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Abstract—Parallel platforms are becoming predominant in provided by the hardware. Unfortunately, tools for effectively

the embedded systems space due to a variety of factors. Theseransforming sequential software into concurrent software do
platforms can deliver high peak performance if they can be ..+ avist.

rogrammed effectively. However, current sequential software . . . .
Fd)esgi]gn techniques as well as the Single ?:’rogram Muliple  The hypothesis of this research is that appropriate concur-

Data (SPMD) programming models often used in the High rent programming models must be developed to effectively
Performance Computing (HPC) domain are insufficient. In this utilize future multi-core embedded platforms. In this paper,
report, we experiment with a dataflow programming model for we concentrate on experimenting with a dataflow model
multimedia embedded systems. By applying this programming o myltimedia applications. We show that the choice of
model to a common application and embedded platform, we get thi licati del all t ickl te feasibl

a better idea of the implementation challenges for this class of | IS app |Ca.|0n mo .e a.ows U,S, 0 quickly create ez‘;}S| e
systems. implementations while still retaining a clear path to higher

performance implementations.

. INTRODUCTION II. EMBEDDED SYSTEMS vS. HPC

In the past, th? p_rogramming of concurrent systems Was arpe ype domain differs in several ways from the embedded
challenge primarily limited to the HPC domain. Today, highl

. 4 ¥ystems domain. In this section, these differences will be

concurrent programmable platforms are becoming mdespreﬁl hlighted according to several different categories.
in the embedded systems domain as well, and due to th
unique verification and synthesis requirements for this domain,
the programming challenges are significant. A. Platforms

With the continuing availability of additional transistors As compared to HPC systems, embedded systems platforms
at every process generation, designers have a choice whawe a number of unique characteristics.
migrating their designs. The first option is to leave the designFirst, the balance between computation and communication
functionality unchanged and take advantage of the benefigscurrently much better in embedded systems than in HPC.
of smaller dies in the subsequent process generation. ThisSiace the multiple cores in embedded systems are on the
by far the easiest option. Unfortunately, it is not practicadame chip, access to memory resources is relatively faster.
in many instances since the system requirements routin&lynbedded applications typically have stringent cost or power
increase along with the availability of additional transistors.requirements that prevents the use of large memories. The

The second alternative is to redo the hardware desigame requirements also prevents the use of very high fre-
to support the additional functionality by building a morejuency cores. The practical consequence is that the amount
complex gate level netlist. For instance, a 32-bit RISC core cah computation needed to justify a communication operation
be enhanced with better branch prediction or a re-pipelinedmuch lower in embedded systems. Of course, the trend is
to achieve a higher frequency to offer higher performancthat communication will become relatively more expensive in
This approach was taken in the past and allowed softwates future.
to remain unchanged across process generations. Howevelm HPC, the programming model is usually SPMD, where a
there are two main problems that have emerged with thisigle program is distributed to multiple processing elements.
approach. First, the design effort involved in verifying thén embedded systems, a MPMD paradigm exists, where cer-
new design is substantially more than in the past due t@in components of the overall computation are assigned to
increase in design complexity, manufacturing variation argpecialized processing elements. The verification challenges
other nanometer fabrication issues. The second problem is timerease when the original code is fragmented and distributed.
power consumption vastly increases when trying to run moreUnlike general purpose processors in HPC, each embedded
transistors at greater frequencies. processor can have different functional units that can better

The third alternative is to abandon the uniprocessor paexecute certain instructions. As an example, without a barrel
digm and place multiple general purpose or specialized comgsfter in an uBlaze, multiply can be performed faster than
on chip. This has the advantages of easing the hardwarshift. The designer not only has to carefully tune the code
design and integration issues. However, the sequential softwer@rder to achieve performance but must choose or optimize
paradigm is no longer valid. The onus is placed on the soffie type of functional units available in each of the uBlazes
ware developer to effectively utilize the additional parallelisras shown in Figure 1. An easy solution is to instantiate all



