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Abstract

The Cell Broadband Engine platform is a heterogeneous, lais¢d memory multiprocessor
architecture consists of a Power Processor Unit (PPU) amttaeSynergistic Processor Element
(SPE). The Cell platform supports pipeline parallellism mgkit very suitable for mapping
streaming application. The Synergistic Processor Elennepiemented in the Cell is a single-
threaded processor and is limited to execute only a single tdhis thesis present a model
for mapping stream-processing applications on the Cell al suway that it provides facilities
to map multiple tasks on a Synergistic Processor ElemerteofCell processor. The model is
designed in the context of the SBF data ow model. Using the d&t rather then a thread model
we are able to map multiple tasks on an SPE.
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Chapter

Introduction

Heterogeneous multi-processor architectures are ofteriomed as the hardware platform to be
used in modern electronics systems. They are composed ahhiration of processor cores
of varying type and offers good potential for computatioebtiency for many applications.
Although providing high performance, such architectuiads new design challenges as well as
increased complexity in developing software for thesefpiats.

Writing ef cient parallel applications that utilize the cquating capability of many process-
ing cores may be even more challenging. Manually derivinglfgl code from a sequential
program is very dif cult. It is a very error prone and time @uming process. Another ap-
proach is required to increase programmer productivity. Qiansupport is needed to generate
multithreaded parallel code from a single threaded seplgmmbgram.

The Cell Broadband Engine (Cell BE) [1] is such a heterogeneolts-caue processor com-
prised of control-intensive processor and compute-ingersSIMD processor cores, each with its
own distinguishing features. To get the most out of the Cetisadible computational capability,
it is necessary for each programmer to consider the diftm®between the two processor cores
and utilize them appropriately in a way to suit the intendppliaation.

Streaming application are suitable to execute on the Cefigpia because of it's platform
characteristics. It can chain its compute-intensive psgaecores together to perform streaming
operations in a sequence. For example, an processor coledata from an input into it's local
store, performs the processing step and stores the resultsriocal store. The second processor
reads the output from the rst processor local store and gsses it and stores it in it's output
area. Streaming applications have become increasinglgriisapt and widespread. Examples of
streaming applications include Internet audio and videsashing, automatic target recognition
(ATR) found in radar digital signal processor (DSP) systeStseaming applications operate on
a continuous stream of data and are usually compute-iven$he Cell architecture increases
the performance of streaming applications by introduciygiesm-level parallelism as oppose to
instruction level parallelism. It exhibit system-levelrgkelism by using a CPU and multiple
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12 Chapter 1. Introduction

COprocessors.

The aim of this thesis project is to build a design environtrfen mapping stream-based
application on the Cell architecture, with the focus on magpnultiple tasks on the very high
performance processors of the Cell, called SPE. The maiivdtr exploiting the SPEs capa-
bality is that the Cell may get close to it's theoretical masim performance when the SPEs
processors compute heavy streaming applications. Forim@gpreaming applications on the
Cell we need a model that ts well into it's platform speci ¢gah. We used the Kahn Process
Network (KPN) Model of Computation, which is a widely used mabtb specify task level par-
allelism in streaming application. Since the KPN model i$i@ad based model and an SPE
is a single threaded processor, using the KPN model, we canomiy a single task on a SPE.
To be able to map multiple tasks on a single threaded SPE, aetodranslate the KPN into a
data ow model. We use the SBF model [8] to express processaslata ow format. Using the
data ow model speci cation, we are able to map mutiple tasksan SPE.

This thesis offers the following research contributions:

A new model of computation to express streaming applicatiora data ow format. This
model offers the possibility to execute multiple processes single threaded processor
by exploiting the data ow concept as opposed to the threantept.

Showed that we can use SBF model to realize SCO concept.

The design and implementation of a fully automated tool faiently mapping streaming
applications in SCO format onto the Cell architecture.

The rest of the thesis is organized as follows. Section 2rieescthe problem we are inves-
tigating in this thesis project. Section 3 shows other apgnes that are mainly related to our
work. In Section 4 we brie y explain our approach to map singay applications on the Cell
architecture and give an in-depth example in Section 5. kaenple shows the steps required
to translate a process from KPN format into SCO format andyréade mapped on the Cell
architecture. Section 6 shows some experiments and rdsulise M-JPEG application using
different mappings. Finally, we conclude the thesis in Bect.



Chapter

Problem description

Cell technology has been developed as a solution to the neadyfeer performance. The Cell is
a heterogeneous multi-core processor comprised of oneotantensive processor core (PPE)
and eight compute-intensive processor cores (SPEs) gatifferent functions. A picture of the
Cell is shown in Fig. 5.1. A high-speed bus called the Elemetartonnect Bus (EIB) is used
for connecting these processor cores within the Cell. ThedidB provides connections to main
memory and external I/0O devices, making it possible for pssor cores to access data from var-
ious sources. The PPE shares program processing with the $R&gram processing is further
shared among the SPEs that perform Single Instruction Melata (SIMD) calculations to
maximize the Cells computational performance.

SPE SPE SPE

| SPE

| I
{| ppe | [Grapnics
1 e 4—;-)' Device
= -1 EIB '
] | al
| <+« 0
il i :
Main z t t t i | Devices
Memory | | |
| | 1
] ]
l SPE SPE | SPE SPE !
] |
1

Figure 2.1: Cell Structure Diagram

Like conventional processors, the PPE allows executiohebperating system and applica-
tions. It also performs input/output control when the opiagasystem accesses the main memory
and external devices, and provides control over the SPEsPHE is designed to handle multi-
threading. The SPEs are less complex processing unitstib&RE, in that they are not designed
to perform control-intensive tasks. The SPEs are designgdrate simple operations necessary

13



14 Chapter 2. Problem description

for processing multimedia data. The Cell delivers an exoepticomputational capability by
combining these compute-intensive processor cores. Dmgases the focus of our research.
How can we utilize the compute power of these compute-imtergrocessor cores as ef cient
as possible for stream based applications? The SPEs deapport multithreading and as con-
sequence it can't execute more than one task. This causésaicga where most of the SPE
compute power remains unused as there is not enough worklaadingle task. The Cell will
be working the hardest when the SPEs are working on compatey lagplications. Stream based
applications are heavy in compute and the type of applisatom which we focus in the remain-
der of this thesis. It's in these applications that the Cel et close to it's theoretical maximum
performance. Thus, improving the assignment of tasks ®etlsEs is very important.

