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Abstra
tThe main obje
tive of the proje
t was to expose the parallelism present inMPEG-2 de
oder appli
ation and identify modeling issues, whi
h 
an fur-ther be used as guidelines to 
reate parallel models and improve performan
eof other appli
ations. The appli
ation MPEG-2 de
oder was modeled usingYAPI (Y-Chart Appli
ation Programmer's Interfa
e). The appli
ation modelwas mapped onto multipro
essor ar
hite
ture (Spa
eCAKE ar
hite
ture). Per-forman
e data was 
olle
ted at both appli
ation and ar
hite
ture level to iden-tify potential bottlene
ks. Then MPEG-2 de
oder model was �ne tuned toenhan
e the performan
e.
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Chapter 1
Introdu
tion
1.1 MotivationRe
ent advan
es in network and mi
ropro
essor te
hnology have made it pos-sible to introdu
e a new set of appli
ations and servi
es. High De�nition TV(HDTV), Broad
ast Satellite Servi
e, Video-
onferen
ing, Intera
tive StorageMedia et
. are few typi
al examples. These appli
ations need huge amountof data pro
essing both in video and audio domain. The high data ratesinvolved in the appli
ations make 
omputation very time 
onsuming.Designers mainly follow two ar
hite
tural approa
hes for signal pro
ess-ing systems, dedi
ated and programmable. Dedi
ated ar
hite
tures target analgorithm or a set of algorithms. These ar
hite
tures fully exploit the 
ompu-tational features of algorithm and VLSI implementations of dedi
ated ar
hi-te
tures are optimized for area, power and performan
e. A good overview ofar
hite
tural approa
hes for signal pro
essing systems has been given in [1℄.Though dedi
ated ar
hite
tures provide good performan
e, they la
k 
exi-bility to further extend the algorithm set.On the other hand the programmable approa
h o�ers a number of advan-tages. Programmable solutions o�er greater 
exibility, as the target algorithmset 
an further be extended by applying proper software modi�
ations. Sin
ea large number of appli
ations 
an run on the same hardware, per appli
ation1



2 Introdu
tionhardware 
ost is redu
ed. On the other hand, as 
omputational properties ofalgorithms are not fully exploited, it requires that both the ar
hite
ture andappli
ation models be faster. Ar
hite
ture 
an be made faster by employingmultipro
essing strategy. Hen
e a parallel model of appli
ation running overa multipro
essor ar
hite
ture o�ers one of the potential solutions.The 
omputational resour
es of a multipro
essor ar
hite
ture 
an be ex-ploited fully only when the appli
ation model has suÆ
ient parallelism. Par-allelism present in signal pro
essing appli
ations 
an be made expli
it usingmodels based on Kahn pro
ess networks [10℄. Several variants of this modelhave been reported in
luding [13℄ and [3℄. The drawba
k of models basedon Kahn pro
ess network is that they 
annot model rea
tiveness. This lim-itation is over
ome in 
ontrol 
ow models su
h as State
harts, Esterel andPolis. On
e a parallel model of the appli
ation is built, signi�
ant speed up
an be a
hieved when appli
ation runs over a multipro
essor ar
hite
ture.1.2 Obje
tivesThe main obje
tive of this work was to identify several modeling issues in-volved in 
reating a parallel model using YAPI [3℄, whi
h 
an further be usedas a starting point to expand the appli
ation set and estimate the perfor-man
e of other appli
ation models.1.3 MethodologyIn this proje
t, the Y-
hart [12℄ approa
h has been followed. Figure 1.1 de-s
ribes this approa
h. Hen
e, the work was divided into four stages:1. Modeling of appli
ation MPEG-2 de
oder using YAPI.2. Mapping of appli
ation onto a spe
i�
 multipro
essor ar
hite
ture be-ing developed within Philips. This ar
hite
ture (Spa
eCAKE ar
hite
-ture) has been des
ribed in Chapter 5.



Introdu
tion 33. Colle
tion and analysis of performan
e data from simulations to iden-tify potential bottlene
ks.4. Fine tuning of appli
ation to mat
h ar
hite
ture 
losely and repeatingvarious stages for satisfa
tory performan
e.

Performance

Application
Modeling

Architecture
Modeling

Mapping

AnalysisFigure 1.1: Y-Chart approa
h
1.4 Outline of ReportChapter 2 dis
usses YAPI and Kahn pro
ess networks. Chapter 3 des
ribesMPEG-2 video sequen
e organization and dis
usses s
ope of parallelism inMPEG-2 de
oder appli
ation. Chapter 4 dis
usses various modeling issuesand des
ribes MPEG-2 de
oder appli
ation modeling in parti
ular. Chapter5 gives details of experiment set up. Chapter 6 provides details of analysis ofperforman
e data and its feedba
k and Chapter 7 
on
ludes.
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Chapter 2YAPI
2.1 Introdu
tionMost of the signal pro
essing appli
ations are quite 
omputation intensive.These appli
ations pro
ess large amount of data at high data rates. This isespe
ially true for video pro
essing appli
ations. Throughput requirementsof these appli
ations 
an be met by exploiting inherent parallelism present inthe appli
ation. At this end YAPI [2, 3℄ fa
ilitates exposing the parallelismpresent in the appli
ation.Appli
ation modeling is the �rst step in Y-
hart [12℄ whi
h is essentiallythe fun
tional spe
i�
ation of the system. Using YAPI the appli
ation 
anbe modeled based on Kahn pro
ess network [10℄ . This model 
an be reuseda
ross various platforms. YAPI also provides a run time environment foreÆ
ient exe
ution on a workstation. The appli
ation model 
an be furtherused as an input for platform dependent mapping and performan
e analysis.2.2 Kahn Pro
ess NetworkThe Kahn Pro
ess Network is a model of parallel 
omputation. In this modela number of 
on
urrent pro
esses 
ommuni
ate through unidire
tional FIFO
hannels (Figure 2.1). A pro
ess follows sequential exe
ution. At any given5



6 YAPItime, a pro
ess is either 
omputing, waiting for information on one of itsinput lines or sending a token.
Process Network

Process

A

Process

B

Fifo F

Figure 2.1: Kahn Pro
ess NetworkCommuni
ation 
hannels are the only way of 
ommuni
ation among pro-
esses. A 
ommuni
ation 
hannel transmits information within an unpre-di
table but �nite amount of time. Moreover only one pro
ess is allowed toput information into a parti
ular 
hannel and only one pro
ess is allowed tore
eive information from that 
hannel. Reads on the 
hannels are blo
king.The behavior of 
ommuni
ation 
hannels makes the Kahn pro
ess networkdeterministi
. The information moving in a 
hannel is determined by onlyinput data. The order in whi
h pro
esses are being exe
uted does not a�e
tthis. This deterministi
 property 
an be exploited to 
reate parallel models forsignal pro
essing appli
ations irrespe
tive of order of exe
ution of pro
esses.Kahn pro
ess network does not model rea
tiveness. The reason is that nondeterministi
 events 
annot be made known to pro
esses. This limitation isover
ome in 
ontrol 
ow models su
h as �nite state ma
hines. In [13℄ severalvariants of Kahn pro
ess network are dis
ussed.



YAPI 72.3 YAPIYAPI is a C++ library with a set of rules whi
h 
an be used to model signalpro
essing appli
ations as a pro
ess network.2.3.1 Pro
ess NetworkA pro
ess network in YAPI is an instan
e of 
lass Pro
essNetwork. Its mem-ber obje
ts are a set of pro
esses, pro
ess networks and FIFOs. In a pro
essnetwork a pro
ess represents a 
omputing station and a FIFO represents 
om-muni
ation 
hannel through whi
h two pro
esses intera
t with ea
h other.A pro
ess network 
an be part of another pro
ess network, an hierar
hy ofpro
ess networks 
an be 
reated as per requirements of the appli
ation. Fur-thermore, a pro
ess network does not have any member fun
tion to de�ne itsfun
tionality, rather its de�nition 
omes from its member obje
ts (pro
essesand pro
ess networks). Figure 2.1 shows a simple pro
ess network 
onsistingof two pro
esses, A and B 
ommuni
ating over FIFO F.2.3.2 Pro
essA pro
ess is an instan
e of 
lass Pro
ess. It has two parts, interfa
e andbehavior. The pro
ess de�nes its behavior in the member fun
tion main,whi
h 
an 
all any other member fun
tion. The pro
ess follows sequentialexe
ution and intera
ts with its environment through input and output ports.A pro
ess 
an be in one of the three states:1. Running state This indi
ates that pro
ess is doing some 
omputa-tion.2. Blo
ked state A pro
ess is blo
ked when it tries to read some data atits input port and FIFO 
onne
ted to that port is empty or whenit tries to write some data at its output port and FIFO 
onne
tedto that output port is full.



