunication
between the RGB2YUV/DCT processor and the microprocessor.
mP (microProcessor) The microprocessor has three main functions. First, it reads DCT blocks from the DCT   Q buffer,
makes a quantization, and writes the quantized blocks into
the Q   VLE FIFO buffer. Second, it handles the synchronization of the data exchanges between the components in the
architecture. Third, the microprocessor handles the adaptation of the quantization and Huffman tables. It uses the information stored in the statistics buffer to decide how to change
the tables. It updates the tables buffer if the tables have been
changed. This buffer contains the Huffman and quantization
tables for the current video frame.
VLEP (Variable Length and huffman Encoding Processor) The
VLEP fetches the quantized data blocks from the Q   VLE
buffer, applies run length encoding and Huffman encoding
to them, and writes the resulting bit-stream packets into the
packet FIFO buffer. Also, the VLEP derives statistics from the
current block and stores it in the statistics buffer.
VOP (Video Out Processor) The VOP uses the information

The architecture model was made in accordance with the proposed Startemis architecture shown in Figure 3. We constructed
the model using S PADE’s library of generic building blocks, described in Section II-C. These blocks are parameterized which
means that an important part of the modeling process is to assign realistic numbers to the parameters in order to obtain some
realistic results from simulation and exploration.
For each processor a set of symbolic instructions and associated latency values had to be defined. In order to determine
realistic latencies we assumed that for the initial Startemis architecture model the VIP and VOP are implemented using ASICs,
the microprocessor is a MIPS, and the RGB2YUV/DCT processor and VLEP are DSPs. For the high-level symbolic instructions associated with the microprocessor, the VLEP, and
the RGB2YUV/DCT processor, low-level instruction models
were constructed. These models are simple assembler programs. Then we used the data books of the MIPS microprocessor [17][18] and the Analog Devices DSP – ADSP21160 [19][20] to determine the latencies of the assembler instructions used in the low-level models. From these latencies
and the low-level instruction models we calculated the latencies
of the symbolic instructions. For the symbolic instructions associated with the VIP and the VOP, we defined ranges of latency
values which have to be explored.
The S PADE architecture description language was used to
specify the architecture. A fragment of the architecture description is shown in Figure 4. In the architecture model we defined
1 simulation cycle to be 10ns. We relate all times to this uniform
time unit, even though different components may run at different clock speeds. All sizes in the architecture and the mapping
description are expressed in units of 8 bits, i.e., 1 byte. For example, a buffer size of 64 means a size of 512 bits, i.e., 64 bytes.
The architecture description consists of three main parts. In the
first part the processor resources are described. For example,
the VIP has two output ports o1 and o2 , no input ports, and one
symbolic instruction op ElaborateFrame with a latency of
20 simulation cycles. In the second part the communication resources are specified. Figure 4 shows that two types of communication resources are used: a bus and FIFO buffers. For each of
the buffers a number of buffer places and the size of each place
is specified, e.g., FIFO F6 has 4 places and the size of each
place is 64 bytes. Bus B1 is specified by three parameters: the
width of the bus, the setup time for a transaction, and the transfer time per transfered item with the size of the bus width. The
last part of the description specifies the structure of the architecture. In this part the connections among the processor resources
and communication resources are described. For example, the
description in Figure 4 specifies that output port o6 of the mP
is connected to input port i1 of the RGB2YUV/DCT processor
via FIFO F3. Output port o1 of the VIP is connected to bus B1
via a buffer with a total size of 7 bytes. The architecture model
described in Figure 4 is depicted in the lower part of Figure 5.

Architecture MJPEG_Arch;
// 1 unit of size = 1 byte = 8 bits
// 1 cycle = 10 ns
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// Communication resources
Fifo F3 {number = 4; size =
Fifo F6 {number = 4; size =
Fifo F8 {number = 1; size =
Fifo F9 {number = 1; size =
:
:
Bus B1 {width = 8; setup =

f_Video_DMUX_BlockData

L

l_VLE_H

X_

Processor RGB2YUVDCT {
InPorts {i1; i2; i3; i4;}
OutPorts {o1;o2;}
Instructions {op_DCT = 1024; op_RGB2YUV = 192;}
}
:
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// Processor resources
Processor VIP {
InPorts { }
OutPorts {o1; o2;}
Instructions {op_ElaborateFrame = 20;}
}

f_DMUX_Video_FrameSize

1;}
64;}
64;}
64;}

G(F1)

o10 o11

1; transfer = 2;}

Fig. 4. Fragment of the description of the architecture model.