PROCESSOR for uniprocessor code, the inner loop optimization is one of the
MOM  Fast Simplex Links (FSL) key to achieving high performance by keeping the functional
units operating at peak utilization. The user has to be highly
knowledgeable and give as many hints to the compiler as
possible to get decent performance. The situation is only
worse in multiprocessor systems where communication has to
be taken into account. In the embedded domain, compilers
are lightweight and typically implement only a fraction of
commonly applied optimizations. In addition, the paucity of
instruction memory on embedded processors implies that some
optimizations may not be feasible. For instance, a uBlaze soft
processor can support from 4 KB to 64 KB of RAM for both
instruction and data. So the designer must be careful in using
scarce resources for optimal performance.

dgjleluod sng Ben

C. Systems

The primary focus of HPC systems is simulation or offline
Fig. 1. MicroBlaze Soft Processor Block Diagram [1] data analysis. Neither of these needs to be carried out in real
time. Instead, the objective is to complete the simulation or

analysis run as quickly as possible. Therefore, the design of

?r]\{allﬁble flijr)ctmtn_al um:s fo;heach Otf) the fubtl)?zes. ::]O\I'Vev‘:"jlgese systems concentrates on average-case performance. By
IS has a direct impact on the number of ublazes that co ploiting spatial and temporal locality in the applications, the

be instantiated on the same FPGA. P/stem will complete runs quicker on average. In the worst

S . . . .S

Tfhe deswefln ertrrl]beddelt_j st)_/sterr;s s to obtain prfedmtalggse, the simulation or analysis may take substantially longer,
performance Irom the applicalion. Average case pertorma these occurrences are relatively rare and not considered in
is not as important as worst-case performance. TherefO{ﬁze design phase

embedded platforms typically do not have complex memory By definition, the systems we are considering are embedded

hierarchies seen in HPC nodes. Another reason to avoid COf'the environment around them, they must function according

plex pipelines and memory hierarchies is power consumpthg. the latency, throughput, energy and power characteristics

Typically, the worst-case joules per instruction value Cannfﬁat the environment features. This implies that in order to

be';i?plzov?: ?3’ rrnakmr? :aar?h [Jirocisi(r)]r :norre cc\)N?plrex. i ensure that an embedded system will function correctly in
ally, memory cohereéncy 1S another area where dilielr environment, certain worst-case requirements need to be

ences eX|s_t betw_een HPC a_md_embedded design. _S|gn|f|cr% E The design process must ensure that for all inputs, the
overhead is required to maintain coherency over dlstnbutg stem will meet these worst-case requirements. In order to

n}elmory. In HPCE. (;,oherency |sEus§d d(tjo dexpa:]d thf rea | iciently carry out this type of analysis, embedded systems
of legacy sequential programs. Embedded Systems typic sign focuses on restricted programming models, or models

can .not a_lfford su.ch oyerhead. E.m bedded applications in t computation, that can be verified with respect to the
multimedia domain typically require only a small data work-

set at any given time, distributed fast memories are ca ablergguirements.
; y9 P P Another difference between HPC and the embedded systems
implementing the applications, but are harder to program.

domain has to do with the market for these systems. The
o users of HPC systems typically want to carry out cutting-
B. Applications edge science. Typically, the cost, resources, and infrastructure

Application development in embedded systems has typicatigguired to maintain a high-performance computing facility
been carried out either in assembly language or low-level @ake it a viable option only for governmental or large
Object orientation and memory allocation/deallocation hawaEademic institutions, but relatively few industrial customers.
typically not been used due to the overhead. Unfortunatelyen when HPC is used in industrial contexts, it is used in
this means that software reuse is typically difficult, especialthe back-end to carry out offline activities. Applications for
for larger designs. With concurrent designs, this problem flsese HPC platforms are usually written by scientists, not by
exacerbated. programmers. Therefore, there is an effort made to provide

Since verification is important component of the embeddedhd support appropriate programming models (MPI, OpenMP,
design process, the code that is deployed on these syst&tigeads, etc) so that applications can better exploit a larger
needs to be analyzed for correctness. Even if code snippiegction of the peak capacity. Also, the application codes that
are verified manually, their composition on a multiprocessoun on HPC platforms are usually long-lasting, having been
implementation is still difficult to verify. developed relatively slowly over a period of years.

