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Abstract

Image and video codecs are prevalent in multime-
dia devies, ranging from embedded systems,to desktop
computers, to high-end serverssuch as HDTV editing
consoles. It is not uncommon howeverthat develop-
ers create and customize semrate coder and decoder
implementations for each of the architectures they tar-
get. This practice is time consuming and error prone,
leading to code that is neither malleable nor portable.
This paper descrilles an implementation of the MPEG-
2 decoder using the Streamlt programming language.
Streamlt is an architecture-independent stream lan-
guagethat aims to improve programmer productivity,
while conocomitantly exposing the inherent parallelism
and communication topology of the application. The
paper showsthat MPEG is a gaod match for the stream-
ing programming model and il lustrates the malleability
of the implementation using a simple madi c ation to
the decoder to support alternate color compressionfor-
mats. Streamlt allows for modular application devel-
opment, which increases code reuse, and reduces the
complexity of the debuggingprocesssince stream com-
ponents can be veried independently. This in turn
leads to greater programmer productivity.

1. Intro duction

Image compressionof still and motion pictures plays
an important role in Internet and multimedia appli-
cations, digital appliancessuch as HDTV, and hand-
held devices. The compressionprocessdecreasegata
storagerequiremerts (imp ortant for embeddeddevices)
and provideshigher e ectiv etransmissionrates (imp or-
tant for Internet enableddevices).

Current programming practices often require devel-
opersto implement compressionalgorithms in low level
languagesand arduously tune their code for perfor-
mance. This methodology is not cost e ectiv e because

architecture-speci ¢ code is not portable and multiple
implementations of the samecodec are necessary The
processis made more challenging by the continuous
ewvolution of standards, which are driven by new inno-
vations in arapidly growing digital multimedia market.

A typical compressionalgorithm involvesthree types
of operations: data represeration, lossy compression,
and losslesscompression. These operations are semi-
autonomous, exhibit data and pipeline parallelism, and
easily t into a sequenceof distinct processingstages.
As sud, image and video compressionis a good match
for the streaming model of computation where data are
transformed by a seriesof Iters, usually organizedin
well structured topologies. Stream programming mod-
elsaord certain advantagesin terms of programma-
bilit y, robustness,and achieving high performance.

This paper describes an implemertation of the
widely used MPEG-2 compression standard in
Streamlt [40], a high-level architecture-independert
language for streaming computations. Our goal is to
deliver a unied developmert ervironment that cap-
tures all aspects of stream application developmert
without sacri cing either performanceor programma-
bility. This paper details the saliert processingstepsof
the MPEG-2 decader in Streamlt and comparessome
of the important implemenrtation details to a reference
C implemertation of the decader.

The Streamlt programming model allows the pro-
grammer to build an application by connecting com-
ponerts together into a stream graph, where the nodes
represert lters that transform the data communicated
along the edges. In Streamlt, the programmer is re-
lieved of the burden of explicit bu er managemen and
complexindex expressionsfor multi-dimensional data.
Streamlt also exposesthe inherent parallelism and
communication topology of the application, thereby
empowering the compiler to perform many stream-
aware optimizations [1, 17, 25, 37] that elude other lan-
guages.The end result is a clean, malleable, portable,
and e cien t code.



Our Streamlt developmert ernvironment, optimiz-
ing compiler, and MPEG-2 codecimplementations are
available for download from our project webpage at
http://cag.csail.mit.edu/streamit.

2. Overview of MPEG-2

MPEG-2 [19] is a popular encading and decaling
standard for digital video. The encading processrelies
on lossy and losslesscompression. Lossy compression
permanertly eliminatesinformation from avideo based
on a human perception model. Humans are much bet-
ter at discerning changesin color intensity (luminance
information) than changesin hue (chrominance infor-
mation). Humans are also more sensitive to low fre-
gquency image componerts, suc as a blue sky, than to
high frequencyimagecomponents, such asa plaid shirt.
Details which humansare likely to misscan be thrown
away without a ecting the perceived video quality.

The encader operates on a sequenceof pictures.
Each picture is made from 16x16 groups of pixels
known as macroblocks. A macroblock is composed
from a seriesof blocks, which are 8x8 arrays of sub-
pixels (individual color componerts of a pixel). The
luminance information for a macroblock is a 2x2 array
of blocks, whereasthe chrominance channelsare down-
sampled becauseof human insensitivity to hue. The
type of downsampling in an MPEG-2 stream is known
asits chroma format. The most common chroma for-
mat is 4:2:0. It usesone block for ead chrominance
channel, downsampling a macroblock from 16x16 to
8x8 subpixels. An alternate format is 4:2:2. It uses
two blocks for ead chrominance channel, downsam-
pling eadh macroblock from 16x16to 8x16 subpixels.