8 YAPI3. Ready state In this state the pro
ess in no longer in blo
ked state,but it is waiting for its turn to get s
heduled.The interfa
e part of the pro
ess is des
ribed by its 
onstru
tor. The ar-gument list of the 
onstru
tor in
ludes input and output streams. An inputstream is an obje
t derived from template 
lass In and an output stream isan obje
t derived from template 
lass Out. The pro
ess a
tually 
ommuni-
ates with its environment using ports. Port types are InPort and OutPort.When a pro
ess is 
reated input and output streams de�ned in 
onstru
torargument list are bound to input and output ports respe
tively. These portsare 
onne
ted to FIFOs in the pro
ess network at higher level.2.3.3 Communi
ationPro
esses 
ommuni
ate with ea
h other via unidire
tional FIFO 
hannels.A 
hannel is an instan
e of template 
lass Fifo. It has one input and oneoutput end. There is exa
tly one pro
ess whi
h reads from the 
hannel andexa
tly one pro
ess whi
h writes into the 
hannel. There are three kinds ofprimitives provided by YAPI for 
ommuni
ation:Read This is used to read data from input 
hannels.Write This is used to write data into the output 
hannel.Sele
t This is used for non deterministi
 appli
ations. At run time this prim-itive identi�es the port that is 
onne
ted to the pro
ess and that has
ommitted to 
ommuni
ate. The fun
tion terminates if su
h a pro
ess
an be sele
ted, otherwise it blo
ks.2.3.4 Workload AnalysisTwo important properties of the appli
ation are its 
omputation and 
om-muni
ation workload, given the input data. In YAPI the 
ommuni
ationworkload is measured by 
ounting the number of tokens that are written into



YAPI 9FIFOs. To get 
omputation workload, thread 
orresponding to ea
h pro
essprovides the time taken by that pro
ess to 
omplete its job. This workloadanalysis gives important feedba
k to �ne tune the appli
ation. Fun
tionsprintCommuni
ationWorkload() and printComputationWorkload() are usedto get workload information.
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Chapter 3
MPEG-2
3.1 Introdu
tionDevelopment of MPEG-1 [16℄ standard was motivated by the need to removethe in
ompatibilities present in the systems for video and audio appli
ationsand to propose a standard widely a

epted by di�erent resear
h 
ommunitiesand industries. MPEG-1 was mainly aiming at bit rates around 1.5Mbits/sand therefore it is more suitable for storage media appli
ations. MPEG-2 [14℄evolved from MPEG-1 and addresses more diverse appli
ations su
h as HighDe�nition TV (HDTV), Video Conferen
ing, Broad
ast Satellite Servi
e andmany more.The main reason of widespread use of MPEG standards is very highte
hni
al quality. Even after a number of years, no errors are found in thespe
i�
ation. This led to a large number of implementations based on thesestandards.Most of the video pro
essing appli
ations require large amount of datapro
essing and they have to meet real time deadlines be
ause of high bit rates.Though there are 
onstraints su
h as large amount of data pro
essing andreal time deadlines, resear
hers have been exploring implementations fully insoftware [5, 9, 11, 15℄. Motivation of this is not only to �nd methodologies(su
h as parallel models) to speed up the appli
ation (e.g. MPEG-2 en
oder11



12 MPEG-2and de
oder) but also to explore the large design spa
e of next generation
omputer ar
hite
tures. In this proje
t, we further extend this exer
ise by
reating a parallel model for MPEG-2 de
oder and using this model to studythe behavior of Spa
eCAKE ar
hite
ture (Subse
tion 5.3.1).This 
hapter looks at MPEG-2 standard and tries to �nd pla
es whereparallelism 
an be extra
ted to 
reate a parallel model for MPEG-2 de
oder.Se
tion 3.2 dis
usses stru
ture of bit stream. Se
tion 3.3 looks at algorithmand dis
usses the s
ope of parallelism.3.2 MPEG-2 Video Sequen
eFigure 3.1 gives an overview of di�erent layers of MPEG-2 video sequen
e.An MPEG-2 video sequen
e starts with a sequen
e header immediately fol-lowed by extension start 
ode1. After the required sequen
e extension, Groupof Pi
tures (GOP) headers and pi
ture(s) repeat. The sequen
e ends with se-quen
e end 
ode.The GOP header is always optional2. GOP header may be followed byuser data. At least one pi
ture always follows ea
h GOP header.A pi
ture header is always followed by the pi
ture 
oding extension, otherextensions, optional user data and pi
ture data. There are three di�erenttypes of pi
tures, I, P and B. I pi
ture (intra-
oded pi
ture) is 
oded in-dependently. P pi
ture (predi
tive-
oded pi
ture) obtains predi
tions frompre
eding I or P pi
ture. B pi
ture (bidire
tional-
oded pi
ture) obtains pre-di
tions from the nearest pre
eding and/or up
oming I and P pi
tures in thesequen
e. The pi
ture data 
onsists of several sli
es. Ea
h sli
e has its ownheader followed by several ma
roblo
ks.A ma
roblo
k has 6 to 12 blo
ks depending on 
hroma format. For 4:2:0
hroma format there are 6 blo
ks, 4 luminan
e blo
ks and 2 
hrominan
eblo
ks. For the 4:2:2 or 4:4:4 optional formats an additional two or six blo
ks1Absen
e of extension start 
ode indi
ates MPEG-1 sequen
e.2Fields followed by * in Figure 3.1 are optional.
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sequence GOP header sequence_sequence

header
sequence
extension

GOP header*
and pictures header* and pictures end_code

data*
GOP 
header*

user picture picture picture

picture
header

picture coding
extension

extension
and user data

slice slice slice

header
slice macroblock macroblock macroblock

block0 block1 block2 block3 block4 block5Figure 3.1: Data organization in MPEG-2 video sequen
emay be 
oded. Blo
ks make the bottom layer of sequen
e. If it is an intra-
oded blo
k, di�erential DC 
oeÆ
ient is 
oded �rst. Rest of the 
oeÆ
ientsare 
oded as runs and levels. end of blo
k (EOB) terminates the variablelength 
odes for that blo
k.3.3 MPEG-2 Video Sequen
e De
oding3.3.1 AlgorithmFigure 3.2 gives a simpli�ed MPEG-2 video sequen
e de
oding algorithm,skipping all header details. In this �gure 'C' like 
ommenting style has beenused. So anything between 'n*' and '*n' is a 
omment.
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get_seq_ext();

get_seq_header();

do{

next_start_code();

while(pic_start_code){

\* decode picture *\

get_pic_header();

get_pic_ext();

next_start_code();

while(slice_start_code){

\* decode slice *\

get_slice_header();

mpeg−2_decode(){

do{

}

\* decode macroblock *\

do{

\* decode block *\

get_block();

\* decode GOP *\

get_gop_header();

}while(any block within macroblock is left)

}while(any macroblock within slice is left)

}

}

}while(end_of_seq)Figure 3.2: Simpli�ed representation of MPEG-2 video sequen
e de
oding



