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Abstract—Data transfers and storage are crucial cost factors storage exploration (DTSE) and optimization for multimedia
in multi_media sy§tems. S_ystem_atic methodologies are neededa|gorithms have to be performed aggressively before the
to obtain dramatic reductions in terms of power, area and 5 q4rithms are realized in hardware and/or embedded software.
cycle count. Upcoming multimedia processing applications will The MPEG-4 ltimedia (TriMedi text and
require high memory bandwidth. In this paper, we estimate e -4, multime ',a( r! edia) proc_essor an extan
that a software reference implementation of an MPEG-4 video the related work are explalned in the fOIIOWIng Sections I, Il
encoder typically requires five Gtransfers/s to main memory for and IV. In the next two section, the used memory power model
a simple profile level L2. This shows a clear need for optimization and the MPEG-4 profiling data will be discussed. Section VII

and the use of intermediate memory stages. By applying our ; ; ;
ACROPOLIS methodology, developed mainly to relieve this data and VIl will explain two major steps of our methodology

access bottleneck, we have arrived at an implementation which be'_ng global |_00p tranqurmat'onS ar_‘d the data reuse step. In
needs a factor 65 less background accesses. In addition, we alsdvhich the motion estimation kernel will be used as an example.
show that we can heavily improve on the memory transfers, The main topic (in Section IX), will be the transformation of
without sacrificing speed (even gaining about 10% on cache the motion estimation code within a group of VOP’s to reduce
misses and cycles for a DEC Alpha), by aggressive source codgpe memory power. This section also includes an estimation for
transformations. -
the number of accesses and a comparison to measured results.
All the work so far assumes a software controlled cache. In
l. INTRODUCTION Section Xl, the gain of our methodology is analyzed for a
EXT generation multimedia systems impose heavy dBardware controlled cache, in the case of an H.263 decoder.
mands on the data transfer and storage subsystem [27],
[35]. To communicate and hold the massive amounts of data [I. MPEG-4 MOTION ESTIMATION CONTEXT

that represent media, fast busses and large memories withpe purpose of the MPEG-4 Video Verification Model
high access rates from/to processors are needed. EffiCigf) is to describe completely defined encoding and decoding
implementation of the complex media algorithms requires«@ymmon core” algorithms and to allow the conduction of
global analysis of the critical sections and code transformatio‘;g,?perimemS under controlled conditions in a common environ-

to eliminate or at least alleviate the impact of these bottlenecksent [33]. The exploration in this paper has been performed
The recent MPEG-4 standard [33] is a key to multimedig, the MoMuSys Video VM Version 7.0 [30].

applications. It involves complex data-dominant algorithms. A The MPEG-4 standard enables an efficient coded repre-
hardware or even an embedded software realization of sucBaytation of the audio and video data that can be “content
(de)code_r has to be power effic.ient in order to reduce the SB&sed," with the aim to use and present the data in a highly
of the chip packages (where it is embedded) or the battery fiyinle way. Every object is coded on its own: the decoder can
used in a mobile application). It is well-known by now that angcae, place and extract the objects from different sources. The
future complex chip realization has to take power reductiofize position and content of the object are variable during a
into account [35]. Our previous research shows clearly t@%quence. The video object planes (VOP’s), containing coded

dominant power contribution of data transfer and storage @fjeo sequences and shape information, are divided in MB’s
multidimensional (M-D) array signals and other complex dai@acroBlock: a group of 16x 16 pixels). To exploit the

types in data-dominated designs [6], [27] such as MPEG-4temporal redundancy of a sequence, a H.263 like motion
In this paper we have exploited this feature to achieve larggimation is used. The arrows in Fig. 1 represent all motion

savings in the system power of a crucial part of MPEGsgtimation steps for one group of VOP's.

4, without sacrificing on the performance or on the systempe original source uses the baseline, well known, full

latency. The results support our claim that data transfer agghrch motion estimation to generate the motion vectors (MV).
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Fig. 1. MPEG-4 sequence, content-based object coding.

