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Abstract—In this paper we study the timing aspects of the
operation of stream-processing applications that rm on a
multiprocessor architecture. Dependencies are derad for the
processing and communication times of the processoin such a
system. Three cases of real-time constrained operat and four
cases of communication organization are consideredand
compared. Examples of application are given for thederived
results.

Index Terms—multiprocessor architectures, stream-processing

|l. INTRODUCTION

For decades multiprocessor architectures have steeied
and used for building high-performance computingtfpkms.
In the recent years the advances in technology rhgaesible
to build single-chip multiprocessor systems als@vkm as
MultiProcessor System-on-Chip (MPSoC). These systeam
be found in number of consumer products nowadays.

Together with their advantages multiprocessor gyste
bring some difficulties that designers have to nganavith.
One of them is the application representation. &itiweir
architecture is parallel, the traditional sequénpaogram
description does not suit that purpose.

The most often used parallel representation foliegtpns
is a Kahn based process network [1], which is ectéd graph

with nodes representing sequential processes argksed

representing communications between the procesftes.the
application has been represented as a process tiraptext
step towards a running application is the applicathapping.
Mapping is a procedure that assigns every nodeerptocess
graph to a processor in the architecture and exdgge in the
process graph to a communication channel in thieitacture.
When this step is done the application is readyo

Many processing-intensive applications typical ioe new
MPSoCs deal with processing of streaming data. § hes, for
example:
communications, where a stream of data coming faom
antenna’s analogue front-end is processed in dalextract
the pay-load; the same process is carried on irersev
direction in the sending part; audio/video applmas where a

stream of data is processed in order to be decadddglayed
or to be coded and stored etc.

We speak about a data stream when a data souilgerdel
portions of data continuously and regularly (in iged or
variable period of time). The portions of data dam of
different size and we usually refer to them asastréems.

From our experience with applications for base-band
processing in digital wireless communications, \whitcludes
HyperLAN2, UMTS, Bluetooth, [2], [3], [4], we obseF that
this application can be represented through a peogeaph of
general form given irFigure 1 A similar observation for
media processing applications is made in [5].
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Figure 1: A general process graph of a stream-processiplicaion

Two parts can be distinguished in process graplishio
Figure 1 a stream-processing pamnd acontrol part The
stream-processing pargiven in bold in the figure, comprises
the most computationally intensive processes amd nlost
communication intensive edges of the graph andliyswvarks
under real-time constraints. It does the actuatgssing on the
data stream. The processes thé&g P,, .., Py in the figure)
are arranged in a chain graph. The first procedfienchain
receives the input stream units and the last psosesds out

the base-band processing for wirelesstatligithe output stream units. After has entered thencleistream

unit follows it through to its output as it is bgiprocessed at
each node. The processes in the chain graph represe
computational kernels that perform specific aldors, like
FFT, DCT, FIR, that are applied to the stream items

We think, this typical chain form of the processygt can



probably be explained by the application desigrcess and
the sequential nature of the human thinking.

1 is mapped and run on a general multiprocessoiitactire
we have a situation like that shown kigure 2 We assume

The control partof the application process graph comprisethat each process (kernel) from the applicatiorcg@se graph

all the processes dealing with application orgammpaand
control, run-time adaptation and reconfigurationthie figure

is mapped on a separate processing unit (PU) dnidtei-
process communications are mapped on separate

they are represented by a single node named “dantrocommunication channels provided by the communioatio

Because of the reactive nature of these processesxpect
them to run not so often, to require typically liglomputation
and to connect in a process graph of no typicabltgy. We
also expect the communications in this part ofapplication
to be much less intensive than in the processimg gad
without or with weak real-time constraints.

The control part is connected by communication edgeall
nodes in the processing part. These communicatemes
optional and depend on the application; some ahtiréght be
missing or there might be applications without atod part.
Typical functions of these communications are nairiy and
control of the processing part in order the applicato react
and adapt to events or conditions. For exampla,base-band
processing application the processing part gerei@eevent
“a bit error rate threshold is passed” to which tbatrol part
reacts with “change of the data coding scheme”.

We envision the data traffic between the controt pad the
processing part of the application to consists paxt event
and state exchange and of light control streantsarto be of
weak intensity, not so regular in time and with |{tegae
constrains that are easy to fulfil.

infrastructure of the platform.

A PU could be a processor, an application spetificore,
reconfigurable processing tile, etc. We assume Pathas its
own local data and code memory and is capable oking
independently from the others. A PU behaves asVall (i)
the processing starts after the data item has tsived and
data item is sent after it has been processedyfi@n a PU is
ready to receive, but the next data item does miteathe PU
blocks (waits) until the receive is done; (iii) whéhe PU is
ready to send, but the data cannot be acceptedhéy t
communication channel the PU blocks (waits) uh send is
done.

Communication infrastructure

C. C C, C C
N\ // '\\ // ‘\\ / N"\\ // N
PU, PU, PU,

PU =Processing Unit

Thus we can conclude that in many stream-processing

applications we can separate the heavy computadioch
communications and represent them through a progegsh
of simple chain form. This part of the applicatiovhich later
we refer to as a stream-processing part, usuallksvander
real-time constraints and forms the main part @& $ystem
computation and communication load.

In this paper we focus on the stream-processinggiahe
applications as we are interested in the timingeetspof its
operation when run on a multiprocessor platform.

The rest of the paper is organized as follo@sction Il
gives details about the multiprocessor architectane its

Figure 2: Stream-processing part of an application runniolg a
multiprocessor architecture

For communication infrastructure we assume any type
message passing communication architecture thablis to
provide throughput guarantees for its communicatizannels.

Since the processed data are stream items thate arri
regularly at the pipeline input, the pipeline’s PUWsn
periodically, passing cyclically through four phasef
operation: receive process send and wait. Each of these
phases is characterised by its start time and idarand
together they form the PU’s operational cycle.

operation.Section lllintroduces the timing characteristics we As we shall see, the duration of the phases isbestiof
are interested inSection IVpresents an example of a stream, Ji-o during the ;T1apping procedure. In this paperstudy

processing application running on a multiprocegdatform.
Section V discusses the real-time constraints on
application’s operation we conside3ection Vipresents the
four different cases of communications organisatiae

consider.Section Vllintroduces the notation used during the

later derivations. InSection VIII we derive the time
dependencies for each of the considered caseSedtion IX
we discuss the derived results.