MPEG-2 15It 
an be seen from the algorithm that MPEG-2 de
oding is essentially anested loop algorithm whi
h gives enough room to exploit parallelism. Quitea few approa
hes are possible to extra
t parallelism present in the algorithm.Compilers are there that are able to extra
t instru
tion level parallelism at avery �ne level of granularity. The drawba
k is that they are unable to exploit
oarse grain parallelism o�ered by the ar
hite
ture (presen
e of 
opro
essorssu
h as IDCT).Other approa
h is to represent the algorithm as a network of 
on
urrentlyexe
uting pro
esses (Kahn pro
ess network). This representation makes par-allelism expli
it and makes mapping of algorithm onto ar
hite
ture easierby putting the pro
esses either on mi
ropro
essor or its 
opro
essor. Bothautomati
 and manual 
onstru
tion of pro
ess network is possible from se-quential spe
i�
ation. In [6℄ a methodology has been des
ribed, whi
h triesto build pro
ess network using very aggressive data dependen
y analysis ofsingle assignment 
ode. However, in this proje
t we do not try to explore su
happroa
h, rather we try to extra
t data parallelism using manual analysis atlevels su
h as sli
e, ma
roblo
k or blo
k in MPEG-2 de
oder appli
ation.3.3.2 S
ope of ParallelismA number of nested loops 
an be seen in Figure 3.2. These loops are presentat all the levels i.e., at GOP, pi
ture, sli
e, ma
roblo
k and blo
k level. Thissuggests possibility of extra
ting parallelism at all levels.The �rst pi
ture of a GOP should be an I pi
ture or B pi
ture and thelast pi
ture should be an I pi
ture or P pi
ture. It is possible to pro
ess twoGOPs in parallel provided GOPs are 
losed3. If the GOP is not 
losed, datadependen
y is 
reated between two 
onse
utive GOPs and de
oding of GOPsin parallel is not possible. In [5℄ a parallel model for MPEG-2 de
oder hasbeen des
ribed assuming 
losed GOPs in video sequen
e.Sin
e P and B pi
tures depend on other pi
tures for their de
oding, par-3A GOP is said to be 
losed when the �rst pi
ture is either I pi
ture or a B pi
turewhi
h does not depend on pi
tures in previous GOP.



16 MPEG-2allelism at pi
ture level is not possible. Within a pi
ture ea
h sli
e is 
odedindependently. Moreover a sli
e is identi�ed with sli
e start 
ode followed bya header. So sli
es have proper boundaries. This makes parallelism possibleat sli
e level.Within a sli
e ea
h ma
roblo
k is independent, but there is no ma
-roblo
k header to de�ne boundaries of ma
roblo
ks. So ma
roblo
ks andblo
ks within a ma
roblo
k 
an be pro
essed in parallel only after variablelength de
oding. In [9℄ and [4℄ parallel models for MPEG-2 de
oder havebeen des
ribed exploiting parallelism at sli
e and ma
roblo
k level. We fur-ther extend this exer
ise by in
orporating parallelism present at both sli
eand ma
roblo
k level in our MPEG-2 de
oder model.



Chapter 4
MPEG-2 De
oder Modeling
Appli
ation modeling is the �rst step in Y-Chart [12℄. In this 
hapter variousaspe
ts of appli
ation modeling (MPEG-2 de
oder in parti
ular) using YAPIhas been dis
ussed in detail.4.1 The Early Stru
tureThe basi
 tasks required for MPEG-2 video sequen
e de
oding are sequen
eheader extra
tion, variable length de
oding, inverse quantization, inverseDCT, motion 
ompensation (This 
an be further divided into motion ve
torde
oding and predi
tion) and frame memory management. Based on thesetasks, a parallel model for MPEG-2 de
oder was suggested in [15℄ using YAPI(Figure 4.1). In YAPI ea
h node is a Pro
ess and ea
h 
ommuni
ation 
han-nel is a FIFO . The appli
ation model des
ribed in this se
tion is our startingpoint. The MPEG-2 de
oder des
ribed in Se
tion 4.3 has been derived fromthis model.4.1.1 The Con�gurationDes
ription of all the pro
esses in Figure 4.1 is as follows:17



18 MPEG-2 De
oder ModelingPro
ess TinputThe pro
ess Tinput has an ex
lusive a

ess to the MPEG-2 en
oded videosequen
e. This pro
ess is responsible for reading the bit stream and passingbit stream to the pro
ess Tvld for further pro
essing. No other pro
ess hasdire
t a

ess to the bit stream. Other pro
esses get a

ess to bit streamthrough bu�ering me
hanism.Pro
ess ThdrThe pro
ess Thdr is responsible for extra
ting and interpreting header in-formation from the bit stream. To get a

ess to the bit stream, Thdr hand-shakes with the pro
ess Tvld. Thdr parses bit stream and builds pi
tureand sequen
e properties. Pi
ture and sequen
e properties are transferred todi�erent pro
esses for further operations.Pro
ess TvldThe pro
ess Tvld stands for variable length de
oding. Responsibilities of thepro
ess Tvld are:� Giving a

ess to bit stream to the pro
ess Thdr through handshaking.� Extra
ting motion ve
tor, predi
tion and DCT 
oeÆ
ients propertiesby parsing the bit stream.� Variable length de
oding of DCT 
oeÆ
ients.After extra
tion, motion ve
tor and predi
tion properties are transferredto the pro
ess Tde
MV. DCT 
oeÆ
ient properties and variable length de-
oded 
oeÆ
ients are transferred to pro
ess Tisiq. These transfers are atma
roblo
k level.
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oder ModelingPro
ess TisiqThe pro
ess Tisiq has following responsibilities:� Extra
ting DC1 DCT 
oeÆ
ients for intra-
oded ma
roblo
ks� Inverse s
an of AC DCT 
oeÆ
ients� Inverse quantization of DCT 
oeÆ
ientsAfter inverse quantization, DCT 
oeÆ
ients are transferred to the pro
essTid
t for IDCT operation.Pro
ess Tid
tThe pro
ess Tid
t is responsible for inverse DCT operation. After the pro-
essing of ma
roblo
k, it is transferred to the pro
ess Tadd for addition withpredi
tion 
omponent.Pro
ess Tde
MVThe pro
ess Tde
MV de
odes motion ve
tors. These motion ve
tors aretransferred to the pro
ess Tpredi
t on ma
roblo
k basis for predi
tion.Pro
ess Tpredi
tThe pro
ess Tpredi
t re
eives motion ve
tors from the pro
ess Tde
MV andprovides ne
essary predi
tion. Sin
e intra-
oded ma
roblo
ks are 
oded inde-pendently, so predi
tion is provided only for non-intra ma
roblo
ks. Tpredi
tre
eives addresses of referen
e frames from the pro
ess TmemMan.Pro
ess TaddThe pro
ess Tadd simply adds motion 
ompensated 
omponent with inverseDCT 
omponent and 
onstru
ts fully de
oded ma
roblo
k. This ma
roblo
k1The �rst 
oeÆ
ient of intra-
oded blo
k is DC 
oeÆ
ient. Rest of the 
oeÆ
ients areAC and they are 
oded using runs and levels.
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oder Modeling 21is transferred to the pro
ess TwriteMB whi
h writes them into the framememory.Pro
ess TwriteMBThe pro
ess TwriteMB 
al
ulates the position of ma
roblo
ks within theframe and writes them into the frame memory. The address of 
urrent frameis given by the pro
ess TmemMan and 
al
ulation of position of ma
roblo
kis based on ma
roblo
k properties.As soon as TwriteMB re
eives a ma
roblo
k property token with start of pi
tag, indi
ating de
oding of new pi
ture, it sends request for 
urrent frameaddress to the pro
ess TmemMan. On
e TwriteMB re
eives the address, it
an start writing the ma
roblo
ks into the frame memory.Pro
ess ToutputThe pro
ess Toutput reads the frame from frame memory spe
i�ed by Tmem-Man and outputs in some standard format (e.g. PGM format). As soon asToutput �nishes its job, it noti�es TmemMan that the address given to it
an be reused for other purpose (su
h as writing new pi
ture ma
roblo
ksinto it).Pro
ess TmemManThe pro
ess TmemMan keeps tra
k of referen
e frames, frame whi
h is be-ing 
urrently read by the pro
ess Toutput and frame where the pro
essTwriteMB is writing ma
roblo
ks. TmemMan ensures that the pro
ess TwriteMBwrites at the frame address whi
h is neither used as referen
e frame nor beingread by the pro
ess Toutput. When TwriteMB requests for frame address,TmemMan sear
hes spa
e for new pi
ture in the frame memory.Pro
esses Tstore, Tpredi
tRD and ToutputRD are dummy pro
esses.These pro
esses don't 
ontribute towards a
tual de
oding.
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oder Modeling4.1.2 Drawba
ks of the ModelThe model for MPEG-2 de
oder des
ribed in Figure 4.1 breaks the fun
tion-ality into several pro
esses and 
ombines them in a pipelined manner. Thoughthe model shows a 
ertain degree of parallelism, it has some drawba
ks.Less ParallelismThe model does not fully exploit the independen
e present at sli
e and ma
-roblo
k level. Though di�erent ma
roblo
ks are present at di�erent stages inthe pipeline, number of su
h ma
roblo
ks is less at any time.Bidire
tional Communi
ationThere are two pro
esses Thdr and Tvld whi
h require a