Experience in HPC shows that performance is directly re-In the embedded systems domain, the situation is very
lated to the quality of the code generated with many optimizdifferent. Typically, embedded systems development is carried
tions not performed by even high-power compilers today. Evenit in an industrial setting by a wide variety of companies. Due
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to time-to-market pressures, there is typically no particul:

methodology applied to embedded software development, il : — ?

simply the usage and adaptation of existing low-level cod . LI e Il I et }—' Encee }__'4:]
Assembly and C are the predominant development languac ‘ ‘

any layers on top of these do not enjoy widespread acceptar imags ous | Taba I 1 Table J plskinrweg
This approach is no longer sustainable with highly parall..

platforms.

Fig. 2. JPEG encoder block diagram

IIl. CONTRIBUTIONS

The main contributions of this research are the performance-Dataflow process networks are a special case of Kahn
oriented characterization of the Virtex Il Pro FPGA platforniProcess Networks where the execution of processes can be

and the development of a lightweight environment for dataflodivided into a series of atomic firings [2]. This MoC in
application modeling. general suffers from the same undecidability as Kahn Process

Networks [7]. In static dataflow [8], the number of tokens
produced and consumed for each firing is statically fixed. Due
) - ) . to this restriction, aspects such as scheduling and buffer size
~ One of the main contributions of this work is the charactegan pe computed statically and efficiently. The key limitation
ization of a uBlaze soft processor and FIFO-based platforya.that data-dependent behavior is difficult to express. This lim-
The characterization relates to the inter-processor communigarion makes this MoC unsuitable for many practical applica-
tion and the computation cost on each uBlaze. The relationskighs. Related work including Cyclo-static Dataflow [9], Het-
petween Iogi'c utilization, FIFO _depth, and FIFO_latenChérochronous Dataflow [10], and Parameterized Dataflow [11]
is the most important relationship for communication. Fofitempt to extend static dataflow but retain decidability by

computation, the inclusion of specialized uBlaze resourcggowing structured data-dependent behavior.
such as barrel shifters and multipliers, and their influence on

runtime of code as well as logic utilization was understood.

A. Performance Analysis of Platform

V. APPLICATION AND PLATFORM

B. Pthreads Dataflow Modeling In this Section, the JPEG encoder application and the Xilinx

The datraflow [2] paradigm is effective for distributedvmex Il FPGA platform will be described.

data-streaming applications. Unfortunately, existing software

frameworks that can help model dataflow applications such &s JPEG encoder

Ptolemy 1 [3] and Metropolis [4] are typically heavyweight 1o 3pEG encoder [12] application, Figure 2, is required
and not swt_ed for quick m!gratlon to embedded processorsy, many types of systems, from digital cameras to high-end
_The requirement for a lightweight dataflow modeling enscanners The application compresses raw image data in 4:4:4

vironment allows a program with multiple processes 10 Bg,at as per the JPEG standard and emits a compressed

specified in C-language code that can dlrect]y be 'mplem?ntﬁﬁ’stream. This application was chosen since it is relatively
on the target processor. Pthreads [5] provides the ability {3,016 vet is a representative component of a wide class of

In the preprocessing step, the raw RGB image data is first

converted into YUV format, which represents the image as
IV. DATAFLOW a set of luminance, blue chrominance and red chrominance

In this section, the programming model chosen for this casemponents. This is advantageous for compression since the
study — dataflow — along with the related Process Networksman eye is more sensitive to luminance than either of the
model, will be described in further detail. chrominance components. The chrominance components can

Kahn Process Networks [6] is a model of computatiotherefore be compressed further than the luminance compo-
where concurrent processes communicate with each othent.
through point-to-point one-way FIFOs. Read actions from Next, each of the three components is converted into 8x8
these FIFOs block until at least one data item (or tokebjJocks and processed independently. First, each 8x8 block
becomes available. The FIFOs have unbounded size, so wpgsses through a forward DCT block, which converts the
actions are non-blocking. Reads from the FIFOs are destrgpatial data in the block into frequency data. This step in
tive, which means that a token can only be read once. Ttiee flow does not result in the loss of any information,
appealing characteristic of the KPN model of computatidpesides round-off errors. Next, the DCT outputs are quantized,
is that execution is deterministic and independent of process divided, by coefficients from a user-defined table. The
interleaving. Also, this model of computation (MoC) allowgjuantization step is the fundamental information-losing step
natural description of applications since it places relatively fein the compression process and attempts to reduce many of
requirements on the designer other than blocking reads. the higher DCT frequency coefficients to zeros.