Fig. 5.2 shows a process network with six processes, pl, 32p4 p5 and p6, that are
connected with each other. This is a typical con gurationewlprocessing stream based ap-
plications. If we map these processes onto the Cell processiog the thread concept that is
supported by the Cell, then the mapping would look like thepedfture of Fig. 2.3, where only
single processes are mapped on SPEs. We actually want ge toapping of the right pic-
ture, where multiple tasks can be mapped on single SPEs.eAsi¢ture depicts, p2 and p3 are
mapped on one SPE, p4 and p5 are mapped on another SPE and pd amedmapped on the
PPU. The problem is how to map multiple tasks on the singleaitied processors of the Cell

platform?
. s ~
pl p2 p3 pd pS | pé
Figure 2.2: An example of a process network
SPE SPE SPE SPE , | I SPﬂ SPE SPE SPE
{ pl | _fpl p3
. O I :gm?m] ;7J¢ 3
> |Q-b Device — ‘Q—-—D Device
Xp6 ~ EIB e— ] L= pb EIB

‘*é» o | = T
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P s s
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Figure 2.3: One-to-one versus many-to-one mapping
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2.1 KPN to DataFlow Model

Applications that have to be executed on multi-processchitactures are typically speci ed
in a imperative language, like C or Matlab. To obtain patatlede that can be mapped on
the Cell architecture we use the COMPAAN compiler [7]. The COMRAtool automatically
extracts parallelism from a single threaded program writteMatlab. It transforms a nested loop
program written in Matlab into a Kahn Process Network speaiion. In the KPN speci cation
an application is modelled as a collection of concurrentpsses communicating through FIFO
channels. The processes communicate with each other ukiokirig read and non-blocking
write operations. Writing to a channel is non-blocking bessathe FIFO sizes are in nite. Since
the Cell architecture doesn't have in nite memory, we use @cking write primitive in our
approach. Processes are arbitrary sequential prograrmagrtfcess tries to read from an empty
input it is suspended until enough input data is availableay given point, a process is either
executing code or blocked waiting for data on one of its cletgin

The Kahn Process Network model of computation ts well wikte tcharacteristics of the
Cell architecture. They both have distributed memory androbnThe Kahn Process Network
is composed of processes and the Cell architecture is compdspultiple processing compo-
nents, making the mapping of Kahn processes on the Cell mincesomponents easier. The
processes in the Kahn Process Network are running contlyregrd atomically in the same way
an SPE executes. According to these features expressaagrstrg applications as kahn process
networks are very suitable for mapping on the Cell platform.

Although the KPN model is a very good model for the Cell ardtitee, it has some lim-
itations. First, processes in an KPN model are thread basecdcuee controlled by the thread
scheduler. Each process in a kahn process network executetheead. That means that when
a process start executing we can not interrupt until it effid®r some reason a process blocks
(waiting for data) while executing we can not do anythingyathle thread scheduler can yield
control to another thread. Second, because processesexasithreads and the SPE is a single
threaded processor, using the KPN model we can only map ke sngcess on an SPE. We could
develop a multithreading environment for the SPE. But thisidide a lot of work and will lead
to a performance lost. Since we are interested in mapping than one process on a single SPE,
we need another model rather then the KPN model to expresartiet applications. Therefore,
we translate the thread model into a data ow model. Each Kgtmocess becomes an actor with
de ne ring rule and function as shown in Fig. 2.4. The exdoutof a process then depends on
these ring rules instead on the thread control.

In the data ow model, an application is represented as acticegraph, where nodes repre-
sent processes (actors) and arcs represent the FIFOs timstatdhese processes. Each actor or
process has a set of ring rules and can re only if these ringes are satis ed. Furthermore,
specifying processes in a data ow format allows to expljcde ne a scheduler for the ring
rules, which will evaluate the ring order of these ring re$. The execution of a process is then
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Kahn Process Network + Firing mssssssjp»- data-flow network

Figure 2.4: Extend Kahn Process Network with ring rules tdain Data ow network

handled by this scheduler. By using ring rules with a self ratedi scheduler we can guaranteed
to get the thread control during execution back and prevenbtocking of a processor. Instead
of idling we can do some other calculations which reduce thiirgy time drastically leading to
more performance.

The key difference between the thread and data ow model as the thread model only
model the control. In this model a process don't know whera@ative. The time of arrival
often matters more than the data. Instead in the datalow imodmntrol is modeled, data arrive
in regular streams and the data matters the most. In the @atmodel the data availability is
checked before it is read. The thread model on the other haadnt performed this check,
it directly tries to read the data without being aware if tlagadis available. If there is no data
available the process blocks. The execution of a procesandléd by the thread control. The
data ow model de nes ring rules, an execution occurs if andly if a ring rule is satis ed,
means if all data for the particular ring is available.

The thread and data ow model behavior is depicted in Fig. 2Be left picture shows the
thread model and the right picture shows the data ow modkehlb®r. In the data ow model we
read the data, execute the function and exit. We can't blackhe read since data availability
is checked before reading by the scheduler. This scheduézks for availability of data until a
ring rule is satis ed. If a rule is satis ed, the schedulealts the re function that is guaranteed
to terminate giving back control to the scheduler. This femed as the re-exit behavior. In
the KPN model, the read blocks, we get the thread back if alb iterations are performed. If
the read blocks in each iteration then we can imagine thingtaime this process creates for an
processor.
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Thread model Fire-and-Exit model
Thread Scheduler, but is not Explicit modeled a Scheduler
under our control

fork=1:1:10
forj=1:1:10 fire() {
read(); read();
func(); func();
}
Blocked: cannot set the thread back Thread guaranteed to come back

until all iterationsare finished

Figure 2.5: Thread versus DataFlow model
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Chapter

Related Work

In this section, we discuss related work for mapping stregrapplications on the Cell architec-
ture and also mapping multiple processes on a single thdgadeessor.

The approach presented in [2] developed the automatedG&hll.CC, that maps streaming
applications speci ed as Kahn Process Network (KPN) on thik @atform. This tool is ca-
pable of mapping single tasks on the compute intensive psacs (SPES) of the Cell platform.
Each process in the KPN model corresponds to a thread anel tsia(SPEs are single threaded
processors only one-to-one mapping is possible. The KPNeimggks blocking read primitive
to synchronize the communication between processes. tarsprocess tries to read from an
empty FIFO it blocks until data is available. This can causeuation where an SPE spend most
of the time waiting for data instead of processing data. &wwe are interested in optimizing
the workload of an SPE, mapping multiple processes simeittasly on an SPE with the thread
approach implemented in CELLCC is not possible.

Our work is different from the approach mentioned above. &pproach relies on a data ow
model for specifying streaming applications in a data ownfat in order to map on the Cell
platform. Using the data ow model as opposed to the KPN modelare able to map multiple
processes on an SPE.

