R e

a l

- T i

me Parallel

MP

E

G-

2

De

c

o di

n

g inSo

f

t wareA n

g e l o s B

il

as 1

,Jason

F

ri tts

2 , Jaswin

der

PalSing

h 1f b i l a s @ cs

,

j

e f ri tts@ee, jps@cs

g

.pri nceton.e

d

u

1De part

ment of

Comp

uter Science, 2 Department ofElectrical Engineering

Princeton Uni

versity , PrincetonNJ

0

8 5 44

Phone :

(

60 9

) 258

- 5329

F ax: (609) 258 -1 771 A b

s t r a ct T h e g

r o w i ng de

m

and

for highq

ua li

t y compressedvideo has led to an increasing need for real-time M

P

E G

decoding at greater resolutions and picture sizes

.

With

the widespread availability of smal l-scale multiproces-

sors, a paral lel software implementation provides an

e�ective solution to the decoding problem.

We present a paral lel decoder for the MPEG stan-

dard, implemented on a shared memory multiproces-

sor. The goal of this work is to provide an al l-software

solution for real-time, high-quality video decoding and

to investigate the important properties of this applica-

tion as they pertain to multiprocessor systems.Both coarse and�ne grained implementations are

considered for paral lelizing the decoder. The coarse-

grained approach exploits paral lelism at the group of

pictures level, while the �ne-grained approach paral-

lelizes within pictures, at the slice level.A comparative

evaluation of these methods is made, with results

presented in terms of speedup, memory requirements,

load balance, synchronization time, and temporal and

spatial locality.K e

y w o

r d s : I

m a

g e p

r o ce ss

i

ng ,

M

P

E G -

1, MPEG-2,

high-performance comp u ting, vi

deo compression, real-

time system, shared memory.

1

I

ntro

d uct ion

Recent advances in network and microprocessor

technology have placed video applications within our

reach.High

De

�nition

Television

(HDT

V

), Broadcast

Satellite Service,Ca ble TV distribution on optical

networks, Electronic Cinema, Interactive Storage Me-

dia, Multimedia Mailing,Networked Database Ser-

vices, corporate Internet training and conferencing,

Remote Video Surveillance and others are now be-

coming

\practical

" applications. The huge amount

of data needed to make video available in all these

cases has led to the adoption of the MPEG-1 and

MPEG-2 standards for motion video compression and

decompression. These standards greatly reduce the bandwidth and storage space required. Consequently,

MPEG-1 and MPEG-2 are already being used in many

video applications and their adoption continues to

grow rapidly.Onefactor limiting widespread use of the MPEG

standard is its computational complexity. Video

encoding and decoding under MPEG is expensive, too

costly for uniprocessors to achieve real-time perfor-

mance in software for displays of interesting resolu-

tion and size. The computational demands grow as

users desire higher quality video. Encoding is more

expensive than decoding, but can often be done o�-

line and hence may not need to be done in real-

time. Decoding, however, demands real-time perfor-

mance.

Fortunately, real-time decoding is within the

capabilities of bus-based multiprocessors, which are

rapidly becoming commodity systems.Almost all ma-jor computer system vendors, including PC vendors,

now provide such con�gurations directly, and desktop

multiprocessors may not be far away.While special-

purpose signal-processing hardware can be used to

accelerate decoding[

8 ], the ability to do it in software

o�ers many advantages: it provides greater exibility

for accommodating new algorithms and enhancements

as they evolve, does not require additional expensive

hardware, and runs on general-purpose systems that

can also be used for other purposes.