Then, run-length encoding and Huffman encoding are car-On the FPGA platform, to realize and measure a multi-
ried out on the quantized coefficients to reduce the numlggocessor configuration, we instantiate a multi-processor topol-
of bits needed to represent them. The Huffman compressiogy with uBlaze, FSL, OPB, UART and timer peripherals,
tables are hard-coded and supplied by the user. The JPEGifitplement and debug required application on the system, and
consists of the user-supplied tables and the compressed imagguire the necessary statistics to point to possible modifica-

bitstream. tions.
In instantiating multi-processor topologies, the size of a
B. Xilinx Platform multi-processor configuration is not a direct indication of

complexity of realization. A 9 uBlaze 3x3 torus configuration

P Th;céi\li/r;xsg/lltflodis a ge(\j/slodpment boa:rd fg;_? Virtex'”takes only 83 minutes to place and route, where as an 8 uBlaze
ro -based embedde system. In addition to m 8nfiguration in a four stage pipeline with three uBlaze’s in
than 30,000 logic cells, over 2,400 Kb of BRAM, and du

lable in th i arallel in the 2nd/3rd stage takes 1,291 minutes to place and
PPCA05 processors available in the FPGA, ML310 provi Gute. The efficiency of realizing a regular configuration on

onboard Ethernet MAC/PHY, DDR, memory, multiple PCkhe FPGA fabric prompted us to use a regular torus structure
slots, and _standard PC I/O ports within an ATX f_orm facto1r r functional debugging, and later pruning these structures to
board. An mtegrate(_j System ACE CF contr_olle_r is deployedyo ialized topologies for the area related objective evaluation.
to perform board bring-up and to load applications from t ote, using the 9 uBlaze 3x3 torus to implement an 8 uBlaze
included 512MB Compact_FIash card. configuration is not without penalties. To accommodate all
The programmable logic cells on the FPGA can be USGHks in a torus structure, global routes through these platforms

to implement uBlaze soft processor cores, which can be CoR y compromise system performance. One such example is

nected using a variety of communication channels. Ch0|cesi ?trated in section VIII.

communication channels include system peripheral buses an he Xilinx uBlaze debugging interface we utilized requires
hardware FIFOs such as the Fast Simplex Links (FSL), whi(ép

di s h | qf hi gport for each uBlaze as well as an UART device on the On-
are |rect. communication channels to and from architecturg ip Peripheral Bus (OPB) to pass any output to the serial port.
registers in the soft processors.

H | it sof , In a multi-uBlaze implementation, such debugging interface
The uBlaze 32-bit soft processor is a standard RISC-basgd, e significant limitations on what can be observed on the

engine with a 32 register by 32 bit LUT RAM-based Registelo ja| port. Since access to the UART is arbitrated on a byte-

File, with separate ins_tructions for data and memory aCCef§: hyte hasis, multiple output UART requests from uBlaze's
It supports both on-chip BlockRAM and/or external memoryy, e s will render a set of outputs unintelligible.

All peripherals including the memory controller, UART and 5, arbiter can be implemented to grant access to each

the interrupt controller run off of the On-chip Peripheral gia;e as it requests usage of the output bus. However,

Bus (OPB). Additional processor performance is achieved Ry oy mechanisms induce significant overhead in resources and
utilizing fast hardware divide and hardware multiply Capab'“t}ﬂerformance, a simplified version also limits the scalability

associated with the dedicated 18 bit x 18 bit multiplier blockyc 1o sojytion. Instead, we leverage the ease of functional
The uBlaze requires 950 logic cglls on the Virtex-II Prodebugging in the Pthreads environment and map a set of
and supports a variety of communication channels such @ tionally correct partitions one-to-one to a topology in
OPB and Fast Simplex Link(FSL). The FSL has its oWfigjaze's and FSLs. Then, only minor checking is required
interface with the architectural registers, which bypasses tgﬁ the FPGA, and it can be performed on one uBlaze at a
slower memory controllers and the OPB. There can be up e 1o avoid conflicts on the OPB. Thus, in implementing the

8 input and 8 output FSLs per uBlaze, each of which can bgy ireq application, the Pthreads code is mapped directly to
considered an unidirectional FIFO. the multi-processor configuration after functional verification

has taken place.
VI. DESIGN SPACE EXPLORATION The performance of the design is measured by checking a