Another approach to map streaming applications on the Catfiquim is presented in [3]. In
this approach the Synchronous DataFlow (SDF) model [5] &xlus specify streaming appli-
cations in a data ow format. The StreamIT [4] programmingdaage is used to implement
the synchronous data ow programming model. StreamIT isxpligtly parallel programming
language for streaming applications and includes strgaeni€ abstractions and representa-
tions that are designed to improve programmer productivityte SDF model consist of actors
that communicate exclusively through FIFOs. The SDF adtax® a single ring rule. They
consume and produce a xed number of data tokens in each. riflge SDF model is a more
restrictive model then the KPN model. As a result, an optiowethpile-time scheduling can be
found. However, the SDF model has limited expressivenessni not express the control of a

19



20 Chapter 3. Related Work

process as in the KPN model. As a consequence, an actor iDfhenBdel can't switch between
different FIFOs to select input and output FIFO since it camioate through only one FIFO.
Furthermore, this approach implements one-to-one mappinlyg a single actor can be mapped
on an SPE. In contrast, our approach use the SBF data ow modgecify streaming applica-
tions in a data ow format, which is capable to express thetidof a process. The SBF model
has more expressiveness then the SDF model since it is a catian of data ow and process
network models.

The mapping of streaming applications on a FPGA hardwatéopha using the ESPAM tool
is presented in [6]. We relate our work to this work since aGRRilso has multiple processing
elements as the Cell Broadband Engine and since this approasénp single and multiple task
mapping on the MicroBlaze processors of an FPGA. This apprdascribes streaming applica-
tions as Kahn process networks as we do and uses the ESPAIb taslomatically map these
applications on the target FGPA platform. The ESPAM toabval one-to-one mapping (one
process per processor) as well as many-to-one (more thaprooess per processor). In this
approach three different mappings are implemented for tivedlaze processors:

1. Thread model: map single process on a processor.

2. Merged thread model: multiple processes are merged mggooocess and mapped on a
processor. In this case a valid schedule need to be foundebeferging.

3. OS supported thread model: execute an operating systapmtessor. For this mapping
multithread support is needed and no valid schedule is redjait compile time.

Our approach differs from this approach in the sense thaEBRAM tool uses dedicated
hardware FIFO but our CellFlow tool uses a software modell€®Hibrary. Our FIFO library
uses DMA, messages and signals to realize the communidagitveen processes. Since the
Cell architecture doesn't provide any hardware FIFOs we hawaodel the required FIFOs
in software. Furthermore, in the ESPAM tool multithreadsugpport is implemented for an Mi-
croBlaze processor, making it capable to run an operatirtg@isyAs a result, multiple processes
can be mapped on an MicroBlaze processor. To tackle the pnobleour reserach, we could
also implement multithreading support for an SPE. Sincetithtdading support creates over-
head and affect the performance of an processor, we dontttwaneate multithreading support
for an SPE. In our approach, multiple process mapping relethe way we specify streaming
applications rather than implementing extra functiogdtir an processor that isn't provided by
the hardware platform. We use a data ow model with specaizharacteristics, which offers
the possibility to map multiple processes on an single theds&SPE.

Figure 3.1 illustrates the mapping possibility of our Cedi¥ltool compared to the CELLCC
and ESPAM tool. As depicted in the picture, the CELLCC tool iempént the tread model where
only single tasks can be assigned to SPE processors. Asiaplex@igure 3.2 show the mapping
of a producer/consumer pair for the CELLCC tool. The picturenghthe matlab code with the
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process network that is derived from it. Each process is mdmn different processors and
executes different part of the matlab code.

CELLCC ESPAM CellFlow

0s
Thread Thread Merged Supported Dataflow
thread
model model thread model
model
model

Figure 3.1: Position CellFlow with the CELLCC and ESPAM tool.

fori=1to 10 Kahn Process Network
a(i) = init; p 1

end |:>

for j=1 to 10
(=g Lc

end 2 l l
Matlab Code Mapping on Cell

Processor A ProcessorB

Eram—©

thread model

for i=1 to 10 for j=1 to 10
a(i) = init; [1 = glali);
end end

Figure 3.2: Mapping possibilities with CELLCC

As described above, the ESPAM tool is capable to implemeaettifferent mappings such
as the thread model, merged thread model and OS suported tmedel. In Figure 3.3 the same
producer/consumer example is used to illustrate the difttmapping possiblities. The thread
model mapping is the same as implemented by CELLCC. In the méngead model, the piece
of code of both processes are merged into one progam and chap@eprocessor. The execution
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of the merged code is handled by a single thread. In the O8dhredel each process executes
a thread. In this model multiple threads runs in parallel.

Kahn Process Network

fori=1 to 10
L el e (» —mm—(c)
for j=1 to 10

[1 = glal); }C / / \
end

Matlab Code Mapping on FPGA Processor A
Processor A
Processor A Processor B

Merged
thread model

thread model
thread model

for i=1 to 10 for j=1 to 10 for i=1to 10 Tori=1 10 10
a(i) = init; [1 = glali); a(i) = init; a(i) = init; } P
end end [] = g(a(l))r end
end for j=1 to 10 }C
] = g(a(i));

Figure 3.3: Mapping possibilities with ESPAM

Our CellFlow tool offers multiple process mapping on a sintjieeaded processor by ex-
ploiting the data ow concept of our data ow model of comptitan. The data ow model allows
one-to-one as many-to-one mapping as depicted by Figure 3.4
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fori=1 to 10
a(i) = init;
end P
for j=1 to 10
[1=e@0); |c

end

Matlab Code

Processor A ProcessorB

Kahn Process Network

Mapping on Cell

Processor A

Schedule P Schedule C

Schedule P
Schedule C

Single process mapping

Multiple process mapping

Figure 3.4: Mapping possibilities with CellFlow
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Chapter I

Solution Approach

The problem that is investigated in this thesis is how to majitiple processes on the single
threaded SPE processors of the Cell architecture. In thisoeese propose the model of com-
putation that allows many-to-one mapping on a SPE.

4.1 SCO Model

To specify streaming applications in a format that allowsyftone mapping on a SPE we
propose the SCO model. The SCO model is a data ow model, thangposed of three separate
components as shown in Fig. 4.1:

Schedule
Communication
Observe

In the SCO model, processes consists of ring rules that réyahtheir ring rules are sat-

is ed. This is controlled by the scheduler. The communizatbetween processes is done in
the communication phase. In the SCO model, the computatidc@mmunication of processes
are seperated. This is the key to map multiple processes owgle shreaded processor. The
following sections describes the several parts of the SCCemptb more detail.

4.1.1 Schedule

The schedule phase of the SCO model controls the computdt@prcess. In this phase the
function that needs to be executed in a process is execudsddion function variants [10]. It
de nes the execution order for the function variants of agess. In each function variant, the
same function is executed, only different input ports ardu® read the data that is needed to

25
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SCO Format

init();

Schedule
V = selectVariant();
fireVariantV() {
if (isDataPresentV())
executeV();

update();
| } ]
- /

Communicate

communicate();

Observe

Figure 4.1: Schedule Communication Observe Model

execute the function and different output ports are usedite the result that is produced by the
function.