The compressionin MPEG is achieved largely via
motion estimation, which detects and eliminates simi-
larities betweenmacroblocks acrosspictures. For eath
macroblock, the motion estimator calculatesa motion
vector that represerts the horizontal and vertical dis-
placemen of that macroblock from a similar match-
ing macroblock-sized area in a referencepicture. The
matching macroblock is removed (subtracted) from the
current picture on a pixel by pixel basis, and a mo-
tion vector is assaiated with the macroblock describ-
ing its displacemen relative to the referencepicture.
The result is a residual predictive-caded (P) picture.
It represers the di erence betweenthe current picture
and the referencepicture. Referencepictures encaded
without the use of motion prediction are intra-coded
(I) pictures. In addition to forward motion prediction,
it is possibleto encade new pictures using motion es-
timation from both previous and subsequeh pictures.
Sudh pictures are bidirectionally predictive-caded (B)

pictures, and they exploit a greateramourt of temporal
locality.

Each of the I, P, and B pictures then undergoes a
2-dimensional discrete cosinetransform (DCT) which
separatesthe picture into parts with varying visual im-
portance. The input to the DCT is one block. The
output of the DCT is an 8x8 matrix of frequency coef-
cients. The upper left corner of the matrix represers
low frequencies,whereasthe lower right corner repre-
serts higher frequencies.The latter are often small and
can be neglectedwithout sacri cing visual perception.
The DCT block coe cien ts are quantized to reducethe
number of bits neededto represen them.

Following quantization, many coe cien ts are e ec-
tively reducedto zero. The DCT matrix is storedin a
run-length encaded format by emitting ead non-zero
coe cien t, the number of bits neededto represert that
coe cien t, and the number of zerocoe cien ts sincethe
last non-zerocoe cien t. The run-length encader scans
the DCT matrix in a zig-zagorder to consolidate the
zerosin the matrix.

The output of the run-length encader, motion vec-
tors, picture type, and other picture and macroblock
metadata are Hu man coded to further reducethe av-
eragenumber of bits per data item. The compressed
stream is sert to the output device.

The decader input stream is organized as a Group
of Pictures (GOP) which contains all the informa-
tion neededto reconstruct a video. The GOP con-
tains the three kinds of pictures produced by the en-
coder, namely I, P, and B pictures. | pictures as-
sist in scenecuts, random access,fast forwarding, or
fast reverse playback [19. A typical I:P:B picture
ratio in a GOP is 1:3:8, and a typical picture pat-
tern is a repetition of the following logical sequence:
I, Bo B3 P4, Bs Bg P7 Bg Bg P1g B11 B1o 113 where
the subscripts denote positions in the original video.
Howewer, to simplify the decaler, the encader re-
orders the pictures to produce the following pattern:
I1 P4 B, B3 P7 Bs Bg P1g Bg Bg 113 B11 Bio. Under
this con guration, if the decader encounters a P pic-
ture, its motion prediction is with respect to the previ-
ously decaded | or P picture; if the decader encourters
a B picture, its motion prediction is with respectto the
previously two decaded | or P pictures.

The decading processis conceptually the reverseof
the encaling process.The input streamis Hu man and
run-length decaded, resulting in quantized DCT matri-
ces. The DCT coe cien ts are scaledin magnitude and
aninverseDCT (IDCT) is performed. Finally, the mo-
tion vectors parsedfrom the data stream are passedto
a motion compensator, which reconstructsthe original
pictures.



int->int filter ZigZag(int N, int[N]
work pop N push N {

Order) {

for (int i =0; i <N;i++) {
int pixel = peek(Orderli]);
push(pixel);
for (int i =0; i <N;i++) {
pop();
}
}
intf64]  Order =

{00, 01, 05, 06, 14, 15, 27, 28,
02, 04, 07, 13, 16, 26, 29, 42,
03, 08, 12, 17, 25, 30, 41, 43,
09, 11, 18, 24, 31, 40, 44, 53,
10, 19, 23, 32, 39, 45, 52, 54,
20, 22, 33, 38, 46, 51, 55, 60,
21, 34, 37, 47, 50, 56, 59, 61,
35, 36, 48, 49, 57, 58, 62, 63};

Figure 1. Zig-zag descramb ling Iter .