ess to the bit stream.Thdr gets a

ess to the bit stream by request and grant me
hanism with thepro
ess Tvld. This handshaking may be quite expensive in a multipro
es-sor environment where these two pro
esses might be running on di�erentpro
essors and there is a 
onstant 
ontention for 
ommuni
ation resour
es.Moreover request for number of bits by Thdr at any time is not very high.This leads to more number of requests and more 
ommuni
ation 
ost.Unbalan
ed PipelinesIn Figure 4.1 there are two paths emerging from the pro
ess Tvld. The upperpath 
orresponds to motion 
ompensation and lower path 
orresponds toinverse quantization followed by inverse DCT. Experiments show that laten
yof lower path is higher than upper path. Moreover, sin
e intra-
oded framesdon't require motion 
ompensation, 
omputation in the upper path is quiteless in this 
ase. This laten
y di�eren
e redu
es e�e
tive parallelism and putsfurther requirement to redu
e laten
y in the lower path.
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oder Modeling 23Presen
e of Feedba
k LoopPro
esses TwriteMB, TmemMan, Tpredi
t and Tadd make a small feedba
kloop. Sin
e the pro
ess TmemMan has to ensure that TwriteMB writes at avalid lo
ation, TmemMan might have to wait until Toutput �nishes readingthe frame whi
h is being output. This may 
ause additional delay. The pro
essTpredi
t does not get addresses of referen
e frames until TwriteMB is grantedits request. Sin
e TwriteMB 
annot pro
eed, it may 
ause some pro
esses toget blo
ked in both upper and lower path. This will in
rease number of
ontext swit
hes and more delay in de
oding. Therefore this feedba
k loopshould be broken and TwriteMB should be given the frame address for newframe slightly ahead of time (e.g. as soon as Tvld knows that a new pi
turehas arrived).Single De
oderThe model does not suggest how multiple MPEG-2 de
oders 
an be run ina bigger appli
ation set up.4.2 Modeling IssuesDis
ussion in the previous se
tion highlights various issues. Based on these is-sues di�erent models 
an be evaluated and optimized for better performan
e.4.2.1 Amount of ParallelismThe amount of parallelism present in the appli
ation depends on appli
ationitself. Thorough data dependen
y analysis of appli
ation is required to fullyextra
t the data and fun
tional parallelism present in the appli
ation. Forexample, in MPEG-2 de
oder appli
ation, several independent tasks su
h asvariable length de
oding, motion 
ompensation, IDCT et
. 
an be identi�edand data parallelism present at sli
e, ma
roblo
k or blo
k level 
an be ex-ploited by providing more instan
es of these tasks. It is very likely that an
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oder Modelingappli
ation model, having more parallelism, will improve performan
e, pro-vided total number of tokens 
ommuni
ated among pro
esses do not in
reasemu
h.4.2.2 Unidire
tional Communi
ationAn appli
ation model where pro
esses are handshaking with ea
h other (re-quest & grant of tokens between two pro
esses), may lead to a deadlo
k.Handshaking also in
reases number of tokens transferred and violates thestreaming behavior, where data 
ows in one dire
tion.An appli
ation model, whi
h has unidire
tional 
ommuni
ation amongpro
esses, is likely to give better performan
e. This improvement 
omes fromtwo sour
es, redu
tion in number of 
ontext swit
hes and number of tokensbeing 
ommuni
ated. Sin
e data 
ows only in forward dire
tion in unidire
-tional 
ommuni
ation, it also redu
es syn
hronization overhead and debug-ging time.4.2.3 Communi
ation OverheadIn a multipro
essor 
on�guration, there are 
on
i
ts for 
ommuni
ation re-sour
es. As the number of pro
essors in
reases in the ar
hite
ture, 
ommu-ni
ation be
omes more expensive. So an appli
ation model, optimized forredu
ed 
ommuni
ation, will give better speed. This 
an be a
hieved by 
are-fully 
hoosing token stru
ture and 
ontrolling the number of tokens trans-ferred over 
ommuni
ation 
hannels.4.2.4 Granularity of OperationGranularity of operation signi�
antly a�e
ts stru
ture of appli
ation model.Compilers are there whi
h are able to extra
t instru
tion level parallelism ata very �ne level of granularity. Here we mainly 
on
entrate on 
oarse grainedparallelism.
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essing appli
ations parallelizing at �ner granularity mayhave the following e�e
ts:� Data parallelism present at �ner granularity 
an be exploited.� Communi
ation primitives are 
alled more frequently, as less number oftokens are transferred during any transfer. So 
ommuni
ation workloadin
reases.� It is more likely that total amount of data transfer also goes up.Hen
e, at �ner granularity, data parallelism 
an be in
reased, but it also in-
reases 
ommuni
ation workload. So performan
e improves only when 
om-putation workload relatively de
reases.4.2.5 Balan
ed PipelinesIn a pro
ess network, pro
esses 
ommuni
ate with ea
h other in a pipelinedmanner. The slowest pro
ess in the pipeline determines its throughput. Ifthe 
omputation is not properly balan
ed among pro
esses, it will redu
ee�e
tive parallelism present within the appli
ation model.Figure 4.2 shows two pipelines whi
h 
onverge at pro
ess Sink. If thelaten
y of lower path is more, be
ause of �nite spa
e in FIFOs, pro
esses inthe upper path will get blo
ked more often. This will in
rease the numberof 
ontext swit
hes and redu
e the e�e
tive parallelism in the appli
ation.Hen
e, in su
h a situation, an appli
ation model will perform better whi
hhas balan
ed pipelines.4.2.6 Syn
hronization OverheadIn YAPI an appli
ation is modeled as a pro
ess network. Pro
esses 
ommu-ni
ate with ea
h other over FIFOs by transferring tokens. Then it be
omesimportant at what pla
e a pro
ess sends or re
eives tokens. Further, there isneed for me
hanisms using whi
h global events 
an be noti�ed and a
tions
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C DFigure 4.2: A pro
ess network demonstrating two pipelines
an be started. For example, arrival of new pi
ture in MPEG-2 de
oding is akind of global event. All the pro
esses within MPEG-2 de
oder model shouldbe noti�ed about this, so that they 
an update pi
ture properties requiredfor 
orre
t de
oding. So, the appli
ation programmer has to take 
are of thefollowing:� Identi�
ation of the points at whi
h, a token required for syn
hroniza-tion should be sent.� Me
hanism of notifying pro
esses about global events. One solution isto employ broad
ast me
hanism, in whi
h 
ase some spe
ial tokens are
ommuni
ated to all the relevant pro
esses.� Me
hanism of 
ommuni
ating (sour
ing or sinking) tokens with thepro
esses repeating same operation (e.g., IDCT).4.2.7 Multiple Instan
e of Pro
essesThe pro
ess network in Figure 4.3 has n instan
es of pro
ess P. In this pro
essnetwork, throughput at this stage of pro
ess P should in
rease roughly bya fa
tor 'n'. However, this s
heme in
reases syn
hronization overhead. Nowthe pro
ess Sour
e must adopt some poli
y to distribute the tokens properlyamong pro
esses Pi and similar poli
y must be adopted by the pro
ess Sinkto 
olle
t tokens.
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Figure 4.3: A pro
ess network demonstrating multiple instan
e of pro
ess PIf 'n' be
omes large, pro
esses Sour
e and Sink may not respond to de-mands of pro
esses Pi qui
kly, whi
h may further lead to in
rease in 
ontextswit
hing. So for a large value of 'n' performan
e improvement may get sat-urated.4.2.8 Memory UsageOn 
hip memory speeds up system performan
e, but it is limited in amount.This suggests memory usage should be optimized. In
rease in parallelismin
reases number of pro
esses and 
ommuni
ation 
hannels within the ap-pli
ation model. This further in
reases memory requirements. So there is atrade o� between size of parallelism and spa
e requirements. Though this
annot be eliminated fully, the problem 
an be redu
ed by �ne tuning thesizes of FIFOs after few experiments.4.2.9 S
alabilityS
alability of the model de�nes its 
apability to grow. An appli
ation modelis s
alable if more data parallelism 
an be provided by just plugging moreinstan
es of pro
esses (e.g. by providing more IDCT pro
esses in MPEG-2de
oder appli
ation).
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oder Modeling4.3 Re�ned MPEG-2 De
oder ModelWe 
reated a new MPEG-2 de
oder model using YAPI starting from themodel des
ribed in Figure 4.1. We have tried to optimize the model basedon modeling issues dis
ussed in Se
tion 4.2.4.3.1 Top level viewFigure 4.4 gives the overview of 
omplete appli
ation.
sync