V = selectVariant();
fireVariantV() {
if (isDataPresentV()) {
executeV();
update();

Figure 4.2: Schedule algorithm

The structure of the shedule algorithm is listed in Fig. 4l6e rst step is to select which
function variant to execute. This is done by gwectVarianimethod. After a variant is selected
it can be red using thereVariant function. Before a variant can re, the scheduler has to
check if all data is available for the inputs of the functiordaoom is available for writing away
produced data. The checking of data is performed bysbataPresentunction. This method
will iterate over all buffers connected to the read and wpitets active for varianV. For the
buffers connected with the read ports it will checks the latdity of data. At the write ports
it will checks for space in the output buffers. This functi@turns a boolean value and if it
returns the valugrue then the scheduler can executes varidrdand updates the state. In the
executanethod, the function reads data from the input buffers andymres the output value that
is written to the output buffers. After each execution theestuler has to update the state, which
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is done by thaipdatemethod.

4.1.2 Communication

The communication part transfers data that is produced éystihedule part. The schedule
produces tokens and store them in local buffers. The conpation part reads the tokens from
the schedule local buffers and transfer it to the commuimiggtrocess's local buffers. In Fig. 4.3
a producer-consumer process network is shown. The pra&casseommunicating through three
channelsgD _1, ED 2 andED _3. These channels are realized using the Cell's infrastractur
involving DMA (Direct Memory Access) and messages. Supptss the producer is mapped
on the PPU and the consumer is mapped on a SPE. The resukisigi¥ig. 4.4ED 1, ED 2
andED _3 are local buffers for the schedule part of both the produocertae consumer. The
producer process uses these local buffers to store the ggddakens and the consumer process
uses the local buffers to consume tokens from it. The PPUserit the content of a local buffer
via DMA to the other local buffer on the SPE. The synchronarabetween the PPU and SPE is
done using message passing.

ED_1

Figure 4.3: Producer-Consumer Process Network

To realize the FIFO implementation, we have developed a camcation library. Since the
PPU and SPE have slightly different synchronization mersmas, four different communication
types need to realized, PPUSPE, SPESPE, SPESELF and SPE&Rhk producer-consumer
example given above, the PPUSPE communication type is s&®tk there is only outgoing
edges from the producer (PPU) to the consumer (SPE).

The communication is performed by iterating in a round rabenner over all ports as de-
picted in Figure 4.5. At each port data is transferred if tatads available. For input ports we
check if data is to be received and for output ports if data iset send. The schedule phase pro-
duces the data and the communication phase transfer thissbuddhere is no relation between
the schedule and communication. They operate indepenydenth each other.
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SPU

PPU
2
/ DMA and Message / communicate
Communication
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Figure 4.4: Mapping Producer/Consumer pair on Cell BE usingth® Model

ip1 opl
p
is data to be received isdatato be send
> 02 op2 ———
ip3 op3
ip4 op4

Figure 4.5: The communication is performed in a round robamner

4.1.3 Observe

The purpose for the observe partin SCO model is to detectdeaslituations. Since the observe
phase show as less relevant for our research we will notdensiin this thesis.

4.2 Merging with SCO Model

The SCO model provides the possibility the map multiple psees on a single threaded proces-
sor because of the way it expresses processes. In this modelsses consists of ring rules and
can re only if their ring rules are satis ed. After checkmeach ring, we jump out of the pro-
cess computation phase and execute the communication ghthseparticular process as shown
by the code given in Fig 4.6. This behavior allows us to putertben one process next to each
other into a single thread. We can simply add more ring ruesccomodate a new process.
Similarly, we can simply add more communication ports tocoaecodate additional communica-
tion. Extending the set of ring rules, means that if one o thing rule of a process does not
satisfy, the ring rules of the other process may be red,ueithg in this way the processor time
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while(1) {
Schedule();
Communicate();

Figure 4.6: Cell code in SCO format

spent on idling. By exploiting the data ow concept of interleng computations, we are able to
map more than one process on a single thread processor. d&rapkx if we have two process P1
and P2 as shown in Fig. 4.7 and we want to map both processeasedRE, then the SPE code
in SCO format resemble the code listed in Fig. 4.8. If the datgfocess P1 is available, it

P1=> V1, V2, V3, V4, V5, V6
P2=> B1, B2, B3, B4

Figure 4.7: Process P1 and P2 with their variants

while(1) {
V = selectVariantP1,
fireVariantV();
B = selectVariantP2;
fireVariantB();
Communicate;

Figure 4.8: SPE code in SCO format for Process P1 and P2

can execute one of its variant. Otherwise the data avatkabil process P2 is checked. If data is
available the execution of its variant is performed. A pblesexecution order that may result at
runtime for both processes is listed in Fig. 4.9. In our apphowe merge process P1 and P2 at
runtime. However this could also be done at compile timeherdlass of nested loop programs.
This would make the “selectVariant” code much simpler arsefia At the same time, the ring
shown in Figure 4.8 could be in uenced at run-time by infotima gathered in the observation
phase of the SCO model. For example, if the observer phasetsi¢that a particular resource
like the bus is heavily loaded between processes, it coutdldd to give one process a higher
priority until the bus gets less loaded.

To realize the SCO model concept for the Cell architecture,ave build the CellFLow tool,
which is described in Section 6. This tool is capable to perfauntime merging on the single
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V1, B1, V2, B2, V3, B3, V4, B4, V5, V6

Figure 4.9: Execution order of process P1 and P2 variants

threaded SPE processors. The number of processes that czapped on an SPE depends on
the SPE memory storage and the memory usage of the processes.
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Working out

To convert Matlab code into the SCO model speci cation, weeligped the tool chain as shown
in Fig. 5.1. First, the COMPAAN tool is used to convert Matladde into a Kahn Process
Network. Next, the Kahn Process Network is converted into $IBF model speci cation by
the CL0ooG tool. Finally, the CellFlow tool converts the SBF micgteeci cation into the SCO
model speci cation.

