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ABSTRACT

New emerging embedded system platforms in the realm of high-

throughput multimedia, imaging, and signal processing eahsist

of multiple microprocessors and reconfigurable componefise

of the major problems is how to program these platforms insa sy
tematic and automated way so as to satisfy the performaneé ne
of applications executed on these platforms.

In this paper, we present our system design approach as an effi
cient solution to this programming problem. We show how for a
application written in Matlab, a Kahn Process Network sffiear
tion can automatically be derived and systematically mappeo
a target platform composed of a microprocessor and an FPGA.
Furthermore, we illustrate how the mapping approach is &apl
on a real-life example, namely an M-JPEG encoder.

1. INTRODUCTION

New emerging embedded system platforms in the realm of high-
throughput multimedia, imaging, and signal processingsistrof
multiple microprocessors and reconfigurable componentssat-
isfy the performance needs of tomorrows applications etleeserg-
ing platforms leverage task-level parallelism, i.e., thieroproces-
sors and the reconfigurable components run concurrentlyexf¥o
ecute an application on these platforms, the platforms bawse
programmed, which implies writing software for the micropes-
sors using languages like C and writing hardware descriptising
languages like VHDL to configure the reconfigurable comptsien

To use the concurrency available in the platforms, we need to
program them in a way that we expldiistributed controlanddis-
tributed memoryDistributed control means that the individual com-
ponents on a platform can proceed autonomously in time witho
much interference with other components. Distributed mymmeans
that the exchange of data is contained in the communicatian-s
ture between individual components and not pooled in a Igigeal
memory. Although distributed memory and control are keynex
ments to take advantage of the new emerging platforms, wereds
that imperative programming languages like C, Java, or &hadire
still the preferred way to write applications that executetbese
platforms. The imperative model of computation makes itye¢as
reason about a program as only a single thread of controkrtedz
considered. Also, memory is global and all the data comes fre
same memory source. But precisely the single memory andesing
thread of control in the imperative model of computation@etra-
dictory to the need for distributed control and memory. Efere,
programming these new platform is a very tedious, error @rand
time consuming process.

Instead, we believe that a much more appropriate model of com
putation is the Kahn Process Network model as it inherently e
presses applications in terms of distributed control anchorg. As

said before, most applications are written in an imperatieglel of
computation. To facilitate the migration from an imperatapplica-
tion to a KPN specification, we have developed tteMPAAN/L AURA
approach. This approach allows parts of an applicatiorntewriin

a subset of Matlab to be converted automatically to KPNegE
PAAN). This conversion is fast and correct by construction. The
obtained processes in a KPN can subsequently be mappedigeithe
software or on hardware @URA).

In this paper, we present our system design approach thahis c
tered around exploiting the Kahn Process Network modelazhar
teristics. We present our approach by illustrating how we raa
M-JPEG application written in Matlab onto a target arcHitee that
consists of a CPU and an FPGA. Our design approach consists of
two major steps. In the first step, we convert the Matlab $peci
cation of the M-JPEG to a KPN specification. In the second, step
we map one process in hardware on the FPGA whilst the rengainin
processes are mapped in software on the CPU. Before we explai
our approach in more detail, we first look at the KPN model &nd i
specific characteristics.

1.1 Kahn Process Networks

The KPN model of computation [1][2] assumes a hetwork of con-
current autonomous processes that communicate in a popiint
fashion over unbounded FIFO channels, usingagking-readsyn-
chronization primitive. Each process in the network is fpgtas a
sequential program that executes concurrently with othergsses.