E. Startemis Mapping
The final step of the modeling process is the mapping of
the M-JPEG* application model onto the Startemis architecture
model. Figure 5 shows this mapping in detail. Both the application and the architecture are depicted in terms of the S PADE
specific modeling technique. For the mapping we used the
S PADE mapping mechanism, described in Section II-D. Within
Startemis, the Video in and Video out processes are mapped
onto the VIP and the VOP, respectively. The VLE process is
mapped onto the VLEP. The two processes RGB2YUV and DCT
are mapped onto the RGB2YUV/DCT processor. The remaining
processes are mapped onto the microprocessor. The mapping
of the M-JPEG* channels onto the communication structures of
the architecture was determined by mapping the processes’ ports
onto the processors’ ports.
For the purpose of mapping, S PADE offers a mapping description language. A fragment of the mapping description is shown
in Figure 6.
The first part of the mapping description in Figure 6 specifies
the mapping of the processes and their ports onto the processor components and their ports. For instance, process Video in
is mapped onto the VIP. The ports out HeaderInfo and
out BlockData of the Video in process are mapped onto the
ports o1 and o2 of the VIP, respectively. Next, for each application channel a tokensize is specified. If the channel is mapped
onto a bus and the communication should take place via shared
memory, then the number of places and the size of each place
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mP

i2

o1 o2

// Connections
Structure
{
Fifo F3 {mP.o6 -> RGB2YUVDCT.i1;}
Fifo F6 {RGB2YUVDCT.o2 -> RGB2YUVDCT.i4;}
Fifo F8 {mP.out3 -> RGB2YUVDCT.in2;}
Fifo F9 {mP.out4 -> RGB2YUVDCT.in3;}
:
:
Bus B1 {
VIP.o1 {number = 1; size = 7;};
VIP.o2 {number = 1; size = 64;};
RGB2YUVDCT.o1 {number = 1; size = 128;};
:
:
}
}
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Fig. 5. The application model, the architecture model, and the mapping.
Mapping MJPEG_Map (MJPEG_Appl, MJPEG_Arch);
pr_Video_in : VIP {
out_HeaderInfo : o1;
out_BlockData : o2;
}
pr_DCT : RGB2YUVDCT
in_BlockData1 :
in_BlockData2 :
in_BlockType :
out_BlockData :
}

{
i4;
i3;
i1;
o1;

pr_RGB2YUV : RGB2YUVDCT {
in_BlockData : i2;
out_BlockData : o2;
}
:
:
Channels {
f_Video_DMUX_Header {
tokensize = 7;
numbermembufs = 1; membufsize = 7;
};
f_RGB2YUV_DCT_BlockData {tokensize = 64;};
f_DCT_Q_BlockData {
tokensize = 128;
numbermembufs = 4;membufsize = 128;
};
:
:
}
Schedulers {
mP
RGB2YUVDCT
}

: default { };
: default { };

Fig. 6. Fragment of the description of the mapping shown in Figure 5

of the buffers in shared memory are specified. For example, the
tokens which are transfered via channel f DCT Q BlockData
have a size of 128 bytes; 4 buffers of 128 bytes are allocated in
shared memory for this channel. The last part of the mapping
description shown in Figure 6 specifies the type of the schedulers. For the microprocessor and the RGB2YUV/DCT processor

TABLE I
P ERFORMANCE NUMBERS OF THE INITIAL S TARTEMIS ARCHITECTURE .

the default scheduler is selected.
IV. E XPERIMENTS

AND

R ESULTS

In this section we present some of the experiments we have
done using the S PADE simulation framework in order to quantify
the proposed Startemis architecture. Also, we present and analyze the results we have obtained from the simulations. We evaluated whether the performance metrics provided by the S PADE
tool can be used effectively for exploration. We were interested
in finding what kind of useful information about the architecture
performance we could obtain from the performance numbers,
having in mind that the exploration was made at a high level of
abstraction.
In our experiments we were interested in the maximum frame
rate at the output, measured in frames per second, to which we
refer as RATE. The RATE depends on the parameters of the architecture template, the size of the incoming frames, and the
format, YUV or RGB, of the frames. For the purpose of the experiments, the architecture parameters that we looked into have
been: the number of processor components, the latencies of processor components, the speed of the bus, and the speed and size
of shared memory. In order to simplify the simulation process
and analysis we initially kept the frame size and the frame format constant. For our experiments the frame size is 128 128
pixels (8 bits per pixel) and the frame format is RGB. For larger
frames the RATE will decrease; if we increase the horizontal and
vertical sizes of the frames by a factor and a factor , respectively, then the RATE of the architecture will decrease roughly
by a factor of  . For YUV frames, the RATE will be as good
as, or better than, the RATE for RGB frames, because the only
difference is that the RGB to YUV conversion does not need to
be performed.
The initial speed and width of the bus have been set to
100MHz and 64 bits, respectively. These values are assumed
to be at the upper limit of the range in which they could have
been chosen. A similar decision was made for the shared memory for which we selected an SRAM-type memory of size 64KB
with write and read cycles of 10ns each.
We started our experiments with a simulation of the given
M-JPEG* application-architecture pair using the S PADE simulation environment. The application, the architecture and their
specifications (modeling) are described in Section III-B and
Section III-D, respectively. From the S PADE simulation we obtained numbers, relevant to the evaluation of the performance of
the implementation. Some of them are given in Table I. We used
the S PADE performance numbers related to the times at which a
new frame appears at the output in order to calculate the RATE
of the initial architecture which turned out to be 167 frames per
second.
After this first step, we can have three possible scenarios to
proceed:
 Scenario 1: The RATE of the architecture satisfies the requirements and we stop the exploration process.
 Scenario 2: The RATE of the architecture satisfies the requirements and we start exploring (part of) the parameter
space of the architecture for modifications that can improve
the current performance–cost ratio. This process includes
finding and removing some resource redundancy and excess