3. Streamlt Programming Language

Streamlt [40Q] is an architecture independen lan-
guage that is designedfor stream programming. In
Streamlt, programs are represerted as graphs where
nodes represert computation and edges represert
FIF O-ordered communication of data over tapes. The
language features several novelties that are essetial
for large scaleprogram developmert. The languageis
modular, parameterizable, malleable and architecture
independert. In addition, the language exposesthe
inherent parallelism and communication patterns that
are prevalent in streaming programs.
3.1. Filters as Programmable Units

In Streamlt, the basic programmableunit is a Iter .
Each Iter has an independert addressspace. Thus,
all communication with other lters is via the input
and output channels,and occasionallyvia control mes-
sages(see Section 3.3). The main lter method is the
work function which represents a steady-state execu-
tion step. The work function pops (i.e., reads) items
from the lter input tapeand pushes(i.e., writes) items
to the Iter output tape. A Iter may also peekat a
given index on its input tape without consuming the
item; this makesit simple to represer computation
over a sliding window or to perform permutations on
the input stream. The push, pop, and peek rates are
declaredaspart of the work function, thereby enabling
the compiler to apply various optimizations and con-
struct e cien t execution schedules.

A lter is parameterizable, and this allows for
greater malleability and code reuse. An example I-
ter is shown in Figure 1. This Iter consumesa stream
whoseelemerts are of type int and producesa stream

splitter

stream
stream

joiner
stream

stream

stream

joiner

(b) splitjoin (c) feedback loop

Figure 2. Hierarchical streams in Streamlt.

(a) pipeline

of the sametype. It implemerts the zig-zag descram-
bling necessaryto reorder the input stream generated
by the run-length encading of quantized DCT coe -
cients. Typically, the zig-zag scan operateson an 8x8
matrix. Each instantiation of a lter speci es the ma-
trix dimensions, as well as the desired ordering. In
MPEG, there are two possiblescanorders. The Order
parameter de nes the speci ¢ scanpattern that is de-
sired, as shown in Figure 1.

In this example, the input matrix is represeried as
a unidimensional stream of elemens. The Iter peeks
the elemens and copiesthem to the output stream
in the specied order. Once all the DCT coe cien ts
are copied, the input stream is deallocated from the
tape with a seriesof pops. It has been shown that
vector permutation instructions can be automatically
generatedfrom this represenation [31].

3.2. Hierarc hical Streams

In Streamlt, the application developer focuseson
the hierarchical assenbly of the stream graph and its
communication topology, rather than the explicit man-
agemen of the data bu ers between lters. Streamlt
providesthree hierarchical structures for composing I-
ters into larger stream graphs (seeFigure 2).

Pip eline. A pipeline is a single input to single out-
put parameterized stream. It composesstreamsin se-
guence,with the output of one connectedto the input
of the next. An example of a pipeline appearsin Fig-
ure 3.

The add keyword in Streamlt constructs the speci-
ed stream using the input arguments. The add state-
ment may only appearin non- lter streams. In essence,
Iters are the leavesin the hierarchical construction,
and composite nodesin the stream graph de ne the en-
capsulating containers. This allows for modular design
and developmert of large applications, thereby promot-
ing collaboration, increasing code reuse,and simplify-
ing debugging.



float->float pipeline IDCT_2D(int N) {
/I perform N 1D-IDCTs in parallel in the X direction
add splitjoin {
split  roundrobin(N);
for (int i =0; i <N; i++)
add IDCT_1D(N);
join  roundrobin(N);

/I perform N 1D-IDCTs in parallel in the Y direction

add splitjoin {
split  roundrobin(1);
for (int i =0; i <N; i++)
add IDCT_1D(N);
join  roundrobin(1);
}
}

float->float filter ~ IDCT_1D(int N) {
float[N][N] coeff ={ ... }

work pop N push N {
for (int x =0; x < N; x++) {
float product = 0;
for (int u =0; u<N; u++)
product += coeff[x][u] * peek(u);
push(product);

for (int x =0; x < N; x++) pop();
}
}

Figure 3. Example pipeline and splitjoin.

Split-Join.  The splitjoin construct distributes data
to a set of parallel streams, which are then joined to-
gether in a roundrobin fashion. In a splitjoin, the
splitter performs the data scattering, and the joiner
performs the gathering. A splitter is a specialized I-

ter with a single input and multiple output channels.
On every execution step, it can distribute its output
to any one of its children in either a duplicate or a
roundrobin manner. A duplicate splitter (indicated
by split  duplicate ) replicatesincoming data to eat
stream connectedto the splitter. A roundrobin split-
ter (indicated by split  roundrobin( wy;:::;wy,)) dis-
tributes the rst w; items to the rst child, the next
wy items to the secondchild, and soon. The splitter
courterpart is the joiner. It gathersdata from its pre-
decessorsn a roundrobin manner to produce a single
output stream.