A KPN has the following favorable characteristics:

e The KPN model is deterministic, which means that irrespecti
of the schedule chosen to evaluate the network, always the sa
input/output relation exists. This gives us a lot of schadydree-
dom that we can exploit when mapping processes to hardware or
software.

e The inter-process synchronization is done by a blockind.réais
is a very simple synchronization protocol that can be redligzas-
ily and efficiently in hardware and software.

e Processes run autonomously and synchronize via the blpckin
read. When mapping processes on hardware like an FPGA, you
get autonomous islands on the FPGA that are only synchrdnize
via blocking reads.

e As control is completely distributed to the individual pesses,
there is no global scheduler present. As a consequence, part
tioning a KPN over a number of reconfigurable components or
microprocessors is a simple task.

e Asthe exchange of data has been distributed over the FIR@® t
is no notion of a global memory that has to be accessed by-multi
ple processes. Therefore, resource contention does nat occ



1.2 Compaan/Laura

Our system design approach is centered around th®FGAN
and LAURA tools which we have developed to facilitate this ap-
proach. The ©MPAAN compiler, introduced in [3] and further de-
veloped in [4, 5], fully automates the transformation of Mhtcode
into Kahn Process Network (KPN) specifications. The appbos

and communication) by dividing a computation up into fixézkes
"pages” and time-multiplexing the virtual pages on avdégthysi-
cal hardware. The specific language TDF is used to specificapp
tions using the SCORE’s model. This stream-based modehitasi
to the KPN model we use in this paper.

In the three approaches [12, 14, 15], mentioned above, the in

COMPAAN can handle, have to be specified as parameterized staticPut application has to be analyzed and specified manuallgrmst

nested loop programs, which is a subset of the Matlab larguag
CoMPAAN consists of three tools. The first tool transforms the ini-
tial Matlab code into single assignment code (SAC), whicdens-
bles thedependence graptbG) of the initial nested loop program.
The second tool converts the SAC into a Polyhedral Reduceéide
dence Graph (PRDG) data structure, which is a compact mattiem
ical representation of the DG in terms of polyhedra. Thedthol
converts the PRDG into a process network by associating@pso
with each node of the PRDG. The parallel processes commenica
with each other according to the data-dependency givereiDta.
LAURA [6] maps a KPN specification onto hardware, for exam-
ple, FPGAs. The BURA tool operates as a back-end for thex-
PAAN compiler. First, the KPN specification is converted intoadu
tionally equivalent network of virtual processors, calleatdware
model This is a platform independent step as no information on
the target platform is taken into account. Second, platfspecific
information is added as well as IP cores to this hardware iedd-
ing to a network of synthesizable processors. Finally, thelWare
model is converted into synthesizable VHDL code.

1.3 Related Work

of concurrent task-level model of computation using vergcific
languages (Stream-C, Handle-C, TDF). This is very time gorisg
and error prone process because the system designer hantnde
ally the dependence analysis as well as to learn a specificipiésn
language. In contrast, our approach relies on a compiléfutyaau-
tomatically derives KPN specifications form applicatiomscribed
in common languages like Matlab or C.

2. OUR DESIGN FLOW

To illustrate our design approach that is centered aroumddke of
the KPN model of computation, we show how we integrate thistoo
CoMPAAN and LAURA, we have developed, in a system design flow
together with other tools in order to map automatically goliaption
onto a target platform architecture. To make the design fleiic,
we demonstrate and evaluate our design flow in the contextase
study in which we map an M-JPEG application onto a platforat th
consists of a microprocessor and an FPGA running in paratidl
communicating with each other via shared memory banks. We ha
organized the paper in the following way. We give a brief diggion
of the M-JPEG application and the target platform in Secfidh
This is followed by a step-by-step description of our systisign

Mapping applications like MPEG and JPEG codecs onto a target flow in Section 2.2. In Section 3, we present some resultsvileat
architecture consisting of a CPU and an FPGA has been the cen-have obtained. Section 4 concludes the paper.

tral question in Hardware/Software codesing in the lasaded7].
Researchers have already mapped successfully multi-rapgieca-
tions on such kind of platforms in a systematic way. The getiable
frameworkNi bl e [8] and the work presented in [9] automatically
compiles system-level applications specified in C ontogetisairchi-
tecture of a combined CPU and FPGA. However, the compiler onl
exploits instruction-level parallelism (ILP) in loops ndt task-level
parallelism. Loops are executed purely sequentially atingrto
their original C specification even if mapped onto the FPGAam-
celeration. In [10, 11], reconfigurable logic is used as paEessor
attached to a CPU. The co-processor is typically used todspep
certain instructions of the CPU.