A full-pel full search motion estimation calculates, for alguantitative approach based on life-time window calculations
MB’s of the next VOP and at every possible position ofo determine register allocation and cache usage [5], and work
the motion vector in the previous VOP, a sum of absolutn vector register allocation [1].
differences (SAD) to determine the best match. Depending onin the parallelizing compiler community work has also
an external parameter, the MV length can be limited to 1fcussed on loop transformations to improve the locality in
32, 64,-.. 2048. However, the width and the height of théndividual (regular) loop nests [18], e.g., at Cornell [23], at
search area is twice the MV limitation since the MV can poiritlinois [32], and at Stanford [2]. These do not work globally
in all directions. across the entire system, which is required to obtain the largest

To support objects, an alpha plane is added to every VORpact for multimedia algorithms. Partitioning or blocking
The alpha plane is a bitmap which indicates which pixels astrategies for loops to optimize the use of caches have been
inside the shape. Since the VOP is divided in MB'’s, thregtudied in several flavors and contexts, in particular at Hewlett-
types of MB'’s are possible: transparent MB (totally outside tHeackard (HP) [16] and at the University of Toronto [22], [25].
shape), opaque MB (totally inside the shape) and boundary NiBre recently, also multilevel caches have been investigated
(some pixels inside the shape). Only the pixels inside the shdpee, e.g., [20]). However, the main focus of these memory
are used during SAD calculation and motion estimation. Telated transformations has been on performance improvement
avoid a shape mismatch, between previous and next VOP, theindividual loop nests though and not on overall power
previous VOP luminance pixels at the shape edge are repeaadings or on global algorithms.
outwards (padding and extended padding). In terms of hardware-oriented memory management, most
approaches focus on scalar signals [34]. The main differences
with our approach are that we can handle large M-D signals
within irregular control and loop constructs as required by

Up to now, the architecture realizations for state of thye MPEG-4 context. The main exceptions are the Phideo
art video en/decoders have been focussed on MPEG1-2 apgroach [24] which is oriented to area optimization in a

H.263 [21], [26], [27]. We are not aware of published resultgeriodic stream context, and our earlier Atomium work which
on full MPEG-4 video encoding yet. The MPEG-4 motioryre focused on full custom architectures [6], [9].

estimation algorithm is based on the H.263 functionality but
the embedding in a different context (VOP streams) and
other small differences make the current H.263 realizations
not directly reusable for efficient realizations. This will be The used methodology adapts the source code of the ap-
illustrated by the results below, which differ substantiallplication to a predefined memory architecture. By applying
from our previous work on H.263 [27] with the same overalhdvanced global loop and data reuse transformations the data
methodology. traffic between the different memory layers can be optimized
Many software-oriented memory management approacH&8]. To this end accurate knowledge is needed of the target
exist in literature but they do not focus on the combination whemory architecture.
performance and overall power, which is vital as motivated The application discussed here is the MPEG-4 encoder and
above. Several papers have analyzed memory organizatibae targeted multimedia processor we have used here is the
issues in processors, like the processor and memory utilizat®hilips TriMedia. Many of the principles discussed below
[17], [36]. This is however only seldomly resulting in ashould remain valid also for other multimedia processors
formalizable method to guide the memory organization issudsgwever. Multimedia applications need huge amounts of data
The few existing methodologies are usually addressing taed much arithmetic processing so multimedia processors
“foreground” memory organization issues, i.e., how scalar dataquire specialized hardware to meet the high bandwidth and
is organized in the local register files. An example of this isthroughput requirements. The TriMedia has several specialized
theoretical strategy to optimally assign scalars to register-fiblardware units for multimedia applications, like a receive and
slots [3]. Some approaches address the data organizatiorsémd unit for frame oriented data, in parallel and independent
processors for programs with loop nests. Examples includdram the VLIW-processor core.

Ill. RELATED WORK

IV. PHILIPS TRIMEDIA MULTIMEDIA PROCESSOR
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SDRAM TABLE |
30h NUMBER OF READS FOR THE THREE PARTITIONS
#R #W #access Geaceess
;I/OL?V\'\/AHZ | VO Drivers | YUV motion estimation/
I 32b compensation 17IM 14M 185M 7%
8kB on-chip cache 8 kB hardware shape motion estimation/
software controlied 32b controlled cache compensation and coding | 34M 16M | 50M 21 %
ISZb bypass ISZb YUV coding | 3M oM SM 2%
total | 208M | 32M | 240M 100%:
| 128 regs (32b) |
MU MU FALU L (27 FU's), and have run the first 28 VOP’s of the “hal” sequence at CIF
resolution (group sizéd/ = 8). Table | shows the number of

accesses to the VOP frames for different part of the algorithm.
The reference stream VOP average size is small, it contains