Il. STREAM PROCESSING PIPELINES

When the stream-processing part of an applicatios on a
multiprocessor platform its operation reminds vemuch a
pipeline where each stage of the pipeline is agssar.

If the stream-processing part of the applicatiamfFigure

what are the dependencies and limits that drive comgtrain
at choice.

[ll.  CONTROL ON THE COMMUNICATION AND PROCESSING
TIMES IN THE PIPELINE

In general, the time for processing a data itera pipeline
stage and the time for transmitting a data itenmwbeeh two
stages are not predetermined but are, t0 a ceetdiend,
subject of choice during the application mapping.

Since a message-passing communication mechanism is
assumed here, the time for transmission of dataemsst two
consecutive stages is in fact the send time fomtie and the
receive time for the other stage. Thus, in ordesinaplify the
notation, we do not make a distinction between sand



receive times, but refer to them in general as conmication frequency,F, is done most probably also by the mapping

times. procedure together with the PU selection. Hences th
The time for communicationC, between two consecutive processing timeP, is also decided during the application

stages depends on the amount of transmitted data (ttm mapping.

size), L, and the throughput,S, guaranteed by the Since a choice has to be made about all processidg

communication channel for this data: communication times in the pipeline, we must cle@at are
L the constraints on that choice. Beyond the phydicets, like
C =g (1) maximal channel throughput, restricted set of Plpesy

minimal and maximal operating frequency, thereadse time-
limits on the pipeline operation that must be takato
consideration.

where:
L — amount of data [bit]
S— channel throughput [bit/s]
C —time for communication [s]

(The delay of the communication channel is negteteere. V. HYPERLANZ EXAVPLE
In a typical case it is a constant additive comporie the  Here we use a HyperLANZ2 receiver as an example of a
communication time, much smaller than the latenc§iream-processing application. HyperLAN2 [7] is d AN
component. Including the delay will lead to a selsthift of the Standard, based on Orthogonal ~Frequency Division
pipeline’s phases, but will not change the timeesefencies Multiplexing (OFDM), similar to the IEEE802.11a WINA
between them.) standard.

The amount of data,, is determined by the application and Our intention is to run the HyperLAN2 receiver on a
cannot be changed. The throughput, S, is seleatéidgdthe multiprocessor architecture that consists of a hgeneous
application mapping by the mapping procedure. Ddipgnon ~ array of domain-specific processing tiles [8].
the communication needs of the application and be t 1he HyperLANZ2 receiver operates as follows. Everysda
currently available system communication resourthe data packet of fixed size (called OFDM symbol) \asi from
mapping procedure assigns to each process graph adgthe antenna’s front-end to the receiver’s input grade are the
communication channel with certain Quality-of-Segsi Stréam items that the application process. Eaearstitem is
parameters (including throughput guarantees). processed separately. It passes through severgésstaf

Thus the communication time, is decided during the processing as the purpose is to extract the uggfimation
application mapping. Since the maximal throughp@tao carried by the wireless channel — the pay-loads phay-load is
channel,Syas is limited by the channel capacity, the minimaProduced by the receiver's output. Since missingG&#DM

communication time is also limited. symbols is unacceptable, the pipeline must be réadycept
We assume to have a communication infrastructuee thn€W data item every 4 ps.

provides throughput guarantees [6] and thus uppend on Data item size

the communication time C. [Byte]

The processing timd?, depends on the number of cycles it
takes the PU to process a data item of dizeand on the
frequencyF, at which the PU works:

f(L)

P F (2)
where:
L — amount of data [bit]
f(L) — number of computational cycles ‘ o ‘ ‘ 204 ‘ ‘ 10 ‘
F — operating frequency [Hz] ¢ /
P — processing time in [s] P“’[‘ggzi]?% ;‘C‘]‘zﬁ(’“
The functionf() gives the number of cycles needed for a PU )
to process a certain amount of data. Generallyis itan g; : flijgl”;“gF °Df{jet correction
algorithm complexity function that depends on thgoethm it P3 - Equalization, Phase offset correction and De-mapping

self and on the PU type. The PU on which a proedbsun is
decided by the mapping procedure during the apita  Figure 3: Process graph of a HyperLAN2 receiver
mapping and so this choice influences the procgdsire.

“Programmable operating frequencies” is a featuiteno  First step towards our goal is to represent theerypiN2
attributed to future MPSoC. It allows programmihg tlock receiver through a process graph [2], as showhigure 3
frequency for each PU in the system thus adaptingsystem The graph is a chain of three procesBesP, and P;. The
processing power to the application needs and gafiergy. details about the algorithms implemented by thesegsses

If this feature is available, the selection of g operating are not of importance for the example and are h@nghere.
What is important is the number of cycles it tateprocess a



data item. These numbers are given in the figurgraph
nodes’ labels (the boxes below the graph). Theywdrat in

expected the pipeline to process data at a cersén This is
the case of operation for audio/video processingiegtion.

Section lllwas denoted bf(L), so these numbers are specificThe two previous cases, time-constrained input tme-

for the processing tiles in our architecture.

The labels on the process graph edges (the boxee dbe
graph) represent the size of the transported tiatasi Ws see
the size changes as the item progress in the pgahd that is
because some information is stripped out during
processing.

After the process graph has been derived and &bdtie
next step is to map it on the architecture. Siheegarchitecture
is homogeneous all the processes will be mapped same
type of PU — our processing tile. What the mapgirgcedure
has to do is: first, to find a free tile for eaclhogess and
eventually to choose its operating frequency (ttlusosing a
processing time); second, to find for each edge
communication channel with certain throughput goszes
(thus choosing a communication time). Doing thiddis to
consider all the labels in the graph and to gueshat the
resulting processing and communication times axdh ghat
the pipeline will meet the 4 ps deadline on itauinp

The choice of processing and communication timesois
trivial and it is what we address in this article.

V. TIME CONSTRAINTS ON THE PIPELINE OPERATION

When the pipeline works under real-time constramsich
is the case for most of the applications, the tgraspects of
its operation has to be taken into account. Eveervthere is
no real-time constrains, during the application piag it is
important to know how the choice of processing traad the
communication times influence the pipeline behawiaworder
to guarantee proper application operation.

Regarding the time-constrains, in our study weirtjsish
three different cases of pipeline operatitime-constrained
input, time-constrained outputind constrained throughput
operation.