The splitjoin and pipeline constructs provide a con-
veniert and natural way to represen parallel compu-
tation. An example is showvn in Figure 3, which il-
lustrates a parallel implementation of the 2D inverse
DCT using 1D inverse DCTs. This implementation
is both data parallel (within the rows and columns)
and pipeline parallel (betweenthe rows and columns).
A straightforward C implementation of a computation-
ally equivalert inverseDCT is shown in Figure 4. Note
that the code structure is similar to the Streamit ver-
sion, although it doesnot explicitly exposethe paral-
lelism. The C code also requires explicit array index

/I global variable
float coeff[64] ={ .. }

void IDCT_2D(float* block) {
int i, j, u
float product;
float tmp[64];
/I 1D DCTin X direction
for (i =0; i <8; i++)
for § =0; j <8; j++) {
product = 0;

for (u =0; u<8; ut+)

product += coeff[u[j] * block[8*  + u];

tmp[8* + j] = product;

/I 1D DCTin Y direction
for  =0; j <8; j++)
for (i =0; i <8; i++) {
product = 0;

for (u =0; u<8; ut+)

product += coeff{u][i] * tmp[8*u  + j];

block[8% + j] = product;
}
}

Figure 4. Example C code for 2D inverse DCT
calculation using two 1D transf orms.

managemen, suc as the expressionsblock[8*i+u]
and tmp[8*i+j] which are notably abser in the
Streamlt code. The splitter and joiner in Streamlt
free the programmer from tedious indexing operations,
which also enablesthe compiler to understand and op-
timize the bu er managemen [37]. The Streamlt im-
plemertation is also parameterizedsuc that it is triv-
ial to adjust the size of the inverseDCT.

Feedback Loop. Streamlt also provides a feedbak
loop construct for intro ducing cyclesin the graph. This
stream construct is not usedin the decader, but is use-
ful in other applications.

3.3. Teleport Messaging

A notoriously dicult aspect of stream program-
ming, from both a performance and programmability
standpoint, is reconciling regular streaming data ow
with irregular control messages. While the high-
bandwidth ow of data is very predictable, realis-
tic applications such as MPEG also include unpre-
dictable, low-bandwidth control message$or adjusting
system parameters (e.g., desiredprecisionin quantiza-
tion, type of picture, resolution, etc.).

For example, the inverse quantization step in the
decader usesa lookup table that provides the inverse
guantization scaling factors. However, the particu-
lar scaling factor is determined by the stream parser.



Since the parsing and inverse quarntization tasks are
logically decoupled,any pertinent information that the
parser discovers must be forwarded to the appropriate
streams. In Streamlt, such communication is cornve-
niently accomplishedusing teleport messaging[41].

The ideabehind teleport messagings for the Parser
to change the quartization precision via an asyn-
chronous method call, where method invocations in
the target are timed relative to the ow of data in the
stream (i.e., macroblocks). As shown in Figure 5, the
InverseDCQuantize r declaresa messagéehandler that
adjusts its precision (lines 27-29). The Parser calls
this handler through a portal (line 16), which provides
a clean interface for messaging. The handler invoca-
tion includes a range of latencies[min:max] specifying
when the messageshould be delivered with respect to
the data produced by the sender.

Intuitiv ely, the messagesemartics can be under-
stood as tags attached to data items. If the Parser
sendsa messageto a Iter downstream (i.e., in the
samedirection asdata o w) with alatency k, then, con-
ceptually, the lter tags the items that it outputs in k
iterations of its work function. If k = 0, the data pro-
ducedin the current execution of the work function is
tagged. The tags propagate through the stream graph;
whenewer a lter inputs an item that is tagged, all of
its subsequeh outputs are also tagged. The message
o wsthrough the graph until the rst taggeddata item
reacdhesthe intended receiver, at which time the mes-
sagehandler is invoked immediately beforethe execu-
tion of the work function in the receiwver. In this sense,
the messagehas the sematrtics of traveling \with the
data" through the stream graph, eventhough it is not
necessarilyimplemented this way.

Teleport messaging avoids the muddling of data
streams with control-relevant information. Teleport
messagingthus separatesthe concernsof the program-
mer from the systemimplementation, thereby allowing
the compiler to deliver the messagein the most ef-
cient way for a given architecture. In addition, by
exposing the exact data dependencesto the compiler,
lter executionscan be reordered so long as they re-
spect the messagdiming. Such reordering is generally
impossibleif control information is passedvia global
variables. Teleport messagingalso o ers other pow-
erful control over timing and latency beyond what is
usedin this example (in particular, the ability to send
message®pposite the direction of data o w [41]).

4. MPEG Decoder in Streamlt

The MPEG decader pipeline is showvn in Figure 6.
The stream graph is shown on the left. The Streamlt

01 void->void MPEGDecodef

02 ..

03 portal<inverseDCQuantizer>  p;
04 ..

05 add Parser(p);

06 ..

07 add InverseDCQuantizer() to p;
08 ..