All of the related work, mentioned above, exploits only I i
loops mapped onto an FPGA that runs mutually exclusive hiéh t
CPU. In the work presented in this paper, however, we shovwsa sy
tematic and automated approach to map an application onflh C
and an FPGA in such a way that the CPU and the FPGAamtur-
rently, exploitingtask-leveparallelism.

Some recent efforts in mapping applications onto a CPU con-
nected to reconfigurable logic (FPGAS) exploiting taslkelepar-
allelism has led to approaches that are somehow relatectagh
proach presented in this paper. Gokhetlal. [12] have developed a
compiler that takes stream-based application specifiedrea®s-

C and generates synthesizable hardware for FPGAs and a multi
threaded software program for the control CPU. The Stregone€
gramming task-level model is the CSP [13] model of compaiati
The work in [14] also presents an approach to map applicepac-
ified as CSPs onto a platform that consists of a CPU and FPGr. Co
ceptually, our approach differs from these approachesdrsénse
that we use the Kahn Process Network (KPN) model which speci-
fies more naturally and efficiently (compared to CSP) the-tesél
parallelism in stream-based applications. The UC Berkefapject

2.1 M-JPEG and the Platform Architecture

The application we consider is a modified Motion JPEG (M-JPEG
encoder. We have chosen this application because it is difeeal
application that is not too complicated, but has enougtufeatto
illustrate the use and usefulness of our design flow. Likeiticnal
M-JPEG encoders, the modified M-JPEG encoder compresses a se
guence of video frames, applying JPEG [16] compression ¢th ea
frame in the video sequence. M-JPEG is used for motion @stur
compression like MPEG [17] but without inter-frame preiietcod-
ing. Our modified M-JPEG encoder, which we further refer tdas
JPEG*, operates on video data in 4:2:2 YUV format and cangsec
each incoming video frame with a different set of quant@atnd
Huffman tables, depending on the output bit-rate and therace
lated statistics from previous video frames. The M-JPEGZoeler
application is depicted as a block diagram in Figure 1-a).

PCl bus

Microprocessor

Pentium IV

observed bitrate

........Virtex-1l 26000 FRGA!
ADM-XRCII board

— JPEG i
Video stream M-JPEG encoded

(4:2:2 YUV format) video stream
a) The M-JPEG* application

b) The target platform architecture

Figure 1: Block diagrams: a) M-JPEG*; b) target platform

We map and run the M-JPEG* application on our target platform
architecture which is depicted in Figure 1-b). The platfenchitec-
ture consists of a microprocessor (i.e., a Pentium IV) mgWin-

SCORE [15] has developed a stream-based compute model whichdowsNT and connected via PCl bus to the ADM-XRCII board manu-

virtualizes reconfigurable computing resources (compstizage,

factured by Alpha Data Parallel Systems, Ltd [18]. The ADNRG-



Il board is a high performance PCI Card, designed for supyprt
development of applications using the Xilinx Virtex-1l &3 of FP-
GAs. The board consists of a Virtex-1l 2vV6000 FPGA and six ZBT
memory banks of size 256k 32 bit.