RGB2YUV/DCT
mP
VLEP
VIP
VOP

Processor

executing
95%
35%
26%
1%
1%

Bus utilization

40%

busy with I/O
1%
20%
5%
3%
1%

waiting
4%
45%
69%
96%
98%

speed without a significant change of the RATE and the flexibility of the architecture. We use the S PADE performance
numbers as a guidance in this process. As the performance
indicated by the RATE should not be changed, we can only
improve the performance–cost ratio by a reduction in terms
of cost, e.g., silicon area or power consumption.
 Scenario 3: The RATE of the architecture does not satisfy the
requirements and we start exploring (part of) the parameter
space of the architecture for modifications that can improve
the performance (RATE). Again, we use the S PADE performance numbers as a guidance in the process.
We looked into Scenario 2 and Scenario 3 independently. The
results of these experiments are presented in Section IV-A and
Section IV-B, respectively.
A. Scenario 2
The performance numbers in Table I suggest that the given architecture has a poor load balance because the mP and the VLEP
are not utilized very well. Also, the DSP which we have chosen
for the VLEP is too powerful for the kind of operations needed
by the VLE process. That is why the VLEP is waiting most of
the time (69%). On the other hand, the mP is executing and busy
with I/O only 55% of the time. Taking these observations into
account we conclude that we might not need a separate processor component for the run length encoding and Huffman encoding. We decided to remove the VLEP and to map the VLE process onto the mP, expecting that the RATE would not decrease
significantly. We simulated this modified architecture in order
to see how the performance was changed. Table II presents the
new values of the performance numbers given before in Table I.
TABLE II
P ERFORMANCE NUMBERS AFTER REMOVING THE VLEP.

Processor
RGB2YUV/DCT
mP
VIP
VOP

executing
95%
63%
1%
1%

Bus utilization

12%

busy with I/O
1%
9%
2%
1%

waiting
4%
28%
97%
98%

Again we used the S PADE performance numbers to calculate
the RATE and we saw that it was unchanged at 167 frames per
second. This fact shows that we have removed a redundant pro-

cessor component. This results in a reduction of the cost in terms
of silicon area. Currently, cost measures are indirectly derived
quantities. S PADE does not yet provide metrics related to the
silicon area and power dissipation.
Next, we analyzed the new simulation results and we saw that
the bus is utilized only 12% of the time which means that the
speed of the architecture will not be very sensitive to a decrease
of the speed of the bus and the shared memory. We observed by
S PADE simulation that if we decrease the speed of the bus and
the memory five times, then the RATE of the architecture is 162
frames per second. The decrease of the RATE is only 3%, which
means that we do not have a significant change of the RATE.
This fact shows that we have removed some excess speed in the
architecture. Moreover, the fact that we decreased the speed of
the memory five times means that we can use DRAM instead
of SRAM which leads again to a reduction of the silicon area,
because the silicon area of the DRAM is significantly smaller
than the silicon area of the SRAM.
This experiment demonstrates that the S PADE performance
metrics provide useful measures to detect resource redundancy
and excess speed in the architecture. We showed above that finding and removing this redundancy can lead to a reduction of the
silicon area cost of the architecture.
B. Scenario 3
We now follow a different scenario in which we assume that
the initial RATE does not satisfy the requirements. As we mentioned before, after the first step of our exploration process, we
found that the RATE of the architecture is 167 frames per second for video frames of size 128 128 pixels. If we assume
that for real-time applications we need at least 25 frames per
second, then the architecture can process these frames in real
time. But the RATE of the proposed architecture depends on
the frame size. For example, the RATE of the architecture for
video frames with size 512 512 pixels is 10 frames per second. This means that if we want to achieve a real-time speed
for large video frames we have to make some changes in the
architecture parameters. The main parameters we can change
in order to increase the RATE are the latencies of the architecture components. The possible values of the latency parameters
should however stay within reasonable bounds.
From the S PADE simulation numbers presented in Table I we
see that the RGB2YUV/DCT processor executes 95% of the time
while the other components execute less than 36% of the time.
This result suggests that the RATE of the architecture is very
sensitive to the latency of the RGB2YUV/DCT processor. We
decreased the latency of this component five times. The RATE
of the architecture became 256 frames per second for images
of size 128 128 pixels. Using this RATE number, we can easily estimate that the RATE for images of size 512 512 pixels
is about 16 frames per second which is still not high enough.
Simulation results are shown in Table III.
The results shown in Table III show that the RGB2YUV/DCT
processor is no longer the bottleneck for the performance. If we
go on decreasing the latency of the RGB2YUV/DCT processor
we will unbalance the architecture and we will not achieve a significant increase of the RATE. The results in Table III show that
we can expect a significant increase of the RATE if we decrease