09 }

10 int->int  filter
11 work push * {

Parser(portal<inverseDCQuantizer> p) {

12 int precision;

13

14 if ()

15 precision = pop();

16 p.setPrecision(precision) [0:0];

17 }

18 .

19

20 }

21 int->int filter InverseDCQuantizer()  {

22 intf4] scalingFactor = {8, 4, 2, 1};

23  int precision = 0;

24 work pop 1 push 1 {

25 push(scalingFactor[precision] * pop());
26}

27  handler setPrecision(int new_precision) {
28 precision = new_precision;

29 }

30 }

Figure 5. Messaging example .

code is shown on the right, and it is correlated with
the stream block level diagram.

The computation is encapsulatedin three main com-
ponerts: the parser (line 8), the block and motion
vector decader (lines 9-22), and the motion compen-
sator (lines 23-32). The parser is responsible for pars-
ing the MPEG-2 bit stream and performing Hu man
and variable run-length decading (VLD). The output
of the VLD is an interleaved stream of quantized mac-
roblocks encaded in the frequency-domain,and o set-
encaded motion vectors. The VLD outputs N B data
elemerts for eadh macroblock, followed by V data ele-
ments that encade its motion vector. The actual value
of Ndependson the chroma format. In a 4:2:0chroma
format, N= 6 since each macroblock consists of four
8x8 subpixel blocks for the luminance channel, and two
8x8 subpixel blocks for the two chrominance channels.
Therefore, the VLD outputs a total of six 8x8 blocks,
or 384 subpixels per macroblock. The /O rate of the
parser varies with the compressionratio of the input
stream. The VLD lter is the only variable rate lter
in the decader pipeline.

The VLD output is segregatedinto two homoge-
neousstreamsby a roundrobin splitter (line 10). The
rst stream undergoes inverse transformations (lines
11-16), while the secondis decaded to produce abso-
lute motion vectors (lines 17-20). As is evidernt from
the computation graph, the two streamsare decadedin



parallel, and then merged(line 21) prior to the motion
compensation stage of the pipeline.

The inverse transformations map ead 8x8 block
from the frequencydomain badk to the spatial domain.
Each block is reordered (line 12), and then inversely
quantized (line 13). This is followed by an inverse
DCT and aboundedsaturation Iter (lines 14-15). The
set of transformations is grouped into a pipeline whose
input and output types are automatically inferred by
the compiler. Each of the Iters in this pipeline op-
erates on 8x8 blocks. The code that is shovn does
not take advantage of data level parallelism between
blocks. It is rather straightforward howewver to expose
this parallelism if it is desirable. For example, in this
casea splitjoin canreplicate the inversetransformation
pipeline N times:

add splitjoin {
split  roundrobin(B);
for (int i =0; i <N; i++)
/I add pipeline
join  roundrobin(B);

A stream-aware compiler can alsoautomatically adjust
the execution granularity as necessary[17], sincedata-
parallel streams can be easily identi ed as those that
are stateless(i.e., do not carry mutable state from one
iteration to the next).

The third stage of the decading pipeline performs
the motion compensation (lines 23-32) to recover pre-
dictively coded macroblocks. The motion compensa-
tion lter usesthe motion vectorsto nd a correspond-
ing macroblock in a previously decaded referencepic-
ture. The referencemacroblock is addedto the current
macroblock to recover the original picture data. If the
current macroblock is part of an | or P picture, then the
decader storesit for useas a future referencepicture.

In the compensation stage, there are three parallel
streams. The rst handlesthe luminance color channel
(Y), and the other two handle the chrominance chan-
nels(Cb and Cr). The roundrobin splitter (line 24) dis-
tributes the macroblocks according to the chroma for-
mat. Sincethe luminance channelis not downsampled
during the encaling process,the splitter dispatches
four 8x8 blocks at atime to the Y motion compensator.
The chrominance channels are typically downsampled
by a factor of 4, and henceone 8x8 block is streamedto
eadt of the Cb and Cr pipelines,which upsample (line
29) the results of the motion compensatorto generate
16x16 macroblocks. The upsampling is a linear inter-
polation of the surrounding pixels. The joiner (line
31) assenblesthe pictures from ead of the color chan-
nels, one pixel at a time. The output is then readied
for display (lines 33 and 34) by organizing the pictures
in accord with their temporal order, and performing
color spaceconversionto the RGB (red, green, blue)

color model. Note that thesetwo lters ead consume
3 W Hsubpixelsper picture. This is three times the
resolution of the decaded image sincethere is one pixel
generatedfrom ead of the three channeldecaders. The
nal output of the decaderis W Hpixels. In cortrast to
the lters for motion compensation and inversetrans-
formation, whose /O rates are statically resolved at
compile time, the picture reordering and color space
corversion have I/O rates that are parameterized on
initialization time constarts, namely the resolution of
the pictures.