2.2 The Mapping

Our system design flow maps an application onto a target plat-
form in a systematic and automated way in a number of steps. We
illustrate these steps by mapping the M-JPEG* applicatitio our
platform. Central to our system design flow are theMPAAN and
L AURA tools as shown in Figure 2. The figure shows that an applica-

Application described
in Matlab
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Figure 2: The System Design Flow.

tion written in a subset of Matlab is converted to a KPN speaifon
by CompPAAN. Using workload analysis, candidate processes of this
specification are selected for mapping on hardware (FPGHAe.ré-
maining processes are mapped on the CPU as software. TheKPN i
written in a particular format in C++ called YAPI [19]. Usirggstan-
dard C++ compiler, the processes are compiled to run on thé¢ CP
on top of a lightweight multi-threading package. The preesshat
need to be mapped onto the hardware are further processedmy C
PAAN to obtain a hierarchical subnetwork. This subnetwork, Whic
is again a KPN, is compiled into hardware using theuRA tool.
Using commercial synthesizers, we obtain the bitstreamap ane
or more processes onto the FPGA. The communication between t
FPGA and the CPU is automatically generated byRA.

We now look at the various steps in more detail and see how they
apply to our M-JPEG* application.

221 STEP1

The input of our design flow is an application described intzsst
of Matlab. It can be debugged easily and the functional ctmess
of the application can easily be verified. For the M-JPEG*liapp
tion, we started from a public domain JPEG codec implemiemtat
in C [20]. First, we extracted the encoder part from the impe-
tation and modified it to obtain the M-JPEG* application. Nexe
structured our M-JPEG* C-code as a set of routines (funsjitimat
are called by the Matlab code shown in Figure 3.

The Matlab program in Figure 3 is a convenient way to describe
the M-JPEG* application. Nonetheless, this program do¢saveal
the inherent task-level parallelism available in the M-GPElue to

5 for k = 1:1:1,
abl es, Huff Tabl es,
q abl esl nfo, EndOf Frane | = P2_| _Defaul t Tabl es();
en
10 for k = 1:1:Nunfranes,
[ Headerinfo ] = P1_I_Videolnlnit();
for j = 1:1: VNunBl ocks,
15 for i = 1:1: H\NunBl ocks,
[ Block(j,i) 1 = P1_l_Videol nMain();
end
end
20 for j = 1:1: VNunBl ocks
for i = 1:1:H\NunBl ocks, o
[ Block(j.i) ] = ( Block(j,i) );
end
25 end
for j = 1:1: VNunBl ocks,
for i = 1:1: H\NunBl ocks,
30 [ Block(j,i) 1 = Q Block(j,i), Qrables );
[ Packets, StatisticsB] = VLE( Block(j,i),
EndCf Fr ane,
Huf f Tabl es );
35
[ BitRate, StatisticsF, o
EndCf Fr ane = CrlF1( StatisticsB);
[ 1 = VideoCQut( HeaderlInfo, Tableslnfo,
40 Packet s
end
end
45 [ Qrable , HuffTables,
Tabl esl nfo ] =P2_|I _CrlF2( BitRate,
(Sg'gra'u sticsF,
abl es,
Huf f Tabl es,
50 Tabl esInfo );
51 end

Figure 3: Task-Level specification of the M-JPEG* applicaton
in Matlab.

the sequential nature of the program. Therefore, the fiegt Bt
our system design flow is to convert this sequential programan
executable parallel specification, in our case Kahn Pradessork
(KPN).

In general, deriving an executable KPN specification by Hand
an application is difficult and time consuming. Instead, elay on
the ComPAAN compiler to convert fully automatically the M-JPEG*
Matlab program into the KPN specification shown in Figure)4-a
COMPAAN generates a Kahn Process Network as C++ code using
the Y—chart Applications Programmers Interface (YAPI)][19n
YAPI, each process is modeled as a light-weight thread tbat-c
municates data with other threads (processes) via unbduré®©
channels. These channels are accessed using the prinmithzab
andwr i t e to read/write data from/to FIFO channels. Thead
primitive blocks the execution of a process, if the curremarmel
from which a process reads data is empty. Tieé t e primitive
is non-blocking. The blocking-read mechanism accomptishe
inter-process synchronization.