TABLE III
P ERFORMANCE NUMBERS AFTER DECREASING THE LATENCY OF THE
RGB2YUV/DCT PROCESSOR .

RGB2YUV/DCT
mP
VLEP
VIP
VOP

Processor

executing
36%
55%
42%
1%
1%

Bus utilization

62%

busy with I/O
1%
39%
23%
8%
4%

waiting
63%
6%
35%
91%
95%

the latency of the microprocessor. We decreased the latency of
the mP two times. In this case, the S PADE simulation results
show that the RATE of the architecture is 354 frames per second. Estimated RATE for video frames of size 512 512 is 22
frames per second. The S PADE performance numbers for each
of the components are given in Table IV.
TABLE IV
P ERFORMANCE NUMBERS AFTER DECREASING THE LATENCY OF THE
MICROPROCESSOR .

RGB2YUV/DCT
mP
VLEP
VIP
VOP

Processor

executing
46%
40%
54%
1%
1%

Bus utilization

81%

busy with I/O
1%
59%
33%
18%
5%

waiting
53%
1%
13%
81%
94%

Analyzing the results presented above we saw that the decrease of the latency of the processor components increases the
RATE of the architecture. But still the RATE does not satisfy the
real-time requirement for large images. If we continue to decrease the latencies of the processor components, they will get
outside the feasible range of these latencies. Also, we will not
achieve a significant speedup of the architecture, because Table III and Table IV show a significant increase of the time the
processor components spend on performing I/O operations. The
latter means that the communication structure of the architecture becomes a bottleneck. If we increase the speed of the bus
we will not change the RATE of the architecture, because the
speed of the shared memory is unchanged. We cannot increase
the speed of the memory because it will lead to unrealizable
memory.
According to the results of the experiment we presented
above we can conclude that although our architecture consists
of five fast processor components working in parallel, we cannot achieve real-time speed for large video frames. The main
reason is that the architecture cannot exploit the maximum parallelism of the application, because the communication structure
– a common bus and shared memory – obstructs the parallelism.
Starting from a given application and a given architecture
template, we have demonstrated how we can use the S PADE
environment and tools to obtain performance numbers that can

help evaluating the performance–cost ratio at an abstract level
early in a design process. In the experiments presented in this
paper, we have looked at the impact of some of the parameters
of the architecture template. The three experiments conducted
can be seen as part of an exploration trajectory around the initial Startemis architecture. The results of this session suggest
that the next step might be to change the overall architecture
template and to go into another exploration step using this new
template.
V. C ONCLUSIONS
We have presented a case study of an M-JPEG encoder application mapped onto a shared memory multi-processor architecture, which is used in the Artemis project as a driver for the development of the Artemis workbench. We did some explorations
of the initial application and architecture at an abstract level using S PADE. By doing these experiments we evaluated the use of
S PADE early in the design process of heterogeneous signal processing architectures. It appears that S PADE can give a designer
useful feedback on the performance of a system, which may help
a designer in improving the system. This was illustrated by the
scenarios in Section IV. The simulations done in these scenarios typically took a few minutes for an input sequence of several
frames. Also, changes to the architecture and mapping could be
easily made to the textual descriptions. S PADE currently lacks
feedback on other metrics than performance metrics, such as,
silicon area and power dissipation. Also, the representation of
data is still something that can be improved. These issues will
be topic of further research, of which part will be covered in the
Artemis project.
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