In this paper, we examine the extent to which

increasingly popular cache-cohere nt bus-based shared

memory multiprocessors can be used to speed up

software MPEG decoding (we also present some initial

results on a cache-coherent machine with physically

distributed memory). We present two parallel im-

plementations of the MPEG-2 decoder provided by

the MPEG Software Simulations Group1 [13]. The

�rst version exploits very coarse-grained parallelism

across groups of pictures in the video sequence, while

the second exploits �ne-grained parallelism within

each picture. We evaluate their performance and

resource requirements for di�erent picture sizes and

numbers of processors on a 16-processor Silicon Graph-

ics Challenge multiprocessor, that, though being a

fairly expensive multiprocessor, uses the same parallel 1

Ot

h e r se

q ue nti

a l so

ft wareM

P

E G enco

ders

-decoders(codecs) arepu blicl

y available[

6 , 12, 11, 13

] . 1

a l g o r i t h m s a n d t e chni q ues as would be used b y less

e x pensi ve des ktop servers . Detailed measurements

with various per formance monitoring tools are used

to understand the role of potential bottlenecks to

good performance. Finally , we use multiprocessor

simulation to characteri ze the spatial and temporal

data locality properties of the parallel versions to

understand how they will interact with alternative

memory system architectures and to understand how

to design multiprocessors and their memory systems

to obtain better parallel performance for this class of

application.

We �rst present an overview of M P E G in Section

2, focusing on those aspects that are most relevant

to parallelization. Following this, Section 3 describes

the testbed that was used for implementing and

benchmarking the di �erent algorithms. In Section 4

we present the general methodology for parallelizing

the decoder. Section 5 describes the parallel im -

plementations along with the results. In the same

section we also study the locality properties through

simulation. Section 6 discusses related work and we

discuss conclusions and future work in Section 7.

2 M P E G O v e rv ie w

The MPEG coding standard de�nes a lossy 2 com-

pression technique which takes advantage of spatial

and temporal correlation to achieve high compression

ratios. In exploiting spatial correlation, compression is

achieved by �nding the similarities within each picture

and using those similarities to eliminate redundancy

in the picture. Spatial correlation alone, however,

provides only moderate compression, so temporal

correlation must also be exploited. In elminating

temporal redundancy, success ive pictures within the

video sequence are examined for similarities. These

similarities are then used to remove redundancies

across pictures. Using both spatial and temporal

correlation, the MPEG standard provides high degrees

of compression on video sequences .

Though both MPEG- 1 and MPEG-2 use this com-

pression technique, from a computational perspective

MPEG-2 is more interesting due to its greater versa-

tility. While most MPEG-1 video streams follow the

c o n s t r a in e d para meters bit stream format, which limits

the the maximum bitrate to 1.75Mb /s and picture size

to 352x24 0 pixels, MPEG-1 can actually be applied

to a wide range of input formats. However, MPEG-2

is much more generally de�ned, providing a coding

syntax that is a superset of the MPEG-1 syntax.

Some of the additions to MPEG-2 include support

for interlaced video sequences 3 and a scalable syntax

which allows for layered coding of video streams.

2 A l o ss y co m p r ess io n sc heme is one in which d a ta are lost .

Only partial reco very o f the ori ginal unencoded data is possi ble. 3 In interlaced video se quences , each picture is either a frame

or a �eld, where two interlaced �elds comprise a frame. A

progressiv e video sequence has no concept of �elds and therefore

each picture is a frame. Consequently, in interlaced video,

pictures that are coded as �elds have half the number of

While this examination of the parallelism in MPEG-

2 has not currently taken full advantage of these

extensions, we chose the MPEG-2 decoder with the

intent of exploring these avenues in the future.

The MPEG standard speci�es the coded represen-

tation of picture information for digital storage media

and digital video communication. Since video com-

pression can be used in many di�erent applications,

and each application places a unique set of constraints

upon the video stream, the MPEG committee created

standards that are exible enough to meet the de-

mands of most applications. MPEG-2 provides the

greatest versatility, supporting constant or variable

bitrate transmission, random access, channel hop-

ping, scalable decoding, bitstream editing, and special

play functions such as fast forward playback, fast

reverse playback, slow motion, pause, and still pictures

(MPEG-1 o�ers only a subset of these functions ).

The complete MPEG standards are quite detailed and

only a minimal overview may be given here. More

comprehensive descriptions may be found in [3, 15 ].