Multimedia applications are (mostly) data dominant, so tHe total 452 MB’s inside the bounding box of which 163
high bandwidth requirement can be reached only if the dd¥B’s are transparent (in total 39 486 pixels inside the shape).
stays as much as possible on-chip. For the TriMedia, 128 réy-huge memory bandwidth of 260 M transfers per second
isters, 16 kB on-chip data cache and 32 kB on-chip instructiéh needed for real-time encoding of this MPEG-4 stream
cache are available. The 32 kB available instruction cache wil @ rate of 30 frames per second. Moreover, the needed
not be taken into account because the power contribution sEndwidth will increase dramaticly when the VOP becomes
this block can be heavily reduced by hardware solutions fbigger. Currently, over 800 k main memory accesses are
loop dominated multimedia applications [12]. Fig. 2 shows tHéeeded per nontransparent MB. When using a simple profile
used memory architecture of the TriMedia [37]. level L2 the encoder should be able to encode 5940 MB per

At least half the data cache is hardware controlled, the ott&cond [31], which leads to a main memory bandwidth of 5 G.
half (maximum 8 kB), can be locked to a certain region of thEhis clearly shows a need for optimization and the introduction
address space and can be “software controlled.” The lockeidintermediate memory stages.
cache is modeled as on-chip memory. Most accesses, 77%, take place for the (luminance) pixel

To use the locked cache effectively, the programmer (8€cesses in padding, motion estimation (full-pel and half-pel),
compiler) has to control the on-chip memory in order to fetchnd motion compensation. The second largest contribution,
the necessary data only. At compile-time all the knowledg&l%, is due to shape coding including the shape motion
of the algorithm can be used to optimize the (on-chip) RAMStimation. The remaining 2% is needed for the MB coding.
usage. Since we mainly optimize for big signals, the smallelur methodology has been applied to the entire luminance
signals and the scalars and fully data dependent large sigrfRfion part, because it is a representative and independent

which can only be resolved at run-time, are taken care of Bjece of code (functions and data). In this paper we will
the hardware controlled cache. only focus the detailed discussion on the luminance full-pel

motion estimation which takes 87% of the accesses within the
optimized part.

Fig. 2. TriMedia memory architecture.

V. MEMORY POWER MODEL

For data intensive applications, such as video encoding, VII. GLOBAL LOOP TRANSFORMATIONS
data transfers dominate the power consumption. Therefore thq.he goal of loop transformations is to reduce power and

primary design goal_ is to reduce memory transfers betwe mory costs by optimizing the access structure. For multime-
large frqme memores and data paths. The cost of a da& applications it is important to apply those transformations
transfer is a function of the memory size, memory type, a obally over the entire algorithm. In practice, the power
the access freqUeNCHacess: Faccess IS defined as the real and memory costs cannot be accurately determined yet, in
number of accesses per second aotithe cloc_k frequency. which case estimates with user-defined weights should be used.
W_hen there is a clock tick and _th_e memory s not access%};timizing criteria for the transformations are defined in terms
Itis assqmed that the memory is in power-down mo,de. Ty regularity and dependency length [39]. Data dependency
assumption hc_)lds fpr most mo_dern low-power RAM'S [19],sqek are not regular and need much intermediate storage.
The memory itself is Character|;ed by the number of portEoop transformations like reversing a loop can solve data
words, b|ts_, and the aspect ratio of th? layout. An accur pendency crosses but can put the non regularity somewhere
model, qlerl\_/ed f_rom a VTI data sheet, is used f(_)r the POWE[se. When there are many loops it is likeNadimensional
exploration in this paper. See [10] for more details. puzzle which has to be solved to find the optimum. A good
measure for the dependency length is data locality per signal.
VI. MPEG-4 FROFILING Data locality is a measure for how close the accesses are