The decader implementation was carried out by one
student programmer with no prior understanding of
MPEG. The dewlopmert spanned eight weeks from
speci cation [19] to the rst fully functional MPEG
decader. The Streamlt code is nearly 3,165 lines of
code with 48 static streams. The stream parser is the
largest single Iter, consistingof 775lines of code. The
48 static streamscompile to 2,150instantiated lters *
at a picture resolution of 352x240. By way of com-
parison, the referenceC implementation [43] is 6,835
lines of code?. A line count comparisonis not an accu-
rate measure of programmability, since our Streamlt
decaer implemernts only a subset of sewral stream
typessupported by MPEG. Our decaler does provide
full support for the rangeof di erent compressiontech-
niguesusedwithin MPEG, but supports only a subset
of the possible display modes (i.e., interlaced versus
progressiwe output). Howewer, these alternate display
formats represen minor conceptualchangesand should
therefore a ect small portions of the Streamlt code.
This is demonstrated in Section 5 with an example
that illustrates how to support multiple chrominance
formats.

The referenceC implementation intermingles pars-
ing, decading, and motion compensation, making it dif-
cult to clearly follow the code, and hindering a bet-
ter comparison. The C code also relies on global vari-
ablesto communicate values, such as quartization co-
e cien ts, from the parserto the relevant code regions.
In Streamlt, such communication is relegatedto tele-
port messaginglines 13, 25, 28, and 33, and illustrated
with dotted linesin Figure 6). For instance,the parser
(VLD) generatesa messagewhenewer the picture or
macroblock type changes. The motion compensation
Iters receiwe this information via their dedicated por-
tal (line 28), determine how to processthe current pic-
ture, and decidewhether they needto store the picture
for future reference.Note however that while there are

1A static stream is a unique code block, which may have mul-
tiple instantiations. For instance, MotionCompensation() is a
single lter with three instantiations.

2Line counts were generated using the SLOCcounttool. It
strips whitespace and comments.



multiple motion compensatorssubscribed to the same
portal, they eadh receive messagesvith respect to their

local execution. The picture reordering lter receives
a similar messagevia portal on line 33), and usesthe
information to determine the correct temporal order
of pictures. The inverse transformation pipeline lis-
tens to its portal (line 13) to determine the algebraic
manipulation required to perform the inverse quarti-

zation of the input macroblock. Teleport messaging
exposesthe ow of messagego the compiler, and al-
lows for large scalereordering or parallelization of the
application without a heroic dependenceanalysis. It

also provides a mechanismto easilyintro duce dynamic
behavior into an otherwise static processingpipeline.

In Streamlt, all of the processingis encapsulated
hierarchically into single-input, single-output streams
with well-de ned modular interfaces. This facilitates
developmert and boosts programmer productivit y, as
componerts can be debugged and veried as stan-
dalone componerts. The modularity also promotes
reuse. For example, the zig-zag descranbler and in-
verseDCT can be usedas-isin a JPEG decader.

MPEG bit stream

picture type

: quantization coefficients
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macroblocks, motion vectors
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5. Code Malleabilit y: A Case Study

A noteworthy aspect of the Streamlt implemerta-
tion is its malleability. We illustrate this by outlining
how the decader implementation is modi ed to support
both 4:2:0and 4:2:2chroma formats. MPEG-2 streams
are typically encaded using the former, which achieves
a 50% reduction in the number of blocks required to
represert a video. A higher sampling rate retains more
color information from the original picture, and results
in better overall quality.

The conceptual di erence between chroma formats
is merely a changein downsampling ratio. The change
aects the data I/O rates, and the ratios of data
between color channels. In the C reference code,
the change requires adjustments to bu er sizes,array
lengths, array indices,loop bounds, and various pointer
osets. The referenceimplementation usesa chroma

1 bit->intpi peli ne MPEGDecoder (i nt W, int H) {
/' W Hr epresent picture r esol uti oni n pixels
2 int B= 8%8; // block sizei n pixels
3 int V= 8 /I noti onvector size
4 int N= 6 /I bl ocks p er macro bl ock
/I (4:2:0 f or ma)

5 portal<IQuantiz atio n>QC;

6 portal< Mdi onCompensati on> PT1;
7 porta l< Pict ur eReord er > PT2;

8 add VLDQC, PT1,PT 2);

9 addsplit join {

10 split r oundro bi n( N*B, V);

11 addpipeline {

12 add Z ig Zag( B);

13 add | Quanti zati on(B)to QC;
14 add | DCT(B);

15 add Saturatio n(B);

16

17 addpip eline {

18 add Mot io nVecto rDecode() ;
19 add Repeat( V, N);