L a y e re d s tr u cture o f a n M P E G strea m : An

important aspect of the versatility of MPEG is its

layered structure [3, 15]. The hierarchy of layers in an

MPEG bitstream is arranged in the following order :

Se q uence , Group o f Pictures (G OP ), Picture, S lice,

Macrobloc k, and Block (see Figure 1). The di�erent

parts of the stream are marked with unique, byte

aligned codes called startcodes. These startcodes are

used both to identify certain parts of the stream and

to allow random access into the video stream. This

random access ability is vital to parallelization.

The highest level in the layering is the sequence

level. A sequence is made up of groups of pictures

(GOPs) . Each G OP is a grouping of a number of

ad jacent pictures. The purpose in creating such an

identi�able grouping is to provide a point of random

access into the video stream for play control functions

(fast forward, reverse, etc.). In MPEG-1 the GOP is a

required layer of the structure, but in MPEG-2 it was

made optional because it was found that the sequence

layer can serve in the same capacity.

Within each GOP are a number of pictures. In

MPEG-1, each picture corresponds to a frame, but in

MPEG-2 interlaced video is supported so each picture

corresponds to either a frame (for progressive or

interlaced video streams) or a �eld (for interlaced video

streams) in the original stream. Pictures are further

subdivided into slices, each of which de�nes a fragment

of a row in the picture. Slices comprise a series of

macroblocks, which are 16x16 pixel groups containing

the luminance and chrominance data for those pixels

in the decoded picture 4 . Macroblocks are divided into

blocks (6 to 12 depending upon format). A block is

an 8x8 pixel group that describes the luminance or

chrominance for that group of pixels. Blocks are the

basic unit of data at which the decoder processes the

hori zontal lines as progressiv e pictures (frames ) and must be

displayed at twice the display rate. 4 Luminance is the monochrome representation of the signal

and chrominance provides the color information for the video.

Video stream Sequence Picture Slice Macroblock Block

. . .

Group of Pictures

F i g u r e 1 : Hig h le vel bi t stre a m orga ni zation in M P E G

4 P 1 2 B 3 B 7 P 5 B 6 B P 8 B 9 B 10

10 9 8 7 6 5 4 3 2 1

Encoder Input

Decoder Output

10 9 8 7 6 5 4 3 2 1 P B B

I

P Prediction B B P B B I Encoder Output/Decoder Input

1 2 3 4 5 6 7

I B B P B B P

Prediction

Bidirectional

Figure 2: E xam ple o f pi cture structure . Notice that while the enco der input and decoder output both have pictures in the correct displa

y order , the encoded stream has them out of order, such that each I -Picture comes before the P-Picture which references it

(i.e. picture 1 comes before pictures 4, 7 ), and each I and P-Picture comes before the

B-Pictures that reference it (i.e. pictures 1 and 4 come before pictures 2, 3).

encoded video stream. Macrobloc ks and blocks do not have startcodes associated with them

; their boundaries are discovered implicitly while decoding.

Another important aspect of the structure of

MPEG is the

p i c t u r e t ype. Pictures in MPEG are encoded into one of three types

5, as shown in Figure 2.

All picture types use spatial correlation, but not all use temporal correlation.

The �rst picture type, the i ntr a coded picture (I-Picture), uses only spatial correlation.

Since their decoding is independent of other pictures,

I-Pictures provide access points into the coded stream where decoding can begin. However, using

just spatial correlation, they achieve only moderate compression.

The second type of picture, the pre

dicti ve coded picture (P-Picture), is coded more e

�ciently by also using temporal redundancies from a past I or P-Picture.

These P-Pictures are then used for reference in further prediction. The �nal picture type, the

bidirecti ona lly - predictive coded picture (B-Picture), uses temporal redundancies from both past and future reference pictures, and conse

quently achieves the highest degree of compression. B-Pictures are never used as references for prediction.

The organization of the three picture types in a stream is very

exible. The only stipulation upon their ordering is that any picture that depends upon temporal redundancies from a past or future picture must be decoded after its reference pictures. As a result, the order of the pictures in the input stream to the decoder (i.e. the output of the encoder) is not the order in which the pictures must be displayed. An example of this reordering in the encoded stream is

5 M P E G - 1 a c t ua ll y su pp o rts a fourt h p ictur e type , the D C- co

ded picture (D-Picture ) type . Ho we ver, this type is little used a

nd was eli minated from MPEG- 2 shown in Figure 2.