Figure 5.1: Tool chain to convert Matlab code into SCO desorip

We already know how to translate Matlab code into a Kahn R®deetwork speci cation.
The COMPAAN tool is available to us and can automatically qerf this translation. The
problem is how can we translate a Kahn Process Network spetoon into the SCO model
speci cation. We use the SBF data ow model as an intermediadelel to close the translation
gap between Kahn Process Network speci cation and SCO maaei sation. The schedule
phase of the SCO model is implemented using the SBF model sjaicin. We rst describe this
model in the next section, and describe how the SCO schedd&riiseed from this SBF model
using the CLooG tool. We also give an example, which shows haild¥d code is translated
into the SCO model speci cation. In Section 6, we present ouiFE®v tool that automatically
translate streaming application written in Matlab into SCGdel speci cation.
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5.1 SBF Model

The Stream-Based Function (SBF) model is used to close thesgapén Kahn Process Network
speci cation and SCO model speci cation. The SBF model is aadat model that is well
suited to specify task parallelism in stream-based apdics. The SBF model is composed of
two components, called Stream-Based Function Objects anth@lsa It describes stream-based
applications as a network of SBF objects that communicatewoently with each other using
channels. SBF objects transfer data by using blocking redchan-blocking write. An SBF
object contains three components: a set of function, a clbetiand a state. The set of functions
also called the repertoire determines the functionalitprofSBF object. This set must be nite
and should contain at least an initialization function. Taections inside an SBF object are
evaluated in a sequential order determined by the contrdllee controller enables the functions
of an SBF object and handle the order in which these functiomsrad. After a function is
red, the current function informs the controller that thext function state can be computed and
the next function can be enabled. The controller himarssition functionand abinding function
The transition function determines the next function stAteeach state, a speci ¢ function needs
to be evaluated, which is determined by the binding functibhnis binding function associates
a functionf from the function repertoire with a particular functiontstaUsing the transition
function and the binding function, the controller repestéavokes and enables a function from
the function repertoire.

Fig. 5.2 illustrates an SBF Object that has two read and onee \port. These ports are
connected with the input and output buffers respectively aléo see that the SBF object has
two functions f , andf,. Functionf , reads input data from the two read ports and writes output
data to the write port. When functidn, terminates its ring, the controller enables the next
function, which isf,. Functionf, also reads input data from the two read ports and writes butpu
data to the write port.

Input BufferO Write Port

Output Buffer0

Controller " \En ble Signal

Read

Input Bufferl

Figure 5.2: Stream-Based Function Object
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52 CLooG

To convert a piece of Matlab code into the SBF model, we coriierKPN model in the SBF
model using the Chunky Loop Generator (CLooG) software [9]s Shftware takes as input a set
of iteration spaces and scans these space to produce thsegtiens between the spaces. The
Streaming Application Analysis and Synthesis (Saas) togléments a datamodel to specify
CLooG output program as a parse tree. We can walk through #ngepree to nd different
functions. From the parse tree, we construct a controlkr ¢hables and de nes an execution
order for these functions. We create three functions toémgint the controller:

selectVariantused to select function variants from CLooG's output (bigdiunction).

evaluateDataused to check for data availablity on read ports and buffacs for write
ports.

executeused to execute a function.

We de ne an other function to keep track of the SBF object stza#edupdate This function is
used to move from the current function stat® the next function state€' whenever the current
function has red and implements the transition functiorthed SBF model. An SBF object must
contains an initialization function. Therefore we also de an initialization functioninit. This
function initialize the state of the SBF object.

5.3 Detailed Example

In this section we show for the QRvr example how the ow showrrigure 5.1 can convert a
Matlab program, describing the QRvr matrix decompositigoathm [11], into a SCO realiza-
tion. For this example we focus on proc@sB _3 of QRuvr.

Figure 5.3 shows the Matlab code for the QRvr application dmedprocess network that
is derived by COMPAAN. COMPAAN generates a process for eadcerstant in the Matlab
program. The third statement in the Matlab progran\{eetoriz@ is executed in proce$$D _3.
COMPAAN adds control statements to the iteration domailN Bf_3 to select input and output
ports. These ports are the result of the distribution of @miver the various processes as shown
in Fig. 5.4.

When we zoom into proce$$D _3, we see the picture as illustrated in the right part of Fig.
5.4. ProcessID _3 has four input ports, name&, B, C, Dand three output port, calldel, F, G.

It executes thé&/ectorizefunction, which has two input arguments,_0, in _1 and three output
argumentut_0, out_1, out_2. Data for input argumenh _0 is selected from input ports and

B. And the data for input argumeint_1 is selected from input portS andD. At a given iteration,
one of the portcombinationAC, AD, BC, BDis selected as input fan _0 andin _1 The result
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Figure 5.3: Matlab code for QRvr matrix decomposition altfoni and the corresponding Kahn
Process Network derived by COMPAAN

of Vectorizeis written to output argumentsut_0, out_1 andout_2. These values are passed to
output portsE, F and G

Proces® D _3 has seven control statements, where each control stateepeesents a subset
of ND _3 iteration domain. The CLooG software describes these suanienas matrices and
takes these matrices as input and produce the intersedtitms subdomains. The CLooG input
and output foN D _3 are listed in Fig. 5.5. The CLo0oG input shows the seven costadéments
as matrices and the CLooG output shows the intersectiong agiuihdomains. We use the SAAS
tool to generate the CL0ooG input and output. The CLooG softwgareluded in the SAAS tool
and SAAS has a datamodel that represent the output gendnatéldooG. In left part of Figure
5.6 the iteration domain of each control statement is de@idihput and output port domains are
seperated. The intersection is depicted in the right parttaByng the itersection, the iteration
domain ofND _3 gets divided into nine subdomains. In each subdomain the $anction is
executed using different input and output ports to read ani@ \@tata. Figure 5.7 list the active
input and output ports for the variants fdiD _3.
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Figure 5.4: ProceshlD _3 iteration space with control statements for input and oupmits,
selected for th&/ectorizefunction
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Figure 5.5: CLooG input and output fofD _3 of QRuvr.



5.3. Detailed Example

37

L1 -in0 arg list L2 -inl arg list

L5 - out2 arg lis

OPD3

Argument lists Variant domains

Figure 5.6: Variants domains &6fD _3

Figure 5.7: Variants ol D _3 with active input and output port domains
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Chapter 6

CellFlow

The CellFlow tool automatically maps streaming applicatispeci ed in Matlab onto the Cell
platform in the SCO format. In this section we describe thdgiesf CellFlow and brie y
presents the components from which CellFlow is build. We alsmw some sample code gener-
ated by CellFlow.

6.1 The CellFlow Tool

We have develop the CellFlow tool to automatically transkteaming application written in
Matlab into SCO model speci cation. The SCO model is captungtié C-code generated. This
C-code is compiled using the GCC compiler chain availabletferGell. In Fig. 6.1 the design
ow of CellFlow is shown.

The CellFlow tool takes as input:

the application speci cation in KPN format, which is a XMLel

the mapping speci cation of the KPN on the Cell platform, whis also an XML repre-
sentation. This le contains mapping information of the geeses that are mapped on the
processors of the Cell platform, for example which processapped on which processor.
The user can manually change this le if another mapping sred.

a communication library that provides the communicatiompives for performing the
communication between processes that are mapped on thespovccores of the Cell.
This library implements all communication types possibléhie mapping.

a scheduler that evaluate and specify the execution ordepuodcess.