In the case ofime-constrained inpubperation the pipeline
input data arrive at a fixed period of time and piygeline must
always be ready to accept it; if it is not readyg tata is lost.
The pipeline output data are consumed immediai&tys is
the case of operation for the receiving part ofekaand
processing applications where a data to be prodeasiéve
periodically from the antenna’s analogue front-end.

In the case ofime-constrained outpuperation the pipeline
output data are read at a fixed period of time thedpipeline
output must always be ready to send at that tifni¢;i$ not
ready, the data is lost. The pipeline input is \fiéth new data
immediately when it is ready to accept. This is tase of
operation for the transmitting part of base-bandcpssing
applications where the processed data is senetartenna at
exact time, periodically.

theme constraints

constrained output, can also be reduced to this ibree
pipeline input or output, respectively, is decodpfeom the
data stream by a data-buffer of reasonable capacity

In our work we study how each of these three cafesal-
restricts the choice of processemd
communication times in the pipeline. But to be ctatgone
more aspect of the pipeline operation has to bentakto
account. This is the level of freedom the PU hapddorm
receive, process and send in parallel.

VI. PARALLELISMS IN A PUOPERATION

The aspect of the pipeline operation we are intedebere
i& the ability of a PU to perform the basic opemasi - receive,
process and send - in parallel. Considering thjgeetswe
distinguish the following four basic models of Pplesation:

sequential communications and sequential processing
(SCSP)- the three operations are performed strictly
sequentially

parallel communication and sequential processing
(PCSP) — the send and receive operations can be
performed at the same time, but the processingoean
performed only if the PU does not communicate.
sequential communications and parallel processing
(SCPP)- the tile can process while communicating, but
still sending and receiving cannot be performed in
parallel.

parallel communications and parallel processing
(PCPP)- all the operations (send, receive and process)

can be performed simultaneously.

This paper considers only pipelines consisting 06 Rhat
use a same model of operation — homogeneous pégelifie
elaborate on each of the four models applying edthe three
cases of real-time constraints.

VII.

For clarity, in this section we explain the notatiased
further in the paper.

N — number of stages in the pipeline

Ci, — period of time needed to transmit théh data item
out of stage,

Pin — period of time needed to process tthify data item in
thei-th stage

W, , — period of time during which the stagdas to wait
after has processed theh data item

n=1,2,..0;i=1, 2,..,N

Con — period of time needed to receive thh pipeline’s
input data item

Cu,n — period of time needed to transmit t¢h data item

NOTATION

In the case ofonstrained throughpuiperation there are no gt of the pipeline

time constraints on the pipeline’s input and outfstinput is
fed immediately and its output is immediately coned. But
still there is a constraint on the pipeline thropgh— it is

1T — event “start of a period of tini
LT — event “end of a period of time
@(e) — time of occurrence of an event



Thus: Receivel TSend
@(Cin) — time at which starts the transmission of thi n-
data item out of stage
@(Cin) — time at which ends the transmission of the n-th M
data item out of stage
Since the output communication channel of stages the l T
input channel for stage then-th data item enters theh stage
duringCi.1 , it is being processed durif®y, and is sent to the L_ﬂ_\}
next stage durin@i .

In the following developments we use the assumpttia
for all data items the processing and communicatiioes for

a pipeline stage are constant and the pipelina the steady  £igyre 5presents a time diagram of a stage operation. When
operation: data has been received the processing can stamdiately.
(A1): C; =C,B, =RBW, =W, 0] D{OJ-,Z,--,OO} After the processing is done the data can be setftet next
. stage. If in that moment the next stage is notydadaccept
0<C 0<R0=W,0 D{ZI.,Z,..,N} the data, a waiting tim@/’; , is introduced. When the data is
That is the case for the base-band processingcafiphs sent the stage finishes its cycle and is readgdeive again. If
we have studied. For applications with varying Srifee upper the previous stage is not ready with the data, dingatime

Figure 4: PU organization for SCSP pipeline

bounds for these times should be used. W, is introduced afte€; ,.
VIIl.  PIPELINE BEHAVIOUR e P. W’ C. w. | C
i-1,n in in i,n in i-1,n+1
In this section we elaborate on each of the foudets of Time’
operation in order to extract basic time depend=noif the
stream pipeline operation. Figure 5: Time diagram of a stage operation for a SCSPlipipe

Theassumptionsve make are:
- the pipeline is homogeneous — all PUs use the sameFrom the described behavior we see that the péetdeen

model of operation two successive input data items for stegeis:
- a message passing mechanism is used for@ 1 C -@t C )=

communication between the PUs (1 Coa) =@ C) (3)
- the communication channels can give throughput=C;,+PB,  +W', +C . +W" |

guarantees For stage the period between two successive output data is:
- the processing times are predictable and do nagrakp _ _

on the input data (manifest processes). If thisoisthe @( Ci'”’fl) @( Ci’”) - (4)

Ease, tge upper bounds of the processing timeddshou = Ci’n +W"i'n +Ci—l,n+1 + F’i'n+1 +Wli,n+l

e use

. . o . From the equivalence between (3) and (4) follows:
- the time constraints on the pipeline operation are

constant and do not vary in time (fixed rates oivat, Ci,n +W in +Ci—Ln+l + R,n+l +W i+ = 5)
departure or processing of data items). If thisasthe = Ci . |Di+ln +W'i+ln+(;i+ln +W"
case, the lower bound of the constraint variattooutd .’ . ’ ’ .
be used Using the assumption (Al) fromSection VII and
substituting:
gczi(;uentlal communication and sequential processing W' +W" =W

from (5) we derive the following recurrent equation
C.tR+W+C =C +R, +W, +C

i+1 i+17

When this model is valid the pipeline stage perforime
three operations in a sequence following the stoiater:
receiveCiy ,, proces®;,and send; ., as shown on the time [Jj [] {1,2__N —1}
diagram inFigure 5

This model of operation corresponds to a PU Orgali@ o\ 4ata arrives every period of tiffiewhich from (3) is:
where the PU uses a single memory to store theiveste C +P+W +C =T o
processed and sent data (§égure 4. First, the new data is 0" "1 1 1
received and stored in the empty memory. After,tating ~ When the pipeline operates wiilme-constrained outptits
processing, the PU uses the memory and at thet statés the result is consumed every period of tifiewhich from (4) is:
result again in the same memory. Finally the refoin the ~ C\_, + P, +W +C =T (8)

memory is sent to the next stage and the memoeynistied  \when the pipeline operates with constrained thrpugfts

again ready for the next cycle. Since the memorghigred gjgwest stage, say stade becomes a bottleneck for the
between the three steps, these steps are mutualiisive.