E n c o d in g : As described above, the block is the basic unit of data processing. For each block of data in the video sequence, the encoder performs �ve steps to produce an encoded block: motion estimation, discrete cosine transform (

D CT), quantization, and run-length and Hu

�man coding (see Figure 3).

In the �rst stage, motion estimation, the encoder tries to take advantage of temporal redundancies among pictures. Motion estimation, required only for P and B-Pictures, is performed using the relevant reference pictures. During motion estimation, each macroblock

6 is moved within a variable-size search window around its position in the reference picture until the position of greatest similarity is found. This displacement is saved as a motion vector. For each block in the macroblock, the di�erence from the corresponding block at the position indicated by the motion vector in the reference picture is computed.

This gives the prediction error for each element in that block. The next four stages of the encoder take advantage of spatial correlation in compressing the video sequence. Following motion estimation, the encoder takes either the original block data (for I-Pictures) or the prediction error information (for P or B-Pictures) and performs a discrete cosine transform (DCT) on the block to �nd its frequency spectrum. Typically, in video sequences the higher frequency components are less prominent as they are less noticeable to the human eye, so much of the transformed block has

6Motion estimation is only performed on a macro bloc k basis.

All blocks within that macroblock use the same set of motion vectors.

s m a ll val u es . T he ne x t ste p , quant i zati on, ze roes out man

y o f these smaller values, re du cin g the num ber of distinct frequency values. This quantization step is the lossy step of the encoding process and the degree of quantization is speci

�ed using both quantization matrices and a quantization coe

�cient.

Uncompressed

Encoder

Decoder

Run length encoding

Quantization

Motion Estimation

Huffman encoding

Inverse Quantization

Run length decoding

Huffman decoing

Motion Compensation

DCT

Inverse DCT

Compressed Video Video

Uncompressed

Compressed Video

Video

r e s u l ts re p orte d b y p i xi e a nd p r o f in clude sync hro - ni zation ti me , which must be computed separately by instrumentin g the source code . The results o f pixie and prof may then be combined to determine the time spent in the memory subsystem.

bit rate of 5 Mb/s for the 352x240 and 704x480 streams and 7 Mb/s for the 1408x960 streams. But since bit rates can vary considerably according to the desired degree of compression or video quality, we also felt it important to examine the e�ect of di�erent bit rates on parallelism.

a s tas ks s i n c e t he y a re marke d with startc odes in the in

p ut stream . The pro b lem with macroblocks and blocks is that they do not ha

ve startcodes to identi

fy them without actually doin g the decoding itself

(if they did , we could used them as tasks as well

). Paralleli zing at these levels would make it necessary for one process to perform the decoding of the stream, detect the boundaries of each macroblock

(including its motion vectors) while processing the stream, and assign the macroblock or its blocks to other processors for further processing.

While this approach may be viable, it places a large load on one processor and would only pay o

� in cases where there is a signi

�cant problem with load imbalances at the slice level.

Because slices are groups of ad jacent macroblocks, they increase task granularity compared to macroblocks, potentially causing load imbalance, but help reduce communication when reconstructing blocks from motion vectors and other nearby blocks.

Our other parallel implementation, which we call the slice

-level implementation, de�nes the task unit to be a slice. We shall discuss both these parallel versions and their tradeo�s further in subse

quent sections.

5 E x p e r i me n t a l Re s ults

5 . 1 P a ra ll el i s m a t gr o u p o f pi ctures le vel

The �rst approach taken in parallelizing the decoder tries to e

xploit parallelism at the GOP level. In this implementation, we de�ne the task unit to be a GOP.

Recall that a GOP consists of any number of pictures. By de�nition, a GOP must contain at least one I-Picture.

Also, the �rst picture (in display order) in a GOP must be an I-Picture or a B-Picture, and the last picture in a GOP must be an I-Picture or a

P-Picture. If the �rst picture is an I-Picture or a B-

Picture that does not depend on the pictures of the previous GOP, then the GOP is de�ned as a closed

GOP and it can be decoded independently.