Taking these input les CellFlow generates C-code in SCO forthat can be mapped on
the Cell. It creates a directory with Cells code. This diregctmwntains two folders named ppu

39
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Figure 6.1: CellFlow design ow shows the process of tramstaMatlab code into SCO model
speci cation

and spu and les needed for the communication for both PPUS#IE. The ppu folder contains
code that is going to mapped on the PPU and the spu folderiner@ade for the SPEs. If more
than one SPE is occupied then the code for all SPE are incindbd spu folder. Since the PPU
controls the program that is executed on the SPEs, the pgarfobntains the main.cc le and
other les needed to perform the communication for PPU. Tla@mac le contains the code for
all processes that are mapped on the PPU. On the other hargdutielder creates an SPE.cpp
le for every SPE that is used. Beside these les, the spu fotamtains the SPU communication
les. The working of CellFlow in speudo code is given in Fig26First Matlab code is translated

generate KPN from Matlab;

foreach process P in KPN do
generate variants;
generate schedule using variants;

foreach link of P do
generate communication method,;

end
end

Figure 6.2: Speudo algorithm used by CellFlow

into KPN speci cation using the compaan tool. The result isetwork of processes connected
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by links. For each process, we generate variants using th@@ltool. Next, we specify a
schedule for the process using these variants. And for @dcthlat is connected to the process, a
communication function is generated. Finally, the schedunld communication part of a process
are combined in a while-loop to obtain the SCO model desoripdf a process as shown in Fig.
6.3. The while-loop is then executed on the SPE or PPU, dépgod the process type.

while(1) {
Schedule;
Communicate;

Figure 6.3: Code in SCO format

6.2 Code generated by CellFlow

The CellFlow tool generates C-code for the SPE and PPE prasasfsthe Cell platform. In the
previous section, we saw a detailed description of prod3s3 of the QRvr application. In this
section, we will describe the schedule code generated émegeN D _3in more detail.

Procesd\ND _3 has a two dimensional iteration space (keandj). In theinitLoopindex
method the loop iterators that iterate over the iteratianaio are initialized with the lowerbound
values from the KPN speci cation. The KPN speci cation caimts all necessary information of
processes. To distinguish different processes when mgupirthe same processor we append
the process name to each method generated for an process.

void initLoopindex ND_ 3() {
k = 1;
=1

Figure 6.4: init method

The selectVarianselects the proper variant from the CLooG's output at ruretand assign
an ID to each variant. These ID will be used by tie/ariant method to identify the variant that
needs to be red. CLooG uses for-loop to indicate the iteratlomain for an variant. We trans-
late these for-loop into if-statements since we want to ga fanction but always return. In g
6.5 the different subdomains in which a variant is activési®t. For example, in iteration (1,1)
of Fig. 5.6 variantv1is active according to the rst if-statement of tlselectVariantmethod.
For each iteration in the iteartion space, #etectVariantmethod list the variants that is active



42 Chapter 6. CellFlow

for that particular iteartion. The iteration space is pmtied in the number of variants that is
found, as illustrated in gure 5.6.

In the isDataPresenfunction, the data availability for a variant is checked. alf input
buffers of a variant have data and all output buffers of théawh have room, then the function
returns true otherwise false. Each variant uses differgnitiand output buffers to read and write
data. This means that each variant has its @lataPresenfunction. TheisDataPresents the
actual ring rule the scheduler checks. ifDataPresents true, the ring rule is satis ed and
the function can be executed. As an example we showsbataPresentunction of variantvl
of ND _3 as listed in Fig .6.6. ThesDataPresenfunction for variantvV1 checks if data exists
at input buffersED 2 andED _4 and if the output buffer&D -1 and ED _10 have room by
using thehasDataand hasRoonfunctions. ThehasDatafunction is used to check for data in
input buffers anchasRoonto check for space in output buffers. BuffeD _1 is a sel oop and
therefore a different function is generated callea@sRoomSelf

Each variant has aexecutdunction. For example, proce$sD _3 has nine variants, which
means that ninexecuteunctions have to be generated. Téseecutefunction for variantV1is
given in Fig. 6.7. Within the execute method, the data cheédketheisDataPresentunction,
is read and pass to théectorizefunction. The result of th&ectorizefunction is written to the
output buffers. The read and write function are non-blogkifhis is not needed as the scheduler
guarantees that data is present and that room is availableteoout the result.

After an execution is performed, the loop iterators needsetopdated to indicate the next
iteration. This is done by thepdatemethod listed in Fig. 6.8. The loop-iteratgrandk are used
to iterate over the iteration domain of proc®$B _3. If the inner most loop iteratgris smaller
than or equal to the upperbound then it is incremented. @iberthe outer most loop iterator
k is incremented if it is smaller than or equal to the upperldod@ ned for this iterator. In this
example both loop-iterators has the same upperbound, pdamel

The reVariant method is used to re variants. It test which variant needseared and calls
the associated methods needed for the ring. It structuregyeneratedsDataPresentexecute
andupdatemethods in such a way that if theDataPresenteturns true then a variant can be
red.

Combining theselectVariantand reVariant method together, the schedule can be obtained.
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void selectVariant ND_3() {
if (k-1 && j-1) {

v = 1;
}
else if (2 <= && j <= 4) {
if (k-1) {
v = 2;
}
}
else if (k-1 && j-5) {
v = 3
}
else if (2 <= k && k <= 4) {
if (-1) {
v = 4
}
else if (2 <=j && j <= 4) {
v = 5
}
else if (J-5) {
VvV = 6;
}
}
else if (k-5 && j-1) {
v = 7,
}
else if (2 <=j && j <= 4) {
if (k-5) {
v = §;
}
}
else if (k-5 && j-5) {
v = 9
}

Figure 6.5: Algorithm to select variants
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bool isDataPresentVl ND_3() {
if (hasData(ED_2) && hasData(ED_4) && hasRoomSelf(ED_1) &&
hasRoom(ED_10)) {
return true;
}
else
return false;

Figure 6.6: isDataPresent method

void executeV1_ND_3() {
unsigned int x1, x2
unsigned int y1, y2

n o
ee

read(ED_2, &x1);
read(ED_4, &x2);
Vectorize(x1, x2, &yl, &y2);
writeSelf(yl, ED_1);
write(y2, ED_10);

Figure 6.7: execute method

void update ND 3() {
if § <= 5) {
j++;

}
else if (j > 5) {
if (k <= 5) {
k++;

}

Figure 6.8: update method
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void fireVariant_ND_3() {
if (v3 == 1) {
if (isDataPresentV1_ND_3()) {
executeV1l ND_3();
update_ND_3();
}
}
else if (v3 == 2) {
if (isDataPresentV2_ND_3()) {
executeV2_ND_3();
update_ND_3();

Figure 6.9: reVariant method

void schedule ND_3() {
selectVariant_ND_3();
fireVariant_ ND_3();

Figure 6.10: schedule method
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Chapter ;

Experiments & Results

In this section, we present the results of two implementqdiegtions in the SCO model spec-
i cation using CellFlow. The rst application is a test appéition used to illustrate that we can
model an application in SCO model and map on the Cell. The segpplitation implemented
in SCO format is the M-JPEG application. The M-JPEG applicais a real functional appli-
cation. All experiments are performed using the Cell architee implemented in Playstation3
console.