(6)

When the pipeline operates witlme-constrained inpua



pipeline and determines the pipeline throughputg&th
permanently cycles over the different phases, s#y period
T, but never waits\,=0.

CptR+C, =T 9
If any of the equations (7), (8) or (9) is subsétlin (6),
the same result is derived:
CL+R+W +C =T,

0{12,..,N}

This equation represents the basic time dependzetayeen

the stages of a SCSP pipeline. Sife®\, in order real-time
constraints to be met for each pipeline stage &trhald:

CL,+P+C <T (12)
This is the general constraint for communicationd an

processing times in thBCSPpipeline. It holds for the three
cases of time-constrained pipeline.

(10)

B. Parallel communication and sequential processing
(PCSP)

This model allows sending and receiving data iralerbut
the processing still has to be done when the PUs du¢
communicate (sekigure 7).

This communication model corresponds
organisation where two separate memories are usedeht
and received data, but both of them are used btheuring
the processingsigure 6

Receive  Send

M | M
P
PU

\_/\

Figure 6: PU organization for PCSP pipeline

Similar behaviour can be derived from the PU orgatinon

to a PU Usmg

Wa:l,ﬂ 1 i-1.r | Wa,.i.n P Wﬂ:i.n Ci-Lml Wﬂ”i.nﬂ
- W in-1 | Clll 1 |Wl:”1,n = Wt:l | C|.|| |Wt”“|+]_>
Time
Figure 7: Time diagram of a stage operation for a PCSPlipipe
FromFigure 7we see that:
1a na b nb
W i,n—l+Ci—Ln +W i,n _W —1+C| n-1 +W i,n (12)

From the described behawor we find that for stagethe
period between two successive input data is:

@ C,a)-@(1 C )=
=C,, +W"S, +P,, + W

|+1n i+1,n i+1L,n

(13)

For stage the period between two successive output data is:

@t C,.)-@1C,)=

— ub b (14)
C +W |n+1+R n+l +W| n+l
From the equivalence between (13) and (14):
C +W"|bn+1+P| n+l W'|bn+l = (15)
- C +W"|a+Ln +P|+J,n +WI|a+Ln

the assumption (A1) fromSection VII and
substituting:

W'EHW" =W® and W' HW"?
From (12) and (15) we derive:

:Wb

W +Cy =W +C (16)
C +P+W°=C +P, +W?,
C+R+W=C +P, +WJ,

17
C +R +\Nib =Gt P +VV|21’
0i04{12,..,N -1}

With the same reasoning as for tBE€ESPmodel, for the
three cases of time-constrained operation we caite,wr
respectively:

Co+R+W' =T
Cy +P +Wy =T

for SCSPin Figure 4 if a dual port memory is used and the

received data is stored in the memory freed bysth@ data.
But such an organisation requires synchronizatetwéen the
send and receive operation, which will complicdte time
dependencies in the pipeline. It this work suctoaganization
is not considered.

A time diagram for aSCSP pipeline stage operation is
presented irfFigure 7. When the input data has been receive
and the previously processed data has been septdbessing
can start. If one of these two conditions doeshaid, either
waiting time W, or WP in IS introduced (but not both
together). After the processing has finished, comigation
can start. If the previous stage is not ready aodmit or the
next stage is not ready to receive, waiting tiré;,, and
WP, , are introduced here.

Cos tR AW =T
Substituting each of them in (17) we derive:
a R AW =T,
C +R+W =T
Since @W;® and &W,°, for the general constraint on the

Bommunication and processing times iP@SP pipeline we
derive:

(18)

+P <T,
C+S

(19)
{lZ,..,N}



C. Sequential communication and parallel processing
(SCPP)

@(l Ci,n+1)_@(l Ci,n) =

This model allows communication and processing ¢ b =W"i n2tCiipey TW 11 +C

performed simultaneously, but still sending anceindog must
be done sequentially, s€gure 9

This communication model is valid for a PU orgatisa
where two separate memories are used for commioricand
processing as they are swapped in the beginningach

operation cycle (se€igure 8. Since same memory is used for

sent and received data these operation are muemdlysive.

Receive Send

M

v 1

.

Figure 8: PU organization for SCPP pipeline

Swap

(22)
From the equivalence between (21) and (22):
I:)i+l,n +Vvi+ln :W”i,n+2 +Ci—:Ln+2 +Wli,n+1+Ci,n+1 (23)
Using the assumption (Al) fromSection VII and
substituting:

Wli +W"i :\/\/ia
from (20) and (23) we have:

P+W =C_ +W*+C (24)
Ci—1 -I-\Nia1 + Ci = I:)i+1 +Vvi+1’
R +W, =P, +W, @5)

C+W?+C =C +W3 +C

With the same reasoning as for tB€SPmodel for the
three cases of time-constrained operation we caite,wr
respectively:

R+W, =T

Cya TWE+C =T

Figure 9presents a time diagram of a SCPP stage operation.Cb_1 +sz’1 + Cb =T

At the beginning of the cycle, immediately afterapping, the

Substituting any of the above equations in (25) shene

PU memory contains the last received data and ﬂPgsult is derived:

communication memory contains the last processéal dde
processing of the new data starts immediately. h&t $ame
time, sending of the last processed data can ttartlf the
next stage is not ready to receive, waiting tiWg ., is

introduced beforeC;,.;. After the data has been sent the

communication memory is free and receiving of te&trdata
can start. If the previous stage is not ready tods&vaiting

time W”; .., is introduced befor€;; ... Note that new data

cannot be received until the old data is sent. fEiselt of the
processing is stored in the PU memory. After the I3
finished processing it waits until the new datadeeived. At
that moment the memories are swapped again and/ ayute
starts.