Since consecutive GOPs can be decoded by di�erent processors, GOPs need to be closed. Although the assumption that all GOPs in the stream are closed is not necessarily true of the streams generated by encoders, it is in fact not very restrictive. One way to overcome it even when the GOPs in the input stream are not closed is by taking advantage of the fact that the stream contains startcodes for pictures and identi�es their type with a type �eld. This parallel design does not require that tasks be GOPs as de�ned in the input stream, but rather any closed set of pictures that can be decoded independently.

The scan process could scan the stream and construct closed tasks. This would be somewhat complicated by the fact that each of these tasks would have to contain pointers to appropriate headers, so that the worker processes could �nd con�guration information speci�c to the pictures that it would decode.

For simplicity we assume that the GOPs in the input stream are themselves closed, and can be processed independently.

Figure 4 shows the architecture of the parallel decoder. We dedicate one process, the scan process, to read the stream from the disk (or network or other source) and identify the tasks. While reading the stream into memory, it scans the stream for startcodes that mark the beginning of each GOP. All but one of the other processes are worker processes which dequeue tasks from the task queue and decode the corresponding GOP.

Each worker processor operates in a loop in which it removes the next task from the queue, decodes the corresponding GOP and places the decoded pictures in a display queue. The worker processes assume that the data for the GOPs in the task queue are already in memory. The last process is assigned as the display process. It is responsible for displaying the pictures which may have been processed and inserted in the display queue out of order - in the correct order. It is also responsible for dithering the pictures. In the measurements we present, we do not include dithering time since it is not a necessary part of the decoding. The dithering cost can vary greatly depending on the characteristics of the display device.

The scan process and the display process do not take part in the decoding process. Another approach would be to have them participate when free, but this would complicate the system.

Moreover, as the requirements for better image quality, and consequently picture resolution and bit rate, increase, these processors will be busy most of the time anyway.

The speed at which the scan process is placing pictures in the task queue is shown in Table

2. Here we assume (quite reasonably) that the scan process can be fed with data at the required bit rate.

Doing this under a variety of conditions is a topic of current research in the areas of networking and I

/O.

Picture size

3 52x24 0 704x4 80 1408x 9 60

File size(Mbytes) 25 25 45

Number of pictures 1120 1120 1120

Scan time(sec) 4.5-6.5 4.5-6.5 11-14

Scan rate(pics/sec) 170-250 170-250 80-100 Table 2

: Scan rate in the scan process.

The motivation for the GOP level design is twofold.

First, tasks are large and independent, so accesses to the task queue are infrequent and there is little synchronization or inherent communication among the worker processes. Second, the resulting system is easy to understand and implement.

Picture size 352x240 704x480 1408x960

Max pictures/sec 69.9 26.6 7.3

Table 3: Maximum number of pictures/sec decoded for each picture size.

6

Disk

...^{Slice Slice Slice Slice}

c1 c2 c3 c4

... Slice Slice Slice Slice_{b4b3b2b1}

...^{Slice Slice Slice Slice}

a1 a2 a3 a4

Pic Pic

Pic Pic a b c e

Slice Task Queue

... Task Queue

Display Queue

Worker

Worker

Worker

Scan Server

Display Server

Display GOPa GOP GOP GOPb c ...

..._d

GOP Task Queue

......

... ...

F i g u r e 4 : Ar c hi tecture o f the p ara llel decoder

5 . 1.1 R e s u l ts

I n our mea surements on the Challenge , we tried to capture the

beha vior of the decoder in terms of speedups, memor

y re quirements, load balance, and the components of e

xecution time including memory overhead

. We omit the results obtained for the smallest resolution

( 1 7 6x1 2 0 ) in all cases due to space limitations.

Pe r f or m a n ce an d s peedup : We measure speedup as the ratio of the number of pictures per second that

P wor ker processors (P + 2 total processors) can decode to the number of pictures per second that are decoded by one worker processor (

3 total processors).