7.1 Applications

Self-created application. The rst application we evaluated is an application we hage-c
structed to expose particular cases in the mapping steppiftess network of this application
consists of 5 processes and two channels between processasnect them with each other.
The application and its mapping on the Cell are depicted in Fid. Process P1 and P5 are
source/producer and sink/consumer processes and are dnapgbe PPE. In our implemen-
tation, we have created only one thread in the PPE and alepses mapped on the PPE are
executed in this single thread. The rest of the processesrapte transformers and are mapped
one-to-one on SPE's. For the SPE, we have implemented thappings. In the rst mapping
indicated in Fig. 7.1 (A), we map process P2, P3 and P4 onrdiiteSPEs. For the second
mapping depicted in Fig. 7.1 (B), we map process P2 and P3 wathe SPE and process P4 on
a different SPE. And in the thrird mapping process P2, P3R¢hdre mapped on the same SPE,
as shown by Fig. 7.1 (C). These mappings shows that mergingpfeybrocesses on a SPE is
possible with the CellFlow tool. The code that is executed BE& where the number of tasks
vary for each mapping, is showed in Fig. 7.2. The left parwghthe SPE code for the rst
mapping where only process P2 is executed on SPEOQ. In theehpdd we see that process P2
and P3 are executed simultaneously on SPEO. In the while We@gee the Schedule of process
P2 and P3. From this construction we can conclude that gittoeess P2 or P3 can re or both
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can re. Adding more tasks on a SPE affects the while loop kgootucing more schedules for
the additional processes that are mapped on the SPE.

Each process has its own schedule and mapping more than oocespron an SPE intro-
duce name overlapping. We need to distinguish differenudales by giving them a unique
name. We solve this problem by appending the process nanie ttumctions name that are
generated for each process. For example, if process P1 aadeRRapped on one SPE, then
the functions generated for P1 are: initP1(), selectVapa(), isDataPresentP1(), executeP1(),
updateP1(), reVariantP1() and scheduleP1(). And the fioms generated for P2 are: initP2(),
selectVariantP2(), isDataPresentP2(), executeP2(atap@(), reVariantP2() and scheduleP2().

The mapping speci cation in XML format for the three mappsnig shown in Fig. 7.3. The
mapping speci cation shows which KPN process is mapped oichw@ell processor and can
be modi ed manually. The difference between the three maggpeci cations is that the left
mapping uses three SPE processor, the middel one two SPEaridtt mapping uses only one
SPE.

Figure 7.1: Self created application with different SPE piags.

Motion JPEG application. The second application we have evaluated is the Motion-JPEG
decoder (M-JPEG). We applied our approach to the M-JPEGcapioin that is depicted in Fig.
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Figure 7.2: Code that is executed on SPEO for the mappingsrsimoiig. 7.1

Figure 7.3: XML-Mapping speci cation for the mappings showm Fig. 7.1.

7.4 and measure the throughput of different mappings foCele Fig. 7.5 depicts the different
mappings we implemented for the M-JPEG application on théplstform. The results derived

from the implemented mappings are given in Tabel 7.1. Whathgewe is that mapping 1 and
3 show the same throughput but different number of Cells resousage. Mapping 1 uses 3
SPEs and each SPE execute a single task. This would be thengaippnly one task could be

mapped to a SPE (this would resemble the threaded mapping3tBG). In mapping 3 we see
that 2 SPEs are occupied, SPE1 with a single task and SPEawaitfasks. The results of these
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two mappings shows that we can obtain the same throughple wsing less SPEs.

From the obtained results we can conclude that expressiagnsing application in SCO
model, allows us to use Cells compute intensive resourcesnramy-to-one fashion.
thermore, the two applications described above are alsd gramples of the usability of our
CellFlow tool. Without CellFlow, it would have taken quite seraffort to build equivalent ap-

plications, as all communication and scheduling have torbgrammed manually.

Figure 7.4: M-JPEG Process Network

Mapping PPU SPE1 SPE2 SPE3| Throughput
1 Videoln and VideoOut DCT Q VLE | 19257625
2 Videoln and VideoOut DCT and Q VLE - 23922134
3 Videoln and VideoOut DCT QandVLE| - 19114574
4 Videoln and VideoOut DCT, Q and VLE - - 32936404

Table 7.1: Throughput measurement using different mappasgibilities for JPEG application.

Fur-
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(a) M-JPEG: mapping 1 (b) M-JPEG: mapping 2

(c) M-JPEG: mapping 3 (d) M-JPEG: mapping 4

Figure 7.5: Different mapping strategy for M-JPEG Applioaton Cell archicture
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Chapter 8

Conclusions and Future Work

We have presented SCO, a new programming model for streampiigations for the Cell BE
platform. One of the main contributions of this work is thespibility to map multiple processes
on the Synergistic Processor Element of the Cell BE platforive fiew model shares the com-
puting power of SPEs by allowing many-to-one mappings onGék BE platform. A further
step was the CellFlow tool itself, build upon the CELLCC tooltthatomatically map streaming
applications on the Cell BE platform using the KPN model of catapion. The CellFlow tool is
a fully automated tool that can convert streaming applcetiwritten in Matlab into SCO format
by using the SBF data ow model as an intermediate model. GeAtfirovides some exibility
when assigning processes to an SPE. We can map an arbitalyenamprocesses on a SPE
using the CellFlow tool. The only limitation will be the menyd256 KB) of an SPE.

To prove the usability of CellFlow, we have implemented thelREG application in SCO
format on the Cell. Since the M-JPEG application only haslsiolgannels between its processes,
we also implement an self created application with multgit@nnels between its processes in
SCO model speci cation. We have executed these applicatarthe target Cell platform and
presented the results of these experiments, which proedht SCO model approach provides
facilities to map multiple processes onto one SPE with gboaughput numbers.