/ Swar

/ Swag

2
intl i-1,n+1

in-1 PI.H | in P|.n+l | »
>
W W C Time

in-1 in in

in-1

Figure 9Time diagram of a stage operation for a SCPP pipeli

FromFigure 9we see that:

Pi,n +Vvi,n :WIi,n—l+Ci,n—l +W"i,n+l+Ci—],n+l (20)

From the described behavior for stagel the period
between two successive input data is:

@(l Ci,n+1) - @(l Ci,n) = I:?+Ln +W

i+1Ln

(21)

P+W =T,

CL+tW*+C =T,

0i 0{1,2,..,N}
Since @W?and @&W,";
P<T,

C,+C <T

D. Parallel communication and parallel processing (FOP

This model allows the three operations - receivecgss
and send - to be performed simultaneously Fgere 11

(26)

(27)

Receive  Send

Swag

PU
-  —

Figure 10 : PU organization for PCPP pipeline

The model is valid for a PU organisation where taemory
banks each containing two separate memory blockused

For stage the period between two successive output data ifr processing and communication (degure 10. A swap

between the memory banks is performed at the begjnof
each stage cycle. The presence of two separate mdrocks



in the communication bank allows simultaneous sendind C,+W2=T,
receiving of data.
A time diagram of a stage operation is showfigure 11 R+W =T,

At the beginning of the cycle the memory bankssavapped. C +WP =T (33)
After the swapping one of the memory block in thé [Pank ] : '

contains the new data to be processed and the blihek is 0i0{12,..,N}

empty. In the communication bank one block cont#iesdata Since @W?%, 0=W; and &W":

to be sent and the other block is empty. Immediaékr the Ci—l <T,

swap processing of the new data can start. Botidiisg and

receiving can start too. If either the next stagy@odt ready to R=T, (34)

receive or the previous stage is not ready to sermiting C<T
timesW, .1 andW’bi,n_l are introduced befor@;; n.; andC; . '
1 respectively. The cycle finishes when all threeragtions are
finished. If an operation finishes before the emdhe cycle,
waiting time is introduced after itW,,, W% .1 or W”bi,n.l

IX. DISCUSSION OF THE RESULTS

The main result of the previous section is thewdgion of
the dependencies between the processing and cocationi

respectively. times in a stream-processing pipeline. They arergifor the
/Swap /Swap /Swap four models of operation respectively by the edureti(10),
(18), (26) and (33). From these equations and lgavmirmind
Wos | Ciix | W W] Coue W that the waiting times are grater or equal to Zemmediately
P |va"_1 P | W, > follow the constraints on the processing and comaation
W’ti,n—zl Covs | W W,ti,n—ll C.o | Wt | Time times expressed by the inequalities (11), (19)) &d (34).
A. Memory requirements

Table | summarizes the memory requirements and the
constraints for the four models of operation. Thenrary

From the time diagram presentecFigure 11we see that: requirements are presented normalized to the SGf#eIm
TABLE |

Figure 11 Time diagram of a stage operation for a PCPP mipeli

1a na —_ —_—
Wi tCi TWH =R W = (0g)  [Model SCSP PCSP SCPP PCPP
— b ub Mem* 1 2 2 4
=W i,n-1 +Ci,n—l +W i,n-1 -
: . . . Constraints| Ci;+P+C=T Ci+P=T P=T P=T
From the descnbgd pehawor, for stagel the period P+CET C +CaT T
between two successive input data is:

_ na a * normalized to SCSP
@(r Ci,n+1)_@(T Ci,n) _Ci,n +W i+1n +Wi+1,n+l (29) We see the four models differ in required memoryg an
For stage the period between two successive output data idependencies introduced between communication and
1 C -@0 C )=C +W"P +W® 30 computation. The general relation is: the lessdéy@endencies
@1 Cra) ~@(1 C) =C,, in ™Wina - (30) are, the more memory is required. For example, SBSP

From the equivalence between (29) and (30): model requires the least amount of memory but thegssing

C., +W"?+l’n +W'ia+ln+l =C, +W"ib’n +W'ib'n+l (31) time of a stage depends on the times for commuiaicatith
Using the assumption (A1) fromSection VII and the previous and the next stage, while for the P@@Rel the
substituting: Eroure]_ssingdalnd co_mmtini_cation times are fully indeleet,
1a na _\pja b wb _xasb ut this model requires 4 times more memory.
WiHWE =W and W7HW" =W We have to notice that the extra memory requirement
From (28) and (31) we derive: applies only to the memory a PU uses for external
Ci—l +V\/ia = PI +V\/i = Ci +V\/ib communication, not to the all PU’s memory. The sifehe

Oi02. N -1 (32) memory needed for external communications is apfiio
! _ {12, } . dependent and is determined by the size of theittates. For
With the same reasoning as for tB€ESPmodel, for the the three stages of the HyperLAN2 example frBection IV

three cases of time-constrained operation we caite,Wr these sizes are respectively: 256, 256 and 192 byte
respectively: L
B. PUs utilisation

Co+W* =T
. The results fronTable Ican be used to compare the level of
CytW, =T PUs utilisation that the different models of opinatallow.
P+W, =T We def;e the utilisation of the PU in théh pipeline stage as:
Substituting any of the above equations in (32) shene i =t (35)
result is derived: T



So, to achieve high PU utilisation we have to ainstage
processing times approaching the period of operatior his
is easy to achieve for the SCPP and PCPP modeis gieir
processing times are independent of the commuaitéitines.
But for the SCSP and PCSP models in order to deglzer
PU utilisation we have to minimise the communicationes.
However, the communication times are lower-bounogdhe
communication channels capacity. Thus these modéls
operation potentially result in a poor PUs utilieat

For the HyperLAN2 example (seigure 3 given in

channels. Having the sank® for all models we see that the
PCPP will have the most relaxed communication requents.
The communication time there can stretch over thmlev
period T, thus avoiding traffic burstiness and minimizirgg t
throughput requirements for the communication ckénn

The other extreme is the SCSP model
communication requirements are most tight. Sinee tof the
period T is shared betwee@;;, P, andC; the communication
times are short, traffic is bursty and the throughp
requirements are high.

Section 1V assuming SCSP pipeline and 16-bit communication Using the HyperLAN2 example, assuming a SCSP pipeli

channels working at 100 MHz, we can calculate tlimal
tile utilisation as follows.
Calculate minimal communication times mi, using (1):

CO_min = 1,28,US, C1_min = 1,28,US,
C2_min = 0796IUS’ C3_min = 0’18lus
Using (11) calculate the maximal possible processimes

IDi_max:

I:?_max =T- Ci - Ci—1
P max = 1448, P, o = 17618, Py 1 = 286185

Using (2) we can calculate the tiles operating deswy:
F, =47MHz,F, =116MHz, F, = 39MHz

For the maximal tile utilisation that can be aclkigor that
application using SCSP model we calculate:

U, e = 036U, 0 = 044U, . = 0.715

As expected, these values are not high.