The P1, DCT, Q (Quantizer),VLE (Variable Length Encoding),
and VideoOut processes form the central data-flow processing of
the M-JPEG encoding algorithm. Ti@rIF1 andP2 processes take
care of the quantization and Huffman tables adaptation. GihEel
process receives statistics from WeE process for every incoming
block of the current frame that is processed. At the end ofrtimae,
CtrlF1 sends to proces®2 a global statistics for the frame as well
as the compression bit-rate. Based on the statistics arfitthate,

P2 computes and sends updated quantization and Huffman tables
process) and proces¥LE, respectively.

To obtain a specification that exploits distributed memailhshared
variables in the Matlab code shown in Figure 3 are replaced by



struct Block {
int Y1[64]; /* block 8x8 pixels */
int Y2[64]; /* block 8x8 pixels */
int U[64]; /* block 8x8 pixels */
int V[64]; /* block 8x8 pixels */

a) M-JPEG* network

HeaderInfo

TablesInfo

Figure 4: The hierarchical KPN for the M-JPEG* Application.

FIFO channels in the KPN shown in Figure 4-a). For example, th
shared variabl8| ock(j, i) is distributed over three FIFO chan-
nels calledBlock in Figure 4-a). The type of data communicated over
the FIFO channels is the same as the type of the shared \ewiabl
from which the channels originate. For instance, the typhefari-
ableBl ock(j, i) and the date communicated over the channels
with the nameBlock is the structure shown in the left-up corner of
Figure 4.

At the end of step 1 in our design flow, we have obtained an exe-

cutable specification of the M-JPEG* application as a KPNAPY
code. When the specification is executed, the YAPI code gener
ates statistics on computational and communicational lwackof
the application. Based on this information, we perform a nan
HW/SW partitioning of the application. We identify the mastm-
putational intensive process as a candidate we want to phaait
ware to speedup the computation. This is done in step 3 of/dters
design flow. For the Kahn Process Network shown in Figure tha)
most computational intensive proces®iST that performs the Dis-
crete Cosine Transform on every incoming block of pixelse Tdst
of the processes in the network will be implemented as soéaad
mapped onto the microprocessor.

222 STEP2

The processes selected to be put in software, need to exatute
the microprocessor of our target platform. For this purpaseuse
the YAPI multi-threading environment which is a light-whtgnulti-
threading environment. A standard C/C++ compiler is usezbto-
pile the YAPI code of the processes.

All the processes of the M-JPEG* KPN are mapped onto the mi-
croprocessor, except for tHECT process which is to be mapped on
the FPGA. To integrate the execution of the€T process on hard-
ware with the software processes on the microprocessor,al sm
piece of interface code needs to execute on the microprocEss
This code is given in Figure 5.

1 void DCT::main() {
for (int k=1; k <= Nunfranes;

t S k++) {
for (int j=1; j <= VNunBl ocks; | +%+)
for (int i=1; i <= H\NunBl ocks; i++) {

5 read(inPort, inBlock);
out Bl ock = DCT( inBlock );
write(outPort, outBlock);

}
10
1} !
Figure 5: Interface code in YAPI format to connect the Soft-
ware Processes with the Hardware implementation obCT.

In line 5 of the code, the YAPI primitive ead() is used to get
data from the input FIFO channel which is connected toDiod
process. The data read from this channel is stored in thahleri
i nBl ock. The type of this variable is the data structure shown in
the left-up corner of Figure 4. This structure consists ofr f8x 8-
pixel blocks. Two blocks for the luminance component (Y1 a2l
and two for the chrominance component (U and V). Similanyirie
7, the YAPI primitivewr i t e() is used to put data that is stored in
the variableout Bl ock to the output FIFO channel which is con-

nected to theCT process. The type of the varialdeit Bl ock is
the same as the type of the variableBl ock.

In line 6, the functiorDCT(') is called. This function executes a
Discrete Cosine Transform (DCT) task implemented as harelom
the FPGA component shown in Figure 1-b). First, the datadtor
the input argumernitnBl ock of theDCT() is uploaded to the mem-
ory BankO of theMemoryblock shown in Figure 1-b). This is done
via the PCI busand theHost Interface Next, theHW Designblock
executes the DCT task and stores the data in the memory BERK1.
nally, this data is downloaded from the memory Bank1 and net
in output argumendut Bl ock of function callDCT() in line 6.