20 }

21 joinro undrobin (B, V);

22 }

23 addsoplit join {
24 split r oundro bi n( 4*(B+V), Bt+V, Bt+V);

25 add Mot io nConpensat io n( 4*(B+V)) to PTL;

26 for(inti =0; i <2;i+tt) {

27 addpipeline {

28 add Mot io nConpensat io n( B+V) t o PT1;
29 add C hannel Upsamge (B);

30 }

31 joinro undrobin (1, 1, 1);

32 }

33 addPic tu re Reor der( 3*WH) to PT2;
34 add Col or SpaceConvers io n( 3*\H);

35}

Figure 6. Bloc k diagram of MPEG-2 decoder and corresponding Streamlt code.



01/ Y™
02 form_component_prediction(src[0]+(sfield?Ix2>>1:0),ds

03 Ix,Ix2,w,h,x,y,dx,dy,average_flag);
04 if (chroma_format!'=CHROMA444) {

05 Ix>>=1; Ix2>>=1; w>>=1; x>>=1; dx/=2;

06 }

07 if (chroma_format==CHROMA420) {
08 h>>=1; y>>=1; dy/=2;

09 }

10 /* Cb*

11 form_component_prediction(src[1]+(sfield?Ix2>>1:0),ds

12 Ix,Ix2,w,h,x,y,dx,dy,average_flag);
13 /* Cr ¥/

14 form_component_prediction(src[2]+(sfield?Ix2>>1:0),ds

15 Ix,Ix2,w,h,x,y,dx,dy,average_flag);

{O]+(df ield?Ix2 >>1:0),

{A]+(df ield?Ix2 >>1:0),

/I C = blocks per chroma channel per macroblock
/I C=1for 4:2.0, C=2 for 4:2:2
add splitjoin {
split  roundrobin(4*(B+V),  2*C*(B+V));
add MotionCompensation() to PT1;
add splitjoin {
split  roundrobin(B+V, B+V);
for (int i =0; i <2; i++) {
add MotionCompensation(B+V) to PT1;
add ChannelUpsample(C*B);

join roundrobin(1, 1);

}
t[2]+(df ield?Ix2 >>1:0), join roundrobin(1, 1, 1);

}

Figure 7. C (left) and Streamlt (right) code excerpts for handling 4:2:0 and 4:2:2 chroma formats.

flag to dictate corntrol ow and alternate index/o set
calculations in 43 locations in the code. As an ex-
ample, Figure 7 shows a code fragment from the
form _prediction routine in recon.c [43]. The func-
tion calls a subroutine to perform the motion compen-
sation on ead of the three color channels, passingin
array o sets to a global array holding the data. Lines
4-6 adjust valuesusedfor addresscalculations to han-
dle the 4:2:2 and 4:2:0 chroma formats, and lines 7-
9 provide additional adjustments for the 4:2:0 format.
While theseo set adjustments are necessaryin C, they
are di cult for programmersand make the code hard
to understand.

In Streamlt, we modi ed 31 lines and added 20 new
lines to support the 4:2:2 format. Of the 31 modi ed
lines, 23 were trivial changesto introduce the chroma
format as a stream parameter. The greatest substan-
tial changewasto the color channel splitter, previously
illustrated on line 24 of Figure 6. In the caseof a 4:2:2
sampling rate, the chrominance data, as they appear
on the input tape, alternate between ead of the two
chrominance channels. That is, the pattern of blocks is
Y1Y2Y3Y4ClxCrgClyyCrg (the pattern for the 4:2:0 case
omits the last two blocks). Thus, a nested splitjoin
is usedto properly recover the chrominance channels.
The new splitjoin is shown in the right half of Figure 7.
In the Streamlt code, the chroma format explicitly dic-
tates control ow in only 9 locations. Of course, the
scheduling and bu er managemen changesdramati-
cally between chroma formats, but this is transparent
to the programmer.

6. Related Work

Video codecshave beena longtime focus of the em-
beddedand high-performancecomputing communities.
We consider related work in modeling environments,
stream languagesand parallel computing.

There have been many e orts to dewvelop expres-
sive and e cient models of computation for use in
rapid prototyping ernvironments such as Ptolemy [2§],

GRAPE-I | [26], and COSSAP [24]. The Synchronous
Data o w model (SDF) represerts computation as an
independert set of actors that communicate at xed
rates [27]. Streamlt leveragesthe SDF model of com-
putation, though also supports dynamic communica-
tion rates and out-of-band control messages. There
are other extensionsto SDF that provide similar dy-
namic constructs. Syndcronous Piggybaded Data o w
(SPDF) supports control messagesn the form of a
global state table with well-timed readsand writes [33,
34]. SPDF is evaluated using MP3 decading, and
would also be e ective for MPEG-2 decading. How-
ever, cortrol messagesn Streamlt are more expressie
than SPDF, asthey allow messageso travel upstream
(opposite the direction of data o w), with adjustable la-
tency, and with more ne-grained delivery (i.e., allow-
ing multiple execution phasesper actor and multiple
messageper phase). Moreover, our focusis on provid-
ing a high-level programming abstraction rather than
an underlying model of computation.