Thus, if we aim at high PU utilisation, the use SESP
model is only justified when long complex procegsis done
on not very big portions of data in which case phecessing
times dominate and the PUs utilisation is higher.

2_max 3_max

with all tiles operating at a fixed frequency 10(Hkwe can
calculate the throughput requirements for the comaoation
channels as follows.

Calculate processing tim& using (2):

P, = 0678,P, = 20415,P, = 1115

From (11) we derive the following system of conistsaon
the maximal communication times:

C,+C,<T-P,=333us

C,+C,<T-P,=196us

C,+C,sT-P,=29us

In a real case we would look for a solution @rthat, for
example, minimizes the required channel througlmptits in
the physical limitations of the channels. Here,oirder to
simplify the example, we use an easier crit€{aC, (with no
practical meaning). Then f@; we have:
C, = 235us,C, = 09815,C, = 09815,C, = 192155

Finally, from (1) we derive the required momenbtighput
S [MByte/s]:

S, =109MB/s, S, = 261MB}/s,

The same calculations for the HyperLAN2 exampleewer S =196MB/s, S; =19MB/s

done for the other three models as well and thalteesre
summarised ifable Il

TABLE II
SCSF | PCSF | SCPF | PCPF
Us ma 0.36 0.61 1 ]
Uz ma 0.44 0.6 1 ]
Us max 0.715 0.7¢ | |
F, [MHZz] 47 25 17 17
F,[MHz] 116 75 51 5]
Fs[MHz] 39 34 24 29

High numbers, as it was expected.

The same calculations were done for the other three

operation models and the results are summarisédbte 11:
TABLE IlI

SCSF | PCSF | SCPF | PCPF
Sy [MByte/s] 109 71 12 6
S, [MByte/s] 214 13] 12 6p
S, [MByte/s] 196 9§ 9 48
S;[MByte/s] 19 12 1 {

D. Applying system level power saving techniques

These figures show that the models with higher nmgmo Let us consider two power saving strategies that loa

requirements allow higher PU utilisation and lovegerating
frequencies.

If assume that the maximum clock frequency of ai$ 00
MHz, we see that the SCSP mode is not feasible=(E16
MHZz). In such a case the process that does naifild have
to be split and mapped on two PUs

C. Communication requirements

applied to each PU in the system separatelyck/voltage
scalingandidling.

The clock/voltage scalingtechnique aims at lower PU
operating frequency and power supply voltage ands th
reduces the PU power consumption. Lowering the aiper
frequency increases the pipeline processing tinfgs
proportionally. Therefore this power saving teclicaims at

The results fronTable | can also be used to compare whalongest processing time8{<P;<T).

requirements the different models put on the conication

Theidling technique force PU to run at the highest possible

where the



frequency in order to finish the processing of toerent data
item as fast as possible and during the rest dfittes until the
next stream unit arrives, it is set to a power rsggwhode (e.g.
its clock is stopped or its power supply is shutwdp
Therefore this power saving technique aims at lshgaiting
times Q<<W,;<T) and shortest processing tim& €<<W,).

Referring to the constraints summarisedlable |we can
conclude that applying each of the above describelaniques
to a PCPP pipeline will not lead to communicatiestrictions,
but applying it to a SCSP pipeline will require miising of
the communication times and increasing the trdfficstiness
and the throughput requirements as a result.

E. Mapping of an application

The derivations oSection Vllican be used as input for a

procedure for mapping of applications onto a mudtiessor

architecture. We show how it works for the HyperLAN
example, a SCSP pipeline and optimising for high PU

utilisation. We assume that the communicationseisgpmed
by a network with a mesh topology.
For the SCSP pipeline we have the following colirstsa

Co+B+W +C =T
C+P+W,+C, =T
C,+P+W,+C, =T
C,+P, +W,+C, =T

In order to map the application process graph diled
architecture the following procedure can be folldwe

1. Map each process on a tile considering only the til

occupancy and optimising for communication locality

10

A. Parallel split

This process graph is derived from the chain gragh
replacing one of its processes with several parpfecesses.
Figure 12presents a part of a chain where the stageplit in
K parallel stages denoted wi. The input communication
channels of these stages are denoted @lithand the output
communication channels are denoted \@ttfor j=1,2,.., K.

The stage before the split one, stade scatters its output
data items over thi€ processes in theth stage:

Ci]—l,n = Ci—l,K( (36)
The stage after the split one, stage, gathers its input data

items from theK processes in theth stage:
i

Ci,n = Ci K(n=1)+j

Scatter C,. Gather C

n=1)+]

(37)

Streamr c i - C Stream
Y Y
C. c/

2O s Ot
) /

ol i CK

Figure 12 A pipeline with spliti-th stage

In a real application a reason for such a splittvauld be

the need for higher performance of thé stage.

2. For so mapped processes choose minimal networks pat For stage-1, using (5) and (36) we write:

between the communicating tiles

3. For each path determine what is the maximal thrpugh

that can be guaranteed

Ci—2,n +W i-2,n +Ci—3,n+l + Pi—2,n+1 +W i-2,n+1 =

=Ciy, + Py, W', +C'61],b +W,

(38)
-1n

4. From the maximal throughputs using (1) find the Where:

corresponding minimat;
5. SubstituteC; in the set of equations, substit¥#e= 0 and
determine the maximum possible valuesHpr

6. From the processing times using (2) determine ilbs t

operating frequencies
7. If the result of the mapping is not satisfactodentify the

a=(nmodK) + landb = (ndivK) + 1
(div denotes integer division)
Using the assumption (A1) fro®ection Vlland the usual

substitution of the waiting times, from (38) foretloperation
the before the split one, staige:

bottleneck communication channels and try to changeC ,+P,+W_,+C_,=C_,+P_ _,_Wil_,_ C'jl
i— i- i- i- i— i i i-11

their paths with other with a higher throughput.