For future work, the presented approach and results canlidatea further by implementing
more applications in SCO format such as the QRvr applicatimplémenting other application
with the CellFlow tool will con rm the stability of the CellFi tool. Another very interesting
work could be to specify multiple different applicationsS€O format and map these multiple
independent applications on the Cell platform simultangou=urther, the communication can
be optimized. Currently for each communication that needsetbappen, we walk in a round
robin manner through all channels and perform the commtiarcaThis can be optimized by
only checking the neccessary channels needed for the c@tteommunication type. Since
the observe part of the SCO model was not investigated inhibisd, it can be implemented to
observe the stability of applications.
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Appendix

Code generated by saas for the schedule of
ND 3

void initLoopindex_ND_3() {
k3 = 1,
B=1

bool isDataPresentV1_ND_3() {
if (hasData(ED_2) && hasData(ED_4) && hasRoomSelf(ED_1) & & hasRoom(ED_10)) {
return true;
}
else
return false;

bool isDataPresentV2_ND_3() {
if (hasData(ED_2) && hasData(ED_3) && hasRoomSelf(ED_1) & & hasRoom(ED_10)) {
return true;
}
else
return false;

bool isDataPresentV3 _ND_3() {
if (hasData(ED_2) && hasData(ED_3) && hasRoomSelf(ED_1)) {
return true;
}
else
return false;

bool isDataPresentvV4_ND_3() {
if (hasDataSelf(ED_1) && hasData(ED_4) && hasRoomSelf(ED _1) && hasRoom(ED_10)) {
return true;

}

else
return false;
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bool isDataPresentV5_ND_3() {
if (hasDataSelf(ED_1) && hasData(ED_3) && hasRoomSelf(ED _1) && hasRoom(ED_10)) {
return true;
}
else
return false;

bool isDataPresentV6_ND_3() {
if (hasDataSelf(ED_1) && hasData(ED_3) && hasRoomSelf(ED ) {
return true;
}
else
return false;

bool isDataPresentV7_ND_3() {
if (hasDataSelf(ED_1) && hasData(ED_4) && hasRoom(ED_11) && hasRoom(ED_10)) {
return true;
}
else
return false;

bool isDataPresentV8 ND_3() {
if (hasDataSelf(ED_1) && hasData(ED_3) && hasRoom(ED_11) && hasRoom(ED_10)) {
return true;
}
else
return false;

bool isDataPresentV9_ND_3() {
if (hasDataSelf(ED_1) && hasData(ED_3) && hasRoom(ED_11) ) {
return true;
}
else
return false;

void executeV1_ND_3() {
unsigned int x1, x2
unsigned int y1, y2

o
ee

read(ED_2, &x1);
read(ED_4, &x2);
yl = x1;

y2 = X2;
writeSelf(yl, ED_1);
write(y2, ED_10);

void executeV2_ND_3() {
unsigned int x1, x2 =
unsigned int y1, y2

o
e e

read(ED_2, &x1);
read(ED_3, &x2);
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void

void

void

void

void

yl = x1;

y2 = X2;
writeSelf(yl, ED_1);
write(y2, ED_10);

executeV3_ND_3() {
unsigned int x1, x2 = 0;
unsigned int y1 = 0;

read(ED_2, &x1);
read(ED_3, &x2);
yl = x1;
writeSelf(yl, ED_1);

executeV4_ND_3() {
unsigned int x1, x2 =
unsigned int y1, y2

o
e e

readSelf(ED_1, x1);
read(ED_4, &x2);
yl = x1;

y2 = X2;
writeSelf(yl, ED_1);
write(y2, ED_10);

executeV5_ND_3() {
unsigned int x1, x2
unsigned int y1, y2

non
ee

readSelf(ED_1, x1);
read(ED_3, &x2);
yl = x1;

y2 = X2;
writeSelf(yl, ED_1);
write(y2, ED_10);

executeV6_ND_3() {
unsigned int x1, x2 = 0;
unsigned int y1 = 0;

readSelf(ED_1, x1);
read(ED_3, &x2);
yl = x1;
writeSelf(yl, ED_1);

executeV7_ND_3() {
unsigned int x1, x2 = 0;
unsigned int y1, y2 = 0;

readSelf(ED_1, x1);
read(ED_4, &x2);
yl = x1;

y2 = X2;

write(yl, ED_11);
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write(y2, ED_10);

void executeV8_ND_3() {
unsigned int x1, x2 = 0;
unsigned int y1, y2 = 0;

readSelf(ED_1, x1);

read(ED_3, &x2);

yl = x1;

y2 = X2;

write(yl, ED_11);

write(y2, ED_10);

void executeV9_ND_3() {
unsigned int x1, x2 = 0;
unsigned int yl1 = 0;

readSelf(ED_1, x1);
read(ED_3, &x2);
yl = x1;

write(yl, ED_11);

}
void update_ND_3() {
if 3 <= 5) {
j3++;
}
else if (j3 > 5) {
if (k3 <= 5) {
k3++;
}
}

void selectVariant_ND_3() {
if (k3-1 && j3-1) {

v3 = 1;
}
else if (2 <= j3 && j3 <= 4) {
if (k3-1) {
v3 = 2;
}
} /I end if j3
else if (k3-1 && j3-5) {
v3 = 3;
}
else if (2 <= k3 && k3 <= 4) {
if (j3-1) {
v3 = 4
}
else if (2 <= j3 && j3 <= 4) {
v3 = 5;
} /I end if |3
else if (j3-5) {

v3 = 6;



}

} /I end if k3

else if (k3-5 && j3-1) {
v3 = 7,

}

else if (2 <= j3 && j3 <= 4) {
if (k3-5) {

v3 = 8;

}

} /I end if j3

else if (k3-5 && j3-5) {
v3 = 9;

}

else
v3 = 0;

void fireVariant_ND_3() {
if (v3 == 1) {
if (isDataPresentV1l_ND_3()) {
executeV1_ND_3();
update_ND_3();
}
}
else if (v3 == 2) {
if (isDataPresentV2_ND_3()) {
executeV2_ND_3();
update_ND_3();
}

else if (v3 == 3) {
if (isDataPresentV3_ND_3()) {
executeV3_ND_3();
update_ND_3();
}

else if (v3 == 4) {
if (isDataPresentV4_ND_3()) {
executeV4_ND_3();
update_ND_3();
}

else if (v3 == 5) {
if (isDataPresentV5_ND_3()) {
executeV5_ND_3();
update_ND_3();
}

else if (v3 == 6) {
if (isDataPresentV6_ND_3()) {
executeV6_ND_3();
update_ND_3();
}

else if (v3 == 7) {
if (isDataPresentV7_ND_3()) {
executeV7_ND_3();
update_ND_3();
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}
}
else if (v3 == 8) {
if (isDataPresentV8_ND_3()) {
executeV8_ND_3();
update_ND_3();
}
}
else if (v3 == 9) {
if (isDataPresentV9_ND_3()) {
executeV9_ND_3();
update_ND_3();
}
}
}

void schedule_ND_3() {
selectVariant_ND_3();
fireVariant_ND_3();
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