2.2.3 STEP3

By performing a workload analysis, we identify a candidate-p
cess that is the most computational intensive process ota §iPN.
Typically, the code of such process is a nested loop progt@in Ve
want to implement this process as hardware running on theAFPG
in the HW Designblock of the target platform. For that purpose,
we have developed theAURA tool which generates synthesizable
VHDL code from a KPN specification. This VHDL code is suitable
for mapping onto FPGAs.

In our case, the candidate process isigd process of the KPN
in Figure 4-a). Initially, the candida®CT process is not specified
as a KPN. Using again @urAAN we derive a KPN for this pro-
cess. This KPN, shown in Figure 4-b), is a hierarchical stuooek
in the M-JPEG*. For this hierarchical subnetwork, we geteesgn-
thesizable VHDL. By creating the subnetwork, we exploit eneffi-
ciently the parallelism available inside tb&T process. Moreover,
we apply automatic type conversion as the hierarchicaltioptput
to/from theDCT subnetwork is data of typ@lock. Inside the subnet-
work, this is converted to streams of pixels (integers). Bywimg to
streams of pixels, we get more fine-grained communicatiahdan
be mapped more efficiently onto the FPGA. The type convelision
automatically handled by @uPAAN.

The generation of hardware for tbe€T process starts by convert-
ing the code in the function caldCT() in line 6 of Figure 5, into
a Kahn Process Network specification. This is done again by ou
compiler @MPAAN- step 3 in Figure 2. The code for tHRCT()
function call is described in Matlab as shown in Figure 6.

1 for k = 1:1: 4,
for jP': 1:1: 64, .
[ Pixel(k,j) ] = Source( inBlock );
end
5 end
for k =1:1: 4
if k <= 2,
10 for j = 1:1:64,
[ Pixel(k,j) ] = Preshift( Pixel(k,j) );
end
end
15 for jB= 1: 1: 64,
E | ock ] = P_| _Pixel sToBl ock( Pixel (k,j) );
en
{ Block ] = P I _2D dct( Block );
or IP': 1:1: 64, _
20 [ Pixel(k,j) 1 = P_lI_BlockToPi xel s( Bl ock );
end
end
25 for k = 1:1:4,
for j = 1:1:64, . ! .
[ outBlock ] = Sink( Pixel(k,j) );
end
29 end

Figure 6: Matlab code of theDCT Process.

The Kahn Process Network (KPN) generated byMPAAN that
corresponds to the Matlab code of theT is depicted in Figure 4-
b). It shows that this KPN is a subnetwork that implementsxa@
process in the M-JPEG* network. The subnetwork consisteof f
processes. Thgource and theSink processes serve as hierarchical



interfaces to the M-JPEG* network. Tis@urce process transforms
the incomingBlock data structures to pixels and distributes the pixels
corresponding to the luminance components toRtesShift process
for preprocessing, while the pixels corresponding to threwtinance
components go directly to the process. Thé process executes
a 2D-DCT transformation. Thsink process groups the stream of
pixels that comes out from ttfeprocess irBlock data structures.

2.24 STEP4

In step 4 of the design flow shown in Figure 2, our to@lurA
transforms the KPN specification generated in step 3 togeitie
predefined IP cores into synthesizable VHDL code. In our gotam
we provide to lAURA the KPN specification of theCT. The gen-
eration of the VHDL code for this KPN takes place in a number of
steps.

First, LAURA creates a platform independenthardware model (HM)
for the KPN of theDCT. The obtained hardware model is depicted
in Figure 7. It consists of four concurrent virtual processeP1,
VP2, VP3, andVP4 connected in a network that communicate data
with each other asynchronously via FIFO buffers. The togylof
the HM network is the same as the topology of the input KPN show
in Figure 4-b), as LUuRrA performs a one-to-one mapping. The vir-
tual processor¥P1, VP2, VP3, andVP4 implement the processes
Source, PreShift, P, andSink, respectively.