For design space exploration (DSE), we start from a feasibfdinx Timer instance on the OPB. The timer increments at
point within the design space, and move to “nearby” (incréhe input clock rate, making it effectively a free-running cycle
mental changes) feasible points such that each move resultsannter. Multiple requests to the timer on the OPB are not
a better objective value. At the end, we may be trapped inagbitrated, so only one uBlaze can be timed in any given run.
local minimum, which may or may not be the global minimumin acquiring the necessary statistics, timer access from a ublaze
Since we do not have a pre-existing characterization of tHyough the OPB requires approximately 40 cycles of overhead
design space, we can't apply a global optimization techniquggr access. Since timing statistics are measured in 100,000
but this initial exercise will allow us to capture the features afycle range, this overhead is negligible. Analyzing relative
the design space for future automation. performance of different partitions will point to bottlenecks

DSE involves re-partitioning the design to exploiting actoih the implementation, where parallelized tasks may require
level parallelism in the application while maintaining funcbalancing, or additional parallelism may be required.
tional correctness. The re-partition should result in an im-
provement in the objective value. Realizing this approach VII. TRAVERSAL OF DESIGN SPACE
on an embedded platform requires the ability to debug andThe objective for this case study is to optimize JEPG
characterize a design effectively. performance of one encoding stream within the area budget



a lot of wasted cycles. Overhead is reduced by unrolling loops
in the critical stages to increase performance. The loops in the
non-critical stages should remain unchanged to maintain code
density. The uBlaze’s in critical stages are also fitted with
accelerators such as barrel shifters to boost performance.

When the area occupied by the design comes too close to
the capacity of the FPGA, system performance is lost due to
congestion.

Fig. 3. Sequence of topologies experimented with in design space exploration
VIII. EXPERIMENTAL RESULTS

For the JPEG application, the quantization and huffman

of the 2VP30 chip. The baseline design is a single uBlaze if@Ples were provided according to the reference implemen-

plementation, where the entire algorithm is implemented onf&ion of the standard. The test image in raw RGB format was
reloaded onto the FPGA, and the result was written out to

single processor with appropriate instruction and data memoy®

The topologies traversed from this initial implementation af®€mory- o

summarized in Figure 3. The logic slice usage on the FPGA, timing and performance
There are two natural ways to parallelize the JPEG algBUmbers are presented in Table I.

rithm, one based on pipelining the processing steps as shown

in Figure 3a, the other based on independent processing of

each channel as shown in Figure 3(b). Analysis of Figures

TABLE |
EXPERIMENTAL RESULTS

3(a) and 3(b) indicates that the time taken for each part of[ Topologies | Area” CIk* CIk’ Cycle Performancd
the algorithm differs drastically. The blocking read and write | Single mB | 10% 100 ~ 100 595525 1

X h i h q h hout @ 4 mB 26% 100 100 291,470 2.04
semantic on the FIFOs self-times the steady state throughput ) 5 mg 320 100 100 224,506 265
to the worst case execution time of all pipeline stages. In the| (c) 8 m+4 64%  73.8 100 112,093 5.31
case of implementation (b), the bottleneck stages are level-shift_(d) 12mB® | 76% 823 100 62,084 9.59
and DCT. I Percentage slices used in a Xilinx 2VP30 FPGA

. . ._. 2 MHz achieved with global debugging bus
Implementation (b) improves the throughput by recognizingy, i, achieved with only point to point communication channels