Tsource
MPEG-2

Decoder_1

Decoder_n

Tsink

MPEG-2

Infile

Figure 4.4: Top level view of 
omplete appli
ationPro
ess Tsour
eThe pro
ess Tsour
e has been put so that multiple MPEG-2 video sequen
es
an be de
oded in parallel. Tsour
e reads initialization �le for lo
ations ofMPEG-2 video sequen
es and transfers this information to 
orrespondingMPEG-2 de
oder.Pro
ess TsinkThe whole appli
ation should terminate only when all the MPEG-2 de
odershave �nished their jobs. The pro
ess Tsink 
olle
ts syn
 token from all theMPEG-2 de
oders. After 
olle
ting all syn
 tokens, Tsink gives pro�le infor-mation for the whole appli
ation and terminates it.
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ess Network MPEG-2 De
oderFigure 4.5 gives the 
on�guration of MPEG-2 de
oder. In this 
on�guration,a number of instan
es of the pro
ess network Tsli
eDe
 
an be 
reated. By in-stantiating more Tsli
eDe
, parallelism in appli
ationmodel 
an be in
reased.Furthermore, Tsli
eDe
 
an also be made more parallel by instantiating morepro
ess networks Tiq id
t add within it.Pro
ess TinputThe pro
ess Tinput re
eives video sequen
e lo
ation from the pro
ess Tsour
e.Then Tinput reads the sequen
e, bu�ers the bit stream and transfers bitbu�er to the pro
ess Thdr. Thus only pro
ess Tinput has dire
t a

ess to thebit stream.Pro
ess ThdrThe pro
ess Thdr has following responsibilities:� Parses the bit stream and extra
ts sequen
e and GOP header informa-tion.� Extra
ts sli
es in
luding sli
e headers and transfers them to pro
essnetworks Tsli
eDe
s on round robin basis (i.g., If there are only twoTsli
eDe
s, �rst sli
e is given to Tsli
eDe
1, se
ond to Tsli
eDe
2 andthird is given ba
k to Tsli
eDe
1).� Sends start of pi
ture 
ommand to the Pro
ess TmemMan and thus,a
tivates TmemMan to determine frame address for new pi
ture.Pro
ess TmemManThe pro
ess TmemMan gets start of pi
ture 
ommand from the pro
ess Thdr.Then it sends referen
e frame addresses and frame address, where the nextframe is to be written after de
oding, to the pro
ess networks Tsli
eDe
s.
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oder Modeling 31In present 
on�guration, TmemMan determines the frame addresses mu
hahead of the time, when de
oded ma
roblo
ks 
an a
tually be written intothe frame memory. This might 
reate situation when the Pro
ess Toutput isreading and one of the the pro
ess networks Tsli
eDe
 is still writing de
odedma
roblo
ks at the same lo
ation. To avoid this situation, TmemMan doesnot give the address of 
urrent frame being de
oded to the pro
ess Toutputat the start of next frame, rather it waits for one more frame to arrive. HereTmemMan assumes that this two frame interval will give enough time to thepro
ess network Tsli
eDe
 for de
oding of at least �rst frame.Let us assume that the sequen
e of de
oded frame is ff0, f1, f2, ...g. Inthis s
heme, address of f0 is given to the pro
ess Toutput only when theframe f2 has already arrived before de
oding. This time interval is suÆ
ientfor pro
essing of frame f0 at all Tsli
eDe
. Though this s
heme introdu
esdelay of one frame for sending frame address to Toutput in the beginning,afterwards frames are displayed at regular intervals.This 
on�guration removes request-grant me
hanism present in Figure4.1 for frame addresses. This not only speeds up de
oding, but also fa
ili-tates instantiation of multiple pro
ess networks Tsli
eDe
 easier, by makingMPEG-2 de
oder pro
ess network simpler.Pro
ess ToutputThis pro
ess re
eives address of frame to be displayed from TmemMan. Itsends syn
 token to the Pro
ess Tsink as soon as it re
eives end of seq token.Furthermore this pro
ess noti�es pro
ess TmemMan about end of readingthe frame by sending a token over FIFO TmemMan rdy mem id.Pro
ess Network Tsli
eDe
The pro
ess network Tsli
eDe
 gets sli
es (This in
ludes sli
e header) andde
odes it. Its stru
ture is des
ribed in Subse
tion 4.3.3. The purpose of
reating this pro
ess network is to exploit parallelism at sli
e level.
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oder ModelingAll the pro
ess networks Tsli
eDe
 need properties of the pi
ture for 
or-re
t de
oding. In the 
on�guration where several Tsli
eDe
s are present, itbe
omes ne
essary to notify all Tsli
eDe
s that new pi
ture has arrived. Toimplement this, a broad
ast me
hanism has been adopted. Spe
ial tokensare transferred, for new pi
ture, over all the FIFOs 
orresponding to sli
eproperty or ma
roblo
k property (FIFO Tsli
eDe
 prop sli
e in Figure 4.6and FIFOs with suÆx prop mb in Figure 4.6 and Figure 4.8). Thus 
reatingmultiple instan
es of pro
esses or pro
ess networks may impose new syn
hro-nization requirements.4.3.3 Pro
ess Network Tsli
eDe
Figure 4.6 des
ribes the pro
ess network Tsli
eDe
. Tsli
eDe
 re
eives sli
e(in
luding sli
e header), extra
ts ma
roblo
ks and writes them into the framememory. Within Tsli
eDe
, it tries to exploit parallelism present at ma
-roblo
k level. At this level, model has 
exibility to in
rease number of in-stan
es of the pro
ess network Tiq id
t add to enhan
e parallelism presentin the model.Pro
ess TvldResponsibilities of the pro
ess Tvld in
lude:� Extra
tion of sli
e header� Extra
tion of motion ve
tor and ma
roblo
k properties2� Variable length de
oding of maroblo
k 
oeÆ
ients (this in
ludes dif-ferential DC 
oeÆ
ient of intra 
oded blo
ks) and transfer to pro
essnetworks Tiq id
t add. This transfer is on round robin basis.2Motion ve
tor properties in
lude �elds su
h asmotion ve
tor format, motion 
ode, dualmotion ve
tor et
. and ma
roblo
k properties in
lude �elds su
h as DCT type, quantizations
ale 
ode, intra d
 pre
ision et
.
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oder ModelingTo redu
e 
ommuni
ation overhead, only non zero DCT 
oeÆ
ients aretransferred to pro
ess networks Tiq id
t add.Pro
ess Network Tiq id
t addThe a
tivities of the pro
ess network Tiq id
t add in
lude inverse quantiza-tion, inverse DCT and addition with predi
tion blo
ks. Its stru
ture has beendes
ribed in subse
tion 4.3.5.Pro
ess Network Tm
The pro
ess network Tm
 re
eives motion ve
tor properties from Tvld andprovides motion 
ompensation. Subse
tion 4.3.4 dis
usses more about Tm
.TwriteMBThe pro
ess TwriteMB re
eives de
oded ma
roblo
ks from pro
ess networksTiq id
t add and pi
ture properties from Tm
. It adopts the same roundrobin poli
y, as adopted by Tvld, to 
ommuni
ate with pro
ess networksTiq id
t add. Now there is no request to TmemMan for frame addresses.4.3.4 Pro
ess Network Tm
The pro
ess network Tm
 (Figure 4.7) provides motion 
ompensation.Pro
ess Tde
MVThe pro
ess Tde
MV is responsible for motion ve
tor de
oding.Pro
ess Tpredi
tThe pro
ess Tpredi
t gets motion ve
tors from Tde
MV and provides predi
-tion. It re
eives information, regarding whi
h Tiq id
t add pro
ess networkshould be sele
ted to write predi
ted blo
ks, from Tde
MV, whi
h in turnre
eives that information from Tvld.
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Figure 4.7: Pro
ess Network Tm
4.3.5 Pro
ess Network Tiq id
t addFigure 4.8 des
ribes the stru
ture of the pro
ess network Tiq id
t add. Sin
ethe pro
ess Tid
t (this pro
ess performs IDCT) is quite 
omputation inten-sive, multiple su
h pro
esses are provided to in
rease the speed. The numberof Tid
t pro
esses, present in the pro
ess network, is 
exible.Pro
ess TisiqInverse s
an and inverse quantization is performed by the pro
ess Tisiq. Thispro
ess has two additional features:� This pro
ess 
ommuni
ates (transfer of ma
roblo
ks) with a number ofTid
t pro
esses using round robin poli
y.� DCT 
oeÆ
ient matrix of a blo
k is sparse in nature. Sin
e a number ofentries are zero, only non-zero 
oeÆ
ients are transferred to the pro
ess
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oder ModelingTid
t. This transfer takes pla
e after 
ompression of blo
ks using simplesparse matrix representation. Ea
h non-zero entry maintains two �elds,value and index. Later, pro
ess Tid
t does de
ompression and extra
tsthe ma
roblo
k.The mode of ma
roblo
k transfer in
reases 
omputation overhead for
ompression and de
ompression, but it gains more by redu
ing 
om-muni
ation overhead.Pro
ess Tid
tThe pro
ess Tid
t performs inverse DCT operation.Pro
ess TaddThe pro
ess provides ne
essary addition after motion 
ompensation. It re-
eives ma
roblo
ks from all the Tid
t pro
esses using round robin s
heme,same as the pro
ess Tisiq.4.4 Salient Features of The Model� The pro
ess network MPEG-2 de
oder is identi�ed byMPEG ijk. Num-ber of sli
e de
oders (pro
ess network Tsli
eDe
) is indi
ated by 'i', 'j'indi
ates number of Tiq id
t add pro
ess networks within the pro
essnetwork Tsli
eDe
 and 'k' indi
ates number of Tid
t pro
esses withinpro
ess network Tiq id
t add. Di�erent 
on�gurations 
an be 
reatedby instantiating MPEG ijk 
orresponding to di�erent 'i', 'j' and 'k'
ombinations.� In the MPEG-2 de
oder pro
ess network parallelism has been extra
tedat sli
e level and within the pro
ess network Tsli
eDe
, parallelism atma
roblo
k level has been exploited.
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Chapter 5
Experimental Environment
5.1 Introdu
tionThe simulation setup is 
omposed of 4 layers (Figure 5.1). Uppermost layer isappli
ation. Appli
ation has been modeled using primitives of YAPI (Chapter2 dis
usses YAPI in detail). YAPI further uses thread s
heduler to provideits servi
es. Thread s
heduler is responsible for thread management a
tivitiessu
h as 
ontext swit
hes, maintaining status of threads et
. The bottom layeris ar
hite
ture whi
h runs under 
ontrol of thread s
heduler.