This is di �erent than the speedup obtained over a uniprocessor system, which would multiplex the scan and display processes with the worker process in the uniprocessor baseline and hence likely in

ate the speedups. The results, in Figure

5, show that the speedup is almost linear in all cases. Table 3 gives the maximum number of pictures per second decoded for each picture resolution, using 14 worker processes.

Load im balance: To capture load imbalance we measured the minimum, maximum and average com

- puting times among the worker processes. Figure 6 shows that when the number of pictures per

G O P is small, the minimum and maximum times are very close to the average. This means that all the worker processes spend approximately the same amount of time computing. As the number of pictures per GOP increases, the load imbalances become more apparent because the number of tasks decreases and the time to process a task increases with GOP si

ze. Thus if one or more processors process even one more task than the rest they will appear to have computed signi

�cantly more. In reality even this is just an artifact of the relatively short input stream, and load imbalance among workers is not likely to be a problem for real streams that contain many GOPs.

Memor y system and sync hroni zation o ver - heads: The time spent executing instructions stalled in memory and waiting at synchronization points was measured by p i xi e, p r o f and source level instrumentation as discussed earlier. The pixie

, prof times in

Figure 7, show that in all the cases 10

%-30% (with an average of 20%) of the time is spent stalled in memory.

We shall study cache miss rates and memory system interactions through simulation later.

Synchronization time among the worker processes is minimal. They only need to synchronize when accessing common resources. The time spent on locks was measured to be negligible compared to the processing time in each slave.

1 3 5 7 9 11 13

352x240 0 20 40 60 80

Memory (MBytes)

4 frms/GOP 13 frms/GOP 16 frms/GOP 31 frms/GOP

1 3 5 7 9 11 13

1408x960 0 100 200 300 400

Figure 8: Actual memory requirements for the GOP approach

Memory re quirements: The maximum memory required by the system depends on the number of processors and the picture size.

Each processor needs to keep up to three decoded pictures in memory

(two reference pictures and the one currently being decoded). The speed of the scan server a�ects the memory requirements as well. It allocates memory to store the data it reads from disk, potentially increasing memory requirements when it outpaces the decoding.

In Figure 8 we plot the maximum amount of memory used by the decoder for each test stream. We see that the memory used by the system grows with the size of the GOP, the size of the picture and the number of processors used. In many applications this is not a problem because the size of a GOP is relatively small.

For instance, applications that require random access, fast-forward playback, or fast-reverse playback favor the use of relatively short GOPs.

To predict memory requirements for di�erent

7

1 3 5 7 9 11 13

352x240 0 2 4 6 8 10 12 14

Speedup

4 frames/GOP 13 frames/GOP 16 frames/GOP 31 frames/GOP

1 3 5 7 9 11 13

704x480 0 2 4 6 8 10 12 14

1 3 5 7 9 11 13

1408x960 0 2 4 6 8 10 12 14

F i g u r e 5 : S pee dup s f or t he G O P approa ch .

0 2 4 6 8 10 12 14 0.51.01.5

352x240

4 frames/GOP 0 2 4 6 8 10 12 14 0.51.01.5 31 frames/GOP 0 2 4 6 8 10 12 14

0.51.01.5 704x480

4 frames/GOP 0 2 4 6 8 10 12 14 0.51.01.5 31 frames/GOP 0 2 4 6 8 10 12 14

0.51.01.5 1408x960

4 frames/GOP 0 2 4 6 8 10 12 14 0.51.01.5 31 frames/GOP

Figure 6: Load ba la nce for the GOP approach. The x axis is the nu mber of wor ker processors used and the y axis the minimum

, a verage and maximum execution times among the worker processes (normali zed to the average ).

streams and system con �gurations we derived an analytical model that gives the memory re

quirements of the program as a function of execution time, taking into account the speeds of the scan server and the decoding process. Figure

9 shows the predicted requirements in memory for three cases as a function of time. The third case (

1 4 0 8x960, 31 pictures /GOP, 11 processors) cannot be run on the system because the memory requirements exceed the available memory.