that large portions of the three channels in each MCU can b@ynplemented on top of 9 mB torus
processed in parallel. By working on all the processing stepgxtended from 9 mB torus
of each channel, we evenly divide up the work into three parts,
thus reducing by a factor of three the average execution timeThe uBlaze is a modular building block that is capable of
for the processes. The bottleneck in implementation (b) is fatning at 122Mhz individually. When building a system of
the Huffman stage, where run length encoding and Huffmamany uBlazes, OPBs and FSL are used as communication
encoding are done serially for the three channels. The reastannels between the uBlazes. We observe that the overall sys-
for this serialization is the usage of a simplified version of thiem performance is highly dependent on the communication
compression code to transform a fixed length character streahannel implementation. In the implementations where we link
into a variable length bit stream. uBlazes (up to 6) with an OPB bus to the RS232 debugging
In (c), run length encoding and Huffman encoding are sefterface and timer(Ctk column in Table 1), the global bus
arated out into three concurrent stages, one for each chanflerades system performance significantly for larger designs.
This operation eliminates the bottleneck in the pipeline, but One may note that in row (c) and (d) of Table I, performance
adds the overhead of managing the convergence of three veldes not degrade monotonically with respect to logic slice
able length bit stream in the final write stage. The bottlenetisage for designs with a global debugging bus. This is a seri-
is then shifted to the level-shift, DCT and quantization stageus concern for system level design space exploration as the
In (d), the bottleneck in (c) is separated into two stages, thperformance of FPGA implementations is heavily dependent
level-shift/DCT, and the quantization stage. This alone witin placement and route and overall architecture.
shift the bottleneck to the first stage - the color conversion For debugging the design, the OPB is used to monitor
stage. The color conversion is responsible for producing thariables on one uBlaze at a time. After the debugging process
three parallel channels for the rest of the algorithm to woik complete, the application only requires point to point links
on, and needs to supply all three pipelines. However, thdrmeoperate and the OPB is no longer required for all but one
is exploitable parallelism among the MCUs to be convertedBlaze to monitor performance. As seen in (§licolumn
The color conversion process is distributed over two uBlazes, Table I, The system can operate at 100MHz with the
each of which communicate with all three color channels. Ti@PB restricted to serving only one uBlaze, thus the system
bottleneck is then shifted back to the level-shift/DCT stagpgrformance bottleneck is removed.
with all stages being roughly balanced. The relative efficiency graph in Figure 4 shows the perfor-
Throughout this exploration procedure, to obtain finer graimance achieved vs. FPGA fabric utilization for the different
parallelism, the code was optimized with respect to the uBlatgpologies. The key message from this data is that effective
it was being executed on. Loop overhead in tight loops causese of the available chip area has a substantial impact on total



then having large input or output FIFOs will prevent the
variation from causing upstream and downstream processors
to block. However, no FIFO size can overcome the effects of
an imbalanced pipeline. Ideally, analysis of the dataflow graph
should be able to identify minimum lengths on the FIFOs to
avoid deadlock whereas simulation should help identify the
extent of data-dependent computation in each stage.

Relative Efficiency in Performance vs Area Utilized

O = N W OO N ® OO

(d)

(c)

Normalized Performance

¢
1 Baseline ————4@—— (b)

X. FUTURE WORK

This research opens up a number of avenues for future
research. First, automated synthesis techniques can be applied
to automate the design space exploration process. Second,
additional capabilities of the FPGA platform can be utilized
in an effort to improve overall performance.

If certain restrictions are placed on the communication
patterns of the actors in the dataflow diagram, then design
properties such as the amount of FIFO memory needed and
the schedules on individual processors can be statically deter-
mined.

The Virtex Il FPGA platform has several other components
that were not utilized in this work. For instance, the PowerPC

6 7
Normalized Area

Fig. 4. Relative area-performance efficiency of various topologies

Busy time in
10005 cycles

Overall Cycle time
1

_ide time.

Busy time |:|
[ |

Multiple PE
executing
cancurrently

=D
Baseline (a) (b) () (d) cores offer four times the performance of the uBlaze’s with-
out any additional area penalty. Also, bus-based interconnect
Fig. 5. Runtime analysis of various topologies

structures are available on this platform. Additional cores such

as the picoBlaze soft processor are also available. These cores

se a small fraction of the area required for a uBlaze, but
€ o 1 . . .

are 8-bit and have substantially lower processing capabilities.

&Ynally, we would like to better characterize the performance

(d). ) _ _
The efficiency for topologies (a) and (b) is compromiseaf our |mplemeqtat|ons on the platform by looking at the
ower consumption.

by an imbalance in the pipeline, as illustrated in Figure 5. r‘%
this figure, the balancing of the pipeline stages for each of the
different topologies is detailed by showing the busy and idl A
times for each processor. The total number of cycles takenT
process the image is also shown.

performance. Super-linear speed up was achieved when
system overhead is amortized over 12 uBlazes in topolo
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