Application

Architecture

YAPI

Thread Scheduler

Figure 5.1: Layers of experimental environment
39



40 Experimental Environment5.2 Thread S
hedulerFigure 5.2 gives an overview of thread management.
Thread pool 

of CPU0 of CPU1

Thread scheduler

of CPU0

Thread scheduler

of CPU1

CPU0 CPU1

Thread
stealing Thread pool

Figure 5.2: Thread s
hedulingA
tivities of thread s
heduler are as follows:� Creating threads and maintaining thread pool for ea
h pro
essor.� Fa
ilitating 
ontext swit
hes. At the time of initialization, all the threadsgo to the thread pool of one pro
essor. When thread s
heduler of anypro
essor looks at its thread pool for a thread to s
hedule and its threadpool is empty, it tries to steal a thread from thread pool of other pro-
essor. This thread stealing me
hanism enables all the pro
essors tobuild their thread pool after initialization.� Maintaining the status of threads.� Implementation of semaphore operation.Every CPU has its own thread s
heduler. The thread s
heduler is like asmall operating system, whi
h manages the resour
es of the CPU.



Experimental Environment 415.3 The Spa
eCAKE Ar
hite
tureThe Spa
eCAKE Ar
hite
ture is a homogeneous multipro
essor ar
hite
ture.This ar
hite
ture addresses re-usability and s
aling and targets very 
ompu-tation intensive appli
ations su
h as video pro
essing.5.3.1 The Ar
hite
tureThe Spa
eCAKE Ar
hite
ture (Figure 5.3) is essentially an homogeneousmultipro
essor ar
hite
ture. The basi
 unit of repetition is a tile. A tile
onsists of a heterogeneous mix of memories, general purpose pro
essors(like the MIPS 1900 or ARM), DSPs, 
on�gurable fun
tion units and high-performan
e spe
ial-purpose fun
tional units. All tiles on a 
hip are exa
tlythe same and they are laid-out in a 2-dimensional fashion with a high-speedmessage passing network to inter
onne
t them. The interfa
e of the tile andinter
onne
tion network are further topi
 of resear
h.
Tile0 Tile1

Tile3 Tile2Figure 5.3: The Spa
eCAKE Ar
hite
ture
5.3.2 The TileTile is the basi
 unit of repetition in Spa
eCAKE Ar
hite
ture. Figure 5.4shows the present stru
ture of tile. It essentially 
onsists of a number of gen-eral purpose pro
essors, memory bank, a snooping bus, a BCU (bus 
ontrolunit) and a proxy (to implement system 
alls).
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BCU

CPU0

CPU2

CPU1 MEM MEM

CPU3 MEM MEM

PROXYSnooping Bus

Figure 5.4: Stru
ture of tileThe CPUThe CPU present in the tile is a MIPS-32 mi
ro-
ontroller, whi
h is 
lose toPR1910 [17℄. Apart from supporting normal PR1910 features, it also supportsMSI1 
a
he 
oheren
e proto
ol [8℄, so that it 
an be used as node in a 
a
he
oherent multipro
essor system. Moreover this also supports upto two busadapters that 
an be a
tive 
on
urrently. Bus adapters either 
onne
t to a32-bit PI-bus or to a 64-bit DVP-DMA bus.BusThe snooping bus shown in Figure 5.4 is Peripheral Inter
onne
t (PI) Bus[19℄. Apart from supporting 
lo
k syn
hronous and multi-master bus op-eration, it also supports memory 
oheren
y. Support for multi master busoperation and memory 
oheren
y enables it to be used in a multipro
essor
on�guration.1MSI stands for Modi�ed Shared Invalid