Despite the dynamic allocation and deallocation of memory as tasks are created and completed the model has been veri�ed to be very close to the actual behavior of the system.

In addition to the large memory requirements, this method also has the problem that it has large random access latency for play functions. For example, should the user fast

-forward to a later section of the video sequence, decoding must begin anew at that point, with each processor grabbing one GOP.

Because only one processor processes a GOP, the speed at which the video begins to display at that point is dependent upon one processor, not all the processors.

As a result, the

GOP parallel method is better suited to continuous play.

5 . 2 S l i c e le vel p a ralleli s m

Addressing these problems led us to consider another approach to parallelizing the decoder. In our second parallel decoder implementation, we de�ne the task unit to be a slice.

As de�ned by the standard, a slice in

MP EG is a series of an arbitrary number of macroblocks within one row of the picture. Each slice must contain at least one macroblock, and consecutive slices may not overlap. Slices occur in the bitstream in the order in which they are encountered, starting at the upper-left of the picture and proceeding by raster-scan order from left to right and top to bottom.

However, slices do not need to maintain the same structure from picture to picture: there may be di

�erent numbers of slices and/or di�erent slice sizes.

Figure 10: The general slice structure in a picture.

In the most general case, it is not necessary for slices to cover the entire picture (Figure 10). Areas not enclosed in a slice are not encoded. However in all the pro�les de�ned so far by the standard a

r e s tr i cte d s

lice str ucture is used, in which every macroblock in

8

1 4 8 14

0.00.51.01.5 ideal-actual time

352x240

1 4 8 14

Ideal time Actual time

1 4 8 14 0.0 0.5 1.0 1.5

704x480

1 4 8 14 0.0 0.5 1.0 1.5 Ideal time Actual time

1 4 8 14 0.0 0.5 1.0 1.5

1408x960

1 4 8 14 0.0 0.5 1.0 1.5 Ideal time Actual time

F i g u r e 7 : I de a l a nd a c tual ti me f or t he G O P a pproach . The x axi s is the num ber of processors and the y axis the ideal

(blac k bars ) and actual( white bars) time as gi ven by pixie and prof respectively , summed over all worker processes. The results are normali

zed to the ideal time.

0 20 40 60 80 100

0 5 10 15 20 25 30 35 40 45 50

Mbytes t(sec)

352x240_13_10

mem(x) scan(x) frames(x)

0 5 10 15 20 25 30 35 40

0 100 200 300 400 500 600

Mbytes t(sec)

704x480_16_1

mem(x) scan(x) frames(x)

0 100 200 300 400 500 600

0 50 100 150 200 250 300

Mbytes t(sec)

1408x960_31_11

mem(x) scan(x) frames(x)

1 2 3 4 5 6 7 8 9 1011121314

Simple version 0 2 4 6 8 10 12 14

Speedup

352x240 704x480 1408x960

1 2 3 4 5 6 7 8 9 1011121314

Improved version 0 2 4 6 8 10 12 14

1 2 3 4 5 6 7 8 9 1011121314

Simple version

-0.0 0.1 0.2

0.30.40.50.60.7

sync/exec time

1 2 3 4 5 6 7 8 9 1011121314

Improved version

-0.0 0.1 0.2

352x240 704x480 1408x960

8

163264128256

line size (bytes)

0

0.001

0.002

0.003

Read miss rate

176x120 352x240 704x480

4

81632641282565121024

cache size(KB)

0.000

0.005

0.010

Read miss rate

GOP version

4 8 16 32 64 1282565121024

cache size(KB)

0.00

0.01

0.02

0.03

Simple slice version

1-way, 352x240 1-way, 704x480 2-way, 352x240 2-way, 704x480 full, 352x240 full, 704x480

4

81632641282565121024

cache size(KB)

0 50 100

150200250

CapR/ColdR misses

GOP version

1-way, 352x240 1-way, 704x480 2-way, 352x240 2-way, 704x480 full, 352x240 full, 704x480

4 8 16 32 64 1282565121024

cache size(KB) 0

50

100 Simple slice version