Figure 7: The LAURA hardware model of theDCT subnetwork.

In the second step inAURA, the hardware model is annotated
with additional information about the target platform. 3hs in-
formation about IP cores that are used in the virtual praossshe
bit-width of the communicated data, and the type of this datso,
the size of the hardware FIFO buffers is specified. Furthegrtbe
notion of a clock event is taken into consideration.

In the last step in BURA, synthesizable VHDL code is generated
that describes the annotated hardware model (HM). We hapieim
mented in lAURA a software procedure calledHDL Visitor that
generates for each hardware component the correct VHDlagynt
By simply implementing otheVisitor procedures, we can generate
code in other formats, for example, Verilog or SystemC.

2.25 STEPS

In the last step of our design flow, we use commercial tools to
synthesize and map the VHDL code, generated in step 4, oato th
FPGA shown in Figure 1-b). For the synthesis, we used theliSinp
fyPro tool [21] of Synplicity, Inc. For the placement and tiog and
for the generation of the configuration file for the FPGA, wedis
the ISE Foundation package [22] provided by Xilinx.

3. EXPERIMENTS AND RESULTS

In this section, we present some of the results we have @ztain
by mapping the M-JPEG* application onto the target platfoising
our system design flow presented in Section 2.

The input to our system design flow was an application desdrib
in a subset of Matlab. We started with publicly availableiusagial

Since the model of computation of Matlab and C is the same, you
can read "C” every time we speak about Matlab.

The writing of the Matlab code took four days together with th
functional testing and debugging. After this preparati@mkywhich
is a one-timeeffort only, we started with the mapping of the M-
JPEG* application using our system design flow.

Our first experiment was to measure how much time it takes to
map the M-JPEG* application onto the target platform using o
system design flow. Table 1 shows the processing times fay eve
step in the flow. The last column shows the time needed foryever

Table 1: Processing Times (hh:mm:ss).

COMPAAN LAURA Other tools | Manually Total
STEP 1 00:00:22 - - 00:30:00 | 00:30:22
STEP 2 - - 00:00:35 - 00:00:35
STEP 3| 00:00:08 - — - 00:00:08
STEP 4 - 00:00:07 - 03:00:00 | 03:00:07
STEP 5 - - 00:13:10 - 00:13:10
Overall 00:00:30 | 00:00:07 00:13:45 03:30:00 | 03:44:22

step to finish. The overall time of the whole design flow for ke
JPEG* experiment is around 3 hours and 45 minutes. The column
Manually indicates that we had to do some manual manipulations.
For example, at the end of STEP 1, we had to do a manual HW/SW
partitioning that took 30 minutes. In STEP 4, we had to dowadlo
from Internet, modify and add some IP cores to our libraryarhe
ponents, which took 3 hours. However, once the IP cores atein
library any manual manipulations in STEP 4 will disappear.

The results show that the mapping of the M-JPEG* application
onto the target platform is done in a short amount of time -va fe
hours. The main reason is the great time performance of als to
ComPAAN and LAURA. CoMPAAN derives fully automatically a
KPN for the M-JPEG in less than a minute after the 4-day prepa-
ration work described above. For comparison, a KPN for tieesa
M-JPEG encoder was derived by hand in [23] that took four week
LAuRA converts fully automatically the KPN of thBCT process
in synthesizable VHDL code in a few seconds. For compariaon,
hand-made design of this KPN in VHDL will take several days.