Experimental Environment 43Bus Control UnitBus Control Unit (BCU) 
ontrols the operation of bus. Fun
tions are:� Bus ownership assignment and address dependent slave sele
tion� Initiation of memory 
oheren
y proto
ol� Uni�
ation of a
knowledgment 
ontrol information� Dete
tion of illegal addresses and time-out bus faultsPROXYThis 
omponent of tile handles system 
alls. Whenever any CPU has anysystem 
all, CPU sends request to PROXY to implement that. If there is onlyone request, the request is granted immediately. If more CPUs are sendingrequests, PROXY sele
ts one CPU at a time and grants its request.MemoryThis 
omponent of tile refers to storage available within the tile besides 
a
hememory inside the CPUs.The present 
on�guration of tile shows only MIPS CPUs, the 
on�gura-tion 
an be extended later to a

ommodate other 
omponents also su
h asDSPs, 
opro
essors et
.
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Chapter 6Experiments and ResultsMotivation behind doing experiments, using YAPI appli
ation model, is to�ne tune the appli
ation model to in
rease its speed and to 
olle
t perfor-man
e data to explore the ar
hite
ture design spa
e. Experiments were doneat both appli
ation level (YAPI provides information about 
omputationoverhead and 
ommuni
ation overhead of the appli
ation) and system levelusing TSS. Se
tion 6.1 analyzes appli
ation level and Se
tion 6.2 analyzessystem level performan
e data.6.1 YAPI Level SimulationsComputation and 
ommuni
ation overhead is obtained from YAPI, whenthe appli
ation is run on a workstation in a multi-threaded environment.The data referred in this se
tion are obtained by running appli
ation on sunplatform (SunOS 5.7) and input MPEG-2 video sequen
e is tennis.m2v (8frames, frame size 576x704).6.1.1 Computation OverheadThreads are 
reated 
orresponding to ea
h pro
ess in the appli
ation model.Computation overhead refers to the total time taken by the whole appli
a-tion (de
oding of video sequen
e tennis.m2v) and time distribution among45



46 Experiments and Resultspro
esses (threads). This distribution refers to the total time taken by anypro
ess to perform 
omputation on data, whi
h it gets during de
oding ofwhole sequen
e (tennis.m2v, 8 frames, frame size 576x704). This information
an be used in the following way:� Di�erent models 
an be 
ompared for speed up.� Per
entage of time taken by di�erent pro
esses 
an be used to �ndout whi
h pro
ess takes more time and is more 
omputation intensive.Moreover timing information enables to �nd out whi
h pipeline hasmore laten
y and 
an be a sour
e of bottlene
k.Table 6.1 gives time distribution of pro
esses for model des
ribed in Figure4.1. This model has two parallel paths emerging from the pro
ess Tvld. First
orresponds to motion 
ompensation and se
ond 
orresponds to inverse DCT.They �nally merge at pro
ess Tadd. From the table it 
an be seen that se
ondpath takes more time to 
omplete its task. The �rst path takes total 18.57%,whereas se
ond path takes total 27.89% time. So, to speed up the appli
ation,se
ond path should be made faster (by providing more pro
esses).YAPI provides more information about appli
ation by giving Number of
ontext swit
hes (total number of swit
hes among threads on the CPU) andParallelism number.Number of 
ontext swit
hes This is the total number of thread swit
h-ing on the pro
essor. A 
ontext swit
h takes pla
e when a pro
ess getsblo
ked. So this indi
ates how often pro
esses get blo
ked.Parallelism number This is the average number of pro
esses (threads) inthe ready list of the pro
essor. This gives an indi
ation of e�e
tiveparallelism present in the model. If Nsw indi
ates Number of 
ontextswit
hes and Nthri indi
ates number of threads in the ready list ofthe pro
essor at ith instan
e of 
ontext swit
h, Parallelism number is
al
ulated as follows:
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ess Time taken % Computation timeToutputRD 0.114250s 1.48Toutput 1.074277s 13.9TmemMan 0.031361s 0.4Tpredi
tRD 0.409410s 5.2Tpredi
t 1.293022s 16.8Tde
MV 0.136052s 1.77Tstore 0.058771s 0.65TwriteMB 0.610476s 7.9Tadd 1.045679s 13.5Tid
t 1.276872s 16.6Tisiq 0.867145s 11.29Tvld 0.708408s 9.22Thdr 0.013470s 0.17Tinput 0.041562s 0.53Table 6.1: Computation workloadParallelism number = PNswi=1 NthriNsw (6.1)Total time This is the total time taken by the appli
ation when run onmulti-threaded workstation given the input video sequen
e (tennis.m2v).This is not a very a

urate measurement of speed of appli
ation, butit gives feedba
k about relative speed up. More a

ura
y is obtainedwhen appli
ation is run in TSS environment (TSS is a 
y
le a

uratesimulator).Table 6.2 shows that Number of 
ontext swit
hing 
omes down by in
reas-ing the value of 'i' in models mpeg ijk, but in
reases when j goes from 2 to4. This implies that it is quite possible that after a 
ertain point by provid-ing more instan
es of pro
esses or pro
ess networks will in
rease Number of
ontext swit
hes even if Parallelism number in
reases.



48 Experiments and ResultsModel Number of Total time Parallelismname 
ontext swit
hes taken (se
) numberold model 346763 7.68 3.87mpeg 122 21786 5.78 7.81mpeg 222 20506 5.71 13.58mpeg 242 31826 6.04 22.89mpeg 422 19919 5.77 23.87mpeg 442 31965 6.02 39.6Table 6.2: Comparison among various appli
ation models6.1.2 Communi
ation OverheadCommuni
ation overhead refers to total number of tokens transferred andhen
e, total amount of data transfer over FIFOs. This information 
an beused to 
hange the sizes of FIFOs to redu
e memory usage and to redu
e num-ber of times pro
esses get blo
ked. For example, size of FIFO, whi
h transfersless number of tokens, 
an be de
reased and size of FIFO, whi
h transfersmore number of tokens, 
an be in
reased. This resizing should redu
e thenumber of situations, when a pro
ess gets blo
ked on write. Furthermore,resizing of FIFOs 
an in
rease memory used by the appli
ation, so there is atrade o� between spa
e and speed.6.2 TSS Level SimulationsThe appli
ation is mapped onto the ar
hite
ture to get ar
hite
ture per-forman
e data. Di�erent YAPI models of MPEG-2 de
oder were mappedonto the tile (Figure 5.4) of Spa
eCAKE ar
hite
ture (Figure 5.3). Sin
e, atpresent, tile has a number of MIPS CPUs, we 
ompiled di�erent 
on�gura-tions of MPEG-2 de
oder for MIPS and obtained exe
utables. Then this isrun on TSS [18℄ (Tool for System Simulation) model of ar
hite
ture (singletile within Spa
eCAKE ar
hite
ture). We used tennis.m2v (8 frames, frame



Experiments and Results 49size 576x704) as MPEG-2 video sequen
e. We simulated for three di�erenttile (Figure 5.4) 
on�guration, with 2, 4 and 8 CPUs.6.2.1 Appli
ation BehaviorNumber of Cy
lesFigure 6.1 shows simulation results for total number of 
y
les, taken by theMPEG-2 de
oder model to de
ode the video sequen
e tennis.m2v. The plotshows normalized values at Y-axis. These are normalized against total num-ber of 
y
les during simulation of old model (Figure 4.1) with 8 CPUs.Normalized number of 
y
les = 
y
lesmodel name
y
lesold model 8
pus � 100 (6.2)Ex
ept two models (old model and mpeg 1221) other models show de-
rease in number of 
y
les with in
reasing number of pro
essors in ar
hi-te
ture. The possible reasons why old model and mpeg 122 models showdeviation, 
ould be:1. Less parallelism2. More 
ommuni
ation 
ost. Pro
essors wait for data for signi�
ant amountof time.The gain in speed, while going from 4 CPUs to 8 CPUs, is less 
omparedto gain from 2 CPUs to 4 CPUs. The reason is more 
on
i
t to get a