8. If iterating on 7 does not lead to success, conside ju{12,..K}

remapping of the processes which communication

channels are the bottleneck

X. MORE COMPLICATED PROCESS GRAPHS

In this section we consider three cases of progegshs that
are not straight chain but are slightly complicatedhain with
a parallel split stage, a chain with feed-forwatdge and a

(39)
For stage+1, using (5) and (37) we write:
Ci+1,n +W"i+1,n +Cia,lb + Ci,n+1 + Pi+],n+l +Wli+1,n+l = (40)
= Ci+:Ln + I:?+2,n +Wli+2,n +Ci+2,n +W"i+2,n

Wherea andb are the same as in (38).
Using the assumption (A1) fro®ection Vlland the usual

chain with a feed-back stage. We think these aveqss graph substitution of the waiting times, from (40) foethperation of

topologies also typical for stream-processing ajagibns.
Here the three graphs are briefly presented araliledions
are made only for the SCSP case.

the stage after the split one, stage:



C/ +PR,, +W},+C, =C, +R,, +W, +C

j0{12,...K}

The period between two successive input data ifemthe
j-th process in stageds:

@(1 Clipn)—@(1 CLyy) =

i+271 (41)

) ) ) ) ) (42)
= Ci]—l,n + R,]n +Wlij,n +Cij,n +W”i],n
But: . '
@(T Ci]—],n+1)_ @(T Cij_l’n): 43)
= @(T Ci—LKn+j )_ @)(T Ci—l,K(n—1)+j)
And:
@D(T Ci—LKn+j )_@(T Ci—l,K(n—l)+j ):
Kn+j (44)
= ;(Ci-z,p + Pi-l,p +\Ni—Lp +Ci—1,p)
p=K (n-1)+]
Therefore:
Kn+j
p=K(Zn;1gSi_2’p ' Pi_Lp +\Ni_l’p ' Ci_Lp) ) (45)

= CiJ—l,n + R,Jn +Wlij,n +Ci],n +W"i],n
Using the assumption (A1) froBection Vlland the usual

substitution of the waiting times, from (45) an@®)3
K

Z[Ci—z +B, +Vvi?1+Ciq—1] =

q=1
K(Ci—s +P, +W_, + Ci—z) =
= Cij—l + Pij +Vvij +Cij

The period between two successive output data ifertke
j-th process in stagds:

@l ¢/..)-eli ¢/, )=
=C/, +W +CL ., +PL,
But:
(T Ci,jn+1)_ @)(T Ci,jn ) =
= @(T Ciknei )‘@(T Ci,K(n—l)ﬂ)
And:
@D(T Ciknej )_@(T Ci,K(n—1)+j ):
Kn+ j

= ;(Ci,p-FPHl,p
p=K (n-1)+j

Therefore:
CiJ,n +VVi,Jn + Ci]—],n+l + P] =

in+l —

(46)

(47)

(48)

(49)
+W,;, +Cop o)

i+l p

Kn+j
= Z(Ci,p + P
p=K(n-1}+]
Using the assumption (A1) froBection Vlland the usual
substitution of the waiting times, from (50) and 4

+W

i+1,p

+C

i+l p

) (50)

11

C! +W'+Cl +R! =
= K(Ci+1 +P,, +W,, + Ci+2) =

K .
= Z[Ciq + I:)i+l +Vviil+ Ci+1]
g=1

With the same reasoning for the three cases of-time
constrained operation as iBection VIII we can write,
respectively:

C, +R AW, +C, =T,
CN_1+ PN +WN +CN =T,
Coy tR+C, =T

Then substituting in (6) and using (39), (41), (46y (51)
for the split stagé and the stages before and after it:

(51)

C, +R,+W,L+CL =T,
C' +W'+CL +R' =KT,
, (52)

Cij + I:?+1 +VVier1+ Ci+1 = T’

j0{12,..,K}

Since the waiting times are greater or equal tlesio:z
Co+R.+ Cij—l <T,
CL +P’+C/ <KT,
Cij + Pi+1 +Ci+l ST’

j0{12,...K}

B. Feed forward process

This graph is derived from the chain by adding angtlel a
new process that forms a feed-forward connectiomvesn

(53)

two chain stagedtigure 13presents a part of a chain process

graph where a feed-forward process is added betsiages

andi+K. The feed-forward process is denoted Wigh and its

input and output communication channels are denoted
respectively withCee i and Cee oy Prr receives its input data

from the P’s feed-forward output chann€™; and sends its
output data to thB.x’s feed-forward input chann€™

CFF _in,n = CIFI!IZ

CFF _out,n = CiTI:(—l,n

In a particular case it might be that:
Ci, =C
The feed-forward process forms chain which is pelrab

i,n

the main one. For this chain we can again derieer¢icurrent
equation (6) using the same arguments &Seiction Villand
can derive the time dependencies for the feed-fatvetage
for the three cases of real-time constraints:

CFF _in + PFF +WFF + CFF _out =T (54)
And becaus@®<W:
CFF _in + PFF + CFF _out <T (55)
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For stage®; andP;.x we have respectively: CFB ot pFB + CFB out < T

Ci—l + P, + Ci + CFF _in =T (56) For stage®; andP.,x we have respectively:
Ci+K—1 + CFF_out + Pi+K + Ci+K <T (57) Ci—l + CBF_out + R + Ci <T (58)
(assuming that communication with the feed-forwstage ka1 *tPy+C.  +Cp , <T (59)
i+K - i+ i+ _in =

is performed sequentially)

C FF_inC FF_oul—\
FF

i+K-1 X|

CFF C

_
Stream

Since the processing in stagis fired only when both data
items from the feed-back stage antith stage are available,
the n-th data item will be processed together with rih€-2-th
data item delayed through the feed-back.

CONCLUSIONS

In this work we studied the timing aspects of tiperation
of streaming applications on multiprocessor arciites. We
derived dependencies for the processing and the
communication times of the processors and found the
constraints on them.

We considered three cases of real-time constraintshe

Since the processing in stageK is fired only when both application and also four cases of organization tio¢
data items, from the main chain and from the fewdsird processors communications. While all cases of tied-
chain, are available, theth data item coming from the feed- constrains influenced the application performanteaisame
forward chain is processes together with nR-th data item way, the performance of the application differsosgly

CH-K->

Figure 13 A pipeline with a feed-forward connection

delayed by the main chain.