In the second experiment, we use our design flow to evaluate th
performance of the Kahn Process Network of i&r mapped onto
the FPGA. We measured the time needed for the FPGA implemen-
tation to process a single datum of typick. It took 35 micro
seconds at clock frequency of 40MHz. In contrast, the exaecwutf
theDCT process running as a program on the microprocessor (clock
frequency 1.2GHz) took 98 micro seconds. We conclude, teaat
a speedup of 2.8 on the FPGA. We can even improve the speedup by
using high-level transformations of theAWTRANSFORM[24] tool-
box in STEP 3 (Figure 2). By performing unfolding (unrolljrgnd
skewing (re-timing) transformations, we expect to obtaspaedup
of up to 10.

The mapping of the KPN of thBCT is efficient in terms of re-
source usage. Table 2 shows the FPGA resource utilizatiohe T

Table 2: DCT KPN on Virtexll 2V6000: Device utilization

FPGA resource Utilization %

Number of MULT18X18s 8 out of 144 5%
Number of RAMB16s 4 out of 144 2%
Number of SLICEs 2367 out of 33792 7%
Number of BUFGMUXs 2 out of 16 12%

C code of a JPEG codec. This code was modified and structured bynumbers in the table show that on average only 7% of the FPGA re

hand to meet the subset of Matlab that our design flow accepts a
to match the features of the M-JPEG* application. The onhsom
we used Matlab is becauseo®PAAN uses a simple Matlab parser.

sources are used — 6% is taken by the IP cores and only 1% is take
by the FIFOs and the distributed control generated hyrA to in-
tegrate these IP cores in the KPN of (€T process. This suggests



that we can map on the FPGA not only tb€T process but also
other processes of the M-JPEG* network shown in Figure 4-a).

In the final experiment we measured the performance of the com
plete system: the M-JPEG* Kahn Process Network running en th
target platform. We looked at tharoughputof this system, mea-
sured inframes per second~or frames in CIF format of 128128
pixels, the throughput of the system is 10.5 frames per skcbis
is below the standard minimum real-time throughput of 25€&dmes
per second. We found that the problem is not in the output of ou
design flow, but in the slow communication of data betweemihe
croprocessor and the FPGA. The bottleneck is the 32-bithwRdtI
bus operating at 33MHz. By switching the PCI bus to 64-bita at
frequency of 66MHz, we can increase the communication spped
proximately 4 times. As a consequence, the system shoulthlbe a
to process 25 frames per second in CIF format ofX1288 pixels.

4. CONCLUSIONS

This paper presents a system design flow in which an appicati
written in a subset of Matlab is mapped onto a target platfoom-
posed of a CPU and an FPGA in a systematic and automated way.
The novelty in this flow is that the CPU and the FPGA run concur-
rently, thereby exploiting efficiently task-level parditen. Central
to the flow is the use of the Kahn Process Network model of com-
putation. This model inherently expresses applicationtgiims of
distributed control and memory. This is required to get ditieht
mapping onto the CPU and the FPGA. In realizing the flow, weshav
developed and used theo®PAAN and LAURA tools. These tools
allow us to quickly go from an application specification in tlaé to
an implementation of the application running on the tardgetf@rm.

The hardware mapping shows thasURA is capable of generating
efficient implementations of KPNs. In conclusion, the us€oiv-
PAAN and LAURA (that are still subject to further research) together
with other tools results in an efficient design flow for sysédhrat ex-
ecute high-performance real-time signal processing arldmedia
applications.

In this paper, we have demonstrated our system design flow by
mapping the M-JPEG* application onto a platform that cossid
a CPU and an FPGA. However, our flow is general enough to be
used for a systematic mapping of applications onto multipRiJs
and FPGAs. The main reason for this is the Kahn Process Nietwor
(KPN) model of computation used in our flow. As the control and
memory are distributed in a KPN, no global scheduler is néede

Hence, partitioning a KPN over a number of CPUs and FPGAs can [16]

easily be done.

Although we used in our system design flow a standard C++ com-
piler, a simple research multi-threading environment, arsimple
target platform, the obtained results are already promisiBven
better results should be achievable when employing, fomgka,
more optimized and robust commercial solutions.
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