Ko and Bhattacharyya also extend SDF with the
dynamism needed for MPEG-2 encaling; they use
\blo cked data ow" to recon gure sub-graphs based
on parameters enmbedded in the data stream [23]
and a \dynamic graph topology" to extend compile-
time scheduling optimizations to ead runtime possibil-
ity [22). Neuendor er and Lee alsoextend SDF to sup-
port hierarchical parameter recon guration, subject to
semartic constraints [32]. Unlike our description of
cortrol messagesthese models allow recon guration
of lter I/O rates and thus require alternate or param-
eterized schedules. MPEG-2 encaling has also been
expressedn formalisms such asPetri nets[42] and pro-
cessalgebras[36)].

There are a number of stream-oriented languages
besidesStreamlt, drawing from functional, data ow,
CSP and syndironous programming styles [39]. Syn-
chronous languageswhich target embedded applica-
tions include Esterel [7], Lustre [18], Signal [16], Lu-
cid [5], and Lucid Syncirone [9]. Additional lan-
guagesof recert interest are Cg [30], Brook [8], Spi-



dle [10], StreamC/KernelC [21], Occam[1], Parallel
Haskell [4] and Sisal[15]. The primary di erences be-
tween Streamlt and these languagesare (i) Streamit
supports (but is no longer limited to) the Syndhronous
Data o w [27] model of computation, (ii) Streamlt of-
fers a \p eek" construct that inspects an item without
consumingit from the channel, (iii ) the single-input,
single-output hierarchical structure that Streamlt im-
poseson the stream graph, and (iv) the teleport mes-
sagingfeature for out-of-band communication.

Many researders have deweloped both hardware
and software schemesfor parallel video compression;
see Ahmad et al. [3] and Shen et al. [38] for re-
views. We focus on programming models used to
implement MPEG on general-purpose hardware. As-
sayad et al. presen a syntax of parallel tasks, forall
loops, and dependenceannotations for exposing ne-
grained parallelism in an MPEG-4 encader [6]. A se-
ries of loop transformations (currently done by hand)
lowers the represenation to an MPI program for an
SMP target. The system allows parallel componerts
to communicate some values through shared mem-
ory, with execution constraints speci ed by the pro-
grammer. In comparison, Streamlt adopts a pure
data o w model with a focus on making the program-
ming model as simple as possible. Another program-
ming model is the Y-Chart Applications Programmers
Interface (YAPI) [13], which is a C++ runtime library
extending Kahn processnetworks with exible chan-
nel selection. Researters have used YAPI to lever-
age programmer-extracted parallelism in JPEG [12]
and MPEG-2 [14]. Other high-performance program-
ming modelsfor MPEG-2 include manual cornversionof
C/C++ to SystemC[35], manual conversionto POSIX
threads [29], and custom mappings to multipro ces-
sors[2, 20]. Our focus again lies on the programma-
bility: Streamlt provides an architecture-independert
represeration that is natural for the programmerwhile
exposing pipeline and data parallelism to the compiler.

7. Concluding Remarks

In this paper we described our MPEG-2 codec im-
plemenrtation as it was developed using the Streamlt
programming language. Our MPEG-2 decaler was de-
veloped in eight weeksby a single student program-
mer with no prior MPEG knowledge. We showved how
the implementation is malleable by describing how the
decdader is modied to support two dierent chromi-
nance sampling rates. In addition, we showed that the
Streamlt languageis a good match for represering the
MPEG stream ow becausethere is a direct correla-
tion between the block level diagram describing the
ow of data between computation elemeris and the

application syntax. Furthermore, we illustrated that
teleport messaging,which allows for out-of-band com-
munication of control parameters, allows the decader
to decouple the regular ow of data from the irreg-
ular communication of parameters (e.g., quantization
coe cien ts). This in turns leadsto a cleanerimple-
mentation that is easierto maintain and ewolve with
changing software speci cations.

As computer architectures change from the tradi-
tional monolithic processorsto scalable wire-exposed
and multi-core processorsthere will be a greater need
for portable codecimplementations that exposeparal-
lelism and communication to enablee cien t and high
performanceexecutions|while alsoboosting program-
mer productivity. Streamlt represerns a step toward
this end by providing a languagethat features hierar-
chical, modular, malleable, and portable streams.
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