C. Feed back process

This graph is derived from the chain by adding angtlel a
new process that forms a feed-back connection leetviro

chain stagesFigure 14 presents a part of a chain Process ) mmunications by

graph where a feed-back process is added betwagesstK

andi. The feed-back process is denoted Wit and its input

and output communication channels are denoted ctgply

with Cgg in and Ceg oy Prs receives its input data from the
P.x’s feed-back output chann@™,.« and sends its output

data to theé®’s feed-back input channéf®,;:
— FB
CFB_in,n - Ci+K,n
— FB
C - Ci -1n
In a particular case it might be that:

cP =cC

i+K,n i+K,n

FB_out,n

Stream

—_
—C i-1 @C C i+ » -C i+K-1 C i+K >
c FBM C FBi+|<
|—C C . J
FB_out FB_in

Figure 14 A pipeline with a feed-back connection

Using the same arguments asSaction Vllifor the feed-
forward stage it can be shown that:

CFB_in + PFB +WFB + CFB_out =T
Since EWgg:

depending on the communications organization. bsirg the
processors’ communication memory allows achievirghdr
processor utilisation and applying more effectiveslystem
level power-saving techniques. The increase of the
communication memory also relaxes the inter-pramess
reducing the traffic burstinessd a
lowering the channels throughput requirements. &itiee
traffic in a system with minimized processors’ coumication
memory is quite bursty, introducing priorities woube an
effective approach for providing throughput guaeastin such
a system.

We also showed how the results derived in this vemnkld
be used by an application mapping procedure.
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APPENDIX
This appendix contains example time diagrams obtade pipeline for the four models of operation.

A. Sequential communication and sequential proceqS&QHP)

Figure 15 Figure 16andFigure 17present example time-diagrams of a 4-stage SQ&Hipe respectively for the three cases
of time-constrained operation: time-constraineditnfime-constrained output and constrained thrpugh

| 4>F7T 4>F7T —_—
n| c
P Cor | Fin | Cin "/_.-'.'\{th'f_.ﬁ Coner ‘ F e ‘ Co et bwm_nn-{l Conez | Fine | Cinez F‘-’Wmntzf'

’ e ’ ] ’ T

P2 C: [__ z,r_mf'J Cin | Fan | C:n ':/__ W, 4 Ci et ‘ Fone CZ,n*’KWZ,nV .J Conez Fz,n+2
P3 ,j Cin Fan ‘ Cyn {Ws_ v Can | Fsn | Csn r 304 C e F3,n+‘ ‘ Cipen L
P4 Fanz | Conz t_W4 n-zj Cspro ‘ Fan ‘ Cone L,VY“',”‘“J C:y | Fan | Csn I’;\'Ivlan Cenv
OUt C4,n—: C4,n—‘ C4 n

Figure 15 Time-diagram of 4-stage SCSP pipeline with timestrined input

an o]

= i Sl y ey
P1 | F 1,n+1 I'_'avv_’l,rlﬂ };I C1.n+1 ‘ CO.n+2 ‘ F 1,n+2 E'W1Ln+_; '...r C‘ N+2 ‘ CO N+ | F 1,n+8 Kw’l,n_ﬁ "’| C1‘n+2 CO.n+4
P2 %WZI _,/‘_'l CZ n C1‘n+1 | F 2n+1 bwz,n-t‘ ._, CZ,nV C1,n+2 ‘ F 2,n+2 :-.'f\_IVZ n+z p y CZ n+z C2,n+3 F 2,n+3
P3 WSQ—ZJ CE n- | CZ n F3n {Wan 1 CEn CZ n+* F3n+1 W3,n+‘ CE n+1 CZ n+: F3,n+2
e ot
P4 C4,n-: ‘ Ce,r-‘ | F4,n-1 l‘wd n-' ] C4,n-‘ | Cen F4n k W&tr'ﬂ C4 n ‘ Cﬁ n+ F4 n+1 F‘vyctnﬂ

OUt C4,n—1 C4,n—‘ C4 n

Figure 16 Time-diagram of 4-stage SCSP pipeline with timestmined output

For the case of throughput constrained operatiooyg inFigure 17,stage 2 is the one with longest period of openafip It
becomes the bottleneck stage that determines itheghput of the whole pipeline. The stages befoechibttieneck stage operate
like a pipeline with time-constrained output witbnstraint periodl. The stages after the bottleneck stage operaeliipeline

with time-constrained input with constraint peribd
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I
Pﬂ C1,n—‘ ‘ CO,n ‘ F 1,n k}w1n a_':‘:j C‘ r | CO n+" | F 1,n+1 k_w“,n*‘ a-:l C1,n+1 | CO,n+4 ‘ F 1,n+< l/.\_Ntnﬂ "-:j
- T > T — T
P2 C1‘n- | F2 n- |C2,n-‘ C’l,n ‘ F2‘r ‘ CEn C2‘n+' | F2,n+‘ |C2 n+1
PE F3nz CSn-Q W;in;: CZ n-’| F3n | Cen- Ws‘,"",w CEn F3r ‘ C”n fw3r4c2n+1
T T I
P4 | C4,n-3 Lwdn-EJ C3 n-z F4n( ‘ C4 n-z &W4,n-2j C3n1 F4n | C4n l de-' J Cen ‘ F4n

Figure 17 Time-diagram of 4-stage SCSP pipeline with conseaithroughput

B. Parallel communication and sequential processinG$P)

Figure 18 andFigure 19 present example time-diagrams of a 4-stage PCE#ine respectively for time-constrained input
operation and time-constrained output operationinfe-diagram for the third case of throughput caaiged operation is not
presented here since as we saw it is a combinafithe first two cases.
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Figure 18 Time-diagram of 4-stage PCSP pipeline with timestrined input
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Figure 19 Time-diagram of 4-stage PCSP pipeline with timestmined output

C. Sequential communication and parallel processingRB)

Figure 20 andFigure 21 present example time-diagrams of a 4-stage SCp&impe respectively for time-constrained input
operation and time-constrained output operationinfe-diagram for the third case of throughput caaised operation is not
presented here since as we saw it is a combinafithe first two cases.
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Figure 20 Time-diagram of 4-stage SCPP pipeline with timestmined input
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Figure 21 Time-diagram of 4-stage SCPP pipeline with timestrined output

D. Parallel communication and parallel processing (F)P

Figure 22 andFigure 23 present example time-diagrams of a 4-stage PCpéline respectively for time-constrained input
operation and time-constrained output operationinfe-diagram for the third case of throughput caaieed operation is not
presented here since as we saw it is a combinafithe first two cases.
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Figure 22 Time-diagram of 4-stage PCPP pipeline with timestrined input
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Figure 23 Time-diagram of 4-stage PCPP pipeline with timestrined output
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