ess on
ommuni
ation resour
es (bus). This is veri�ed by in
rease in bus wait 
y
le(Figure 6.3). Among shown appli
ation 
on�gurations model mpeg 222 is thefastest.1The appli
ation model mpeg ijk indi
ates that there are 'i' Tsli
eDe
s, 'j' Tiq id
t addpro
ess network within Tsli
eDe
 and 'k' Tid
t pro
esses within Tiq id
t add pro
essnetwork.
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Figure 6.1: Number of 
y
les vs Number of CPUsCy
les per Instru
tion (CPI)CPI2 is the ratio of total number of 
y
les over total number of instru
tions,taken by the appli
ation to de
ode tennis.m2v during TSS simulation. InFigure 6.2, ex
ept old model all other models show in
rease in CPI, whi
hindi
ates de
rease in total number of instru
tions relative to total number of
y
les.Bus Wait Cy
lesFigure 6.3 shows variation of bus wait 
y
les for di�erent 
on�gurations. Inthis plot, bus wait 
y
les indi
ates the average number of 
y
les a CPU isblo
ked while a 
a
he �ll request is in progress. Ex
ept old model all othermodels show the same kind of behavior and variation is not very high. The
urve is nearly straight line. So in
rease in bus wait 
y
les is almost 9 units2This is the average CPI value over all the pro
essors.
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Figure 6.2: CPI vs Number of CPUsper pro
essor, whereas old model show slightly di�erent behavior and in-
rease in bus wait 
y
les is 6.4 units per pro
essor. The reason for in
reasein bus wait 
y
les is that now there are more CPUs to share the only 
om-muni
ation resour
e (bus).Ca
he Coheren
eFigure 6.4 shows the total number of snooping requests3 made by CPUsfor 
a
he 
oheren
e. The TSS model of the CPU uses MSI 
a
he 
oheren
eproto
ol for 
a
he 
oheren
e among CPUs. It is 
lear from the plot that asthe number of CPUs is in
reased, required snooping requests also go up.The 
urves are again nearly straight lines. In
rease in snooping request isapproximately 3.83 units per CPU for old model and 1.1 units per CPUfor others. Hen
e relative de
rease, in number of snooping requests in newmodels 
ompared to old model, is by a fa
tor of 3.4, whi
h indi
ates there is3This is the average number of snooping requests made by all the CPUs
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Figure 6.3: Bus wait 
y
les vs Number of CPUsrelatively mu
h less 
a
he 
oheren
e a
tivity 
ompared to old model.Number of 
oheren
e writes 
an be seen in Figure 6.5. As expe
ted, thisin
reases by in
reasing number of CPUs in the tile, as with more CPUs it ismore likely that two 
ommuni
ating pro
esses are running on di�erent CPUs,ne
essitating 
oheren
e write traÆ
 from the produ
er to the 
onsumer. Fur-ther, Number of 
oheren
e writes redu
es drasti
ally for our MPEG-2 de
odermodel be
ause of lesser 
ommuni
ation overheads. However, by in
reasingparallelism in mpeg ijk models, 
oheren
e writes are redu
ed but not mu
h.This indi
ates that if the number of tokens transferred does not in
reasemu
h, in
reasing parallelism helps to redu
e 
a
he 
oheren
e writes.Parallelism NumberIn Figure 6.6 Parallelism number have been taken from YAPI level simula-tions. It 
an be seen that variation in the total number of 
y
les taken duringthe TSS simulations is not large for a parti
ular number of CPUs. This im-
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Figure 6.4: Number of snooping requests vs Number of CPUsplies that ideally total number of 
y
les taken during TSS simulations shouldde
rease as Parallelism number in
reases, but the 
ommuni
ation bottlene
kprevents this.6.2.2 Ar
hite
ture BehaviorFigure 6.7 shows variation of ar
hite
tural parameters for appli
ationmpeg 222model when run on 8 CPU tile 
on�guration given input video sequen
etennis.m2v. CPI is almost same for �rst few CPUs and then rises in a lin-ear manner. Number of snooping operations performed by all the CPUs arenearly equal. The most surprising variation is seen in number of bus wait
y
les. The 
urve indi
ates that few of the CPUs seem to be waiting mu
hmore than other CPUs. Further this variation is linear.
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e writes vs Number of CPUs
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Figure 6.7: Normalized ar
hite
ture parameters vs CPU idSummarizing, more than 100% speed up is a
hieved for models of typempeg ijk 
ompared to old model, when appli
ation was run on a tile with 4and 8 CPUs. Furthermore, as the number of CPUs is in
reased, 
on
i
ts toget a

ess to bus in
reases and 
ommuni
ation resour
e be
omes expensive.
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Chapter 7Con
lusions
7.1 Con
lusions and ContributionsWe modeled an MPEG-2 de
oder using YAPI. The model has following fea-tures:� New model is more than 100% faster when run on Spa
eCAKE ar
hi-te
ture with more than 4 CPUs.� More than one MPEG-2 de
oders 
an be instantiated, working on dif-ferent video sequen
es.� A number of 
on�gurations 
an be obtained by instantiating more pro-
esses or pro
ess networks at di�erent levels (at whole appli
ation level,sli
e de
oder level or within sli
e de
oder).� The model is optimized for lesser 
ommuni
ation overhead by resizingFIFOs and redu
ing amount of data transfer over FIFOs.There are a number of fa
tors whi
h dire
tly a�e
t the performan
e of anappli
ation model. Unidire
tional 
ommuni
ation, balan
ed pipelines, gran-ularity of operation are a few typi
al examples. The model features su
h asbidire
tional 
ommuni
ation, unbalan
ed pipelines, feedba
k loops et
. 
ouldredu
e the speed signi�
antly and might lead to deadlo
ks.57



58 Con
lusionsWemapped the appli
ation model onto Spa
eCAKE ar
hite
ture to studyar
hite
tural performan
e parameters. We observed that an appli
ation, whi
hhas more parallelism, runs faster (takes lesser number of 
y
les). Further 
om-muni
ation stru
ture of appli
ation is equally important. Appli
ation modelshould be optimized for lesser 
ommuni
ation overhead.We found from experiments that as the number of pro
essors in the ar-
hite
ture in
reases, 
on
i
ts for 
ommuni
ation resour
es in
reases. So af-ter a 
ertain number of pro
essors, in
reasing the number of CPUs does notimprove performan
e signi�
antly. We also observed that for our MPEG-2de
oder appli
ation, presen
e of 4 CPUs in the tile gives performan
e whi
his good enough. Adding more CPUs must be ba
ked up with more 
ommu-ni
ation bandwidth. We also observed that for �xed number of CPUs in thear
hite
ture, there is a limit beyond whi
h in
reasing the number of pro
essesin the appli
ation model does not improve performan
e mu
h.7.2 Further Resear
hFaster MPEG-2 de
oderIn the 
urrent implementation of MPEG-2 de
oder model, we allowed onlyone pro
ess (i.e. Tinput) to get a

ess to video sequen
e dire
tly. Rest of thepro
esses get a

ess using bu�ering me
hanism. The model 
an be furtherimproved by redu
ing bu�ering and allowing more pro
esses (parti
ularlyvariable length de
oders) to have dire
t a

ess to video sequen
e.More Appli
ationsThe appli
ation set 
an be expanded by utilizing our MPEG-2 de
oder model.This extension in
ludes appli
ations su
h as pi
ture s
aling, pi
ture in pi
-ture, MPEG-2 de
oding followed by various pi
ture quality improvementalgorithms et
. The bigger appli
ation set 
an be utilized more e�e
tively fordesign spa
e exploration.
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lusions 59Performan
e VisualizationAt present we do not get a dynami
 view of appli
ation running over Spa
e-CAKE ar
hite
ture. Similar is the 
ase with ar
hite
ture. The appli
ationmodel, thread s
heduler and ar
hite
ture 
an be extended to generate tra
esin some spe
i�
 format. These tra
es 
an be given as input to performan
eanalysis tool [7℄ and dynami
 view of whole simulations 
an be visualized.This a
tivity may help in identifying problems in both appli
ation and ar-
hite
ture.
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