Here, we will focus only on the most critical part of thetloward each other, per signal element. If the accesses are close
MPEG-4 encoder. To get a clear view where the major SignallE.g., the first calculated element in a function is last needed in the next
accesses take place, we have instrumented the source Gatb@on and vice versa.
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Fig. 3. Locality characteristics in access graph.
to each other, the element can be reused in foreground mem-
. most most original loop structure
ory, or at least closer to the data-path (than main memory). '
- . outer inner
By applying global transformations, the access structure and
. . . . 1) v_s, x.8, vy.p, ¥x_p <~- for (y_s) y of search loop
locality will heavily change. Shortening the global produc-
. . . . . 2) VP, X P, Y.S, X_S for (x_s) x of search loop
tlon—consumptlon and consumptlon—consumptlon distance is
. . . . 3) v_s, v.pP, X_S, XD for (y_p) y of SAD calc. loop
the main goal for locality improvement. Sometimes data-flow .
Y. P, Y_S, X P, X_S for (x_p) x of SAD calc. loop

bottlenecks have to be broken to allow this and this requiréfs),
also global data-flow transformations for which we also havéz)
a systematic approach [8].

A data access graph shows which signal element is accessed Fig. 4. Loop interchange possibilities.
when in time (e.g., Fig. 3). To get a clear view on the access

structure we have used a motion estimation algorithm with

: . ignal because the improvement of signal locality for one
very small parameters. The next items judge the graph f%Pnal usually has to be traded off with less locality for

data locality and required memory size in the stages closesg1
Y q y 9 ott er signals. A formalized methodology to deal with such

VoS, Y_P, XD, X_S

Y_ D, Y.S, X85, X P

the CPU datapaths.

L]

i _ ) ) loop and data flow transformations in an embedded processor
Consumption near to production, especially the avoidang@niext has been proposed in our group [14], [39]. To illustrate

of high cost dependency cross&is is recognizable as ihis in the MPEG-4 context, the inner four loops of the
thin graphs. The advantage is the short storage time. motion estimation routines will be explored in depth. For
Consumption near to consumptichhis is also recogniz- ¢|arity considerations, only the MB (not block) oriented motion
able as thin graphs. This will lead to a good data reuggtimation is considered in this section. In addition, the graph

[15]. should look as regular as possible because then the complexity
Clustered readsThis is a special case of the previougy the resulting program will be simpler.

item. Multiple small bands of consumption (read and fast Loop interchange and loop folding do have a big impact on
reread). This clustering will lead to good multiple levetne access structure [32] of the previous VOP. To interchange
reuse [13]. the loops,4! = 24 possibilities exists. Due to symmetry
Size of clustersThe size of the clusters is an estimat@easons, the 24 loop interchange methods are reduced to 6
of the size of an intermediate memory in the memonxumbered 1 to 6). Each group of four related methods will

hierarchy. o have an equal temporal data locality (not spatial locality). Only
Production and consumption in the same ordes.make  the row-major solutions have been explored. These are shown
loop merging possible. in Fig. 4.

During this entire step, signal size and (estimated) accessThe loop folding transformation possibilities of method 1
count have to be used to weigh the importance of eveaye illustrated in Fig. 5. The big outer square stands for the
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SAD completely. JF 4| Column previous VOP used
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absolute difference of s 7 3| Same column previous VOP
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Fig. 5. Folding solutions of method 1.

search area. In the search area you will find the current MB for (v_s = 0; y_s < Y_S_MAX; y_s++)
(smaller square). The dashed area are the pixels which are read for (x_s = 0; x_s < X_S_MAX; x_s++)
in every step in the search area. The 1a method is the original  for (v.p = fiv_s); v_» < glyv_s); vy _p++)

loop folding (in fact no folding), the entire MB match is read for (x_p = E(x_s); X_p < g(X_8); X_p++)
from the previous VOP. sad(x_s-x_pl [y_s-v_pl += abs(prev_VOP(x_sl]ly_s] -
Method 1c is expanded to the right, it shows the different curr_MB([x_p] [y_pl);

steps in the SAD calculation. In the first step, the column
of previous VOP pixels is used for the first column SAD
of the current MB. Next, the same column of the previous for (v_s = 0; y.s < Y. S MAX; y_s++)

VOP is used for the next column SAD of the current MB. for (x_s = 0; x_8 < X_S_MAX; X_s++)
Obviously these two SAD’s do not relate to each other and  for (y.p = 0; y.p < Y_P.MAX; y_p++)

Source 2: Version 1b; x & y loop folding

are only intermediate results. This will be repeated until the for (xp = £(x_s); X p < g(x_8); X Pp++)
last column of the current MB is reached. It is as if the MB sad[x_s-x p]ly_s] += abs(prev VOP(x_s]ly_s+y_pl -
is shifted over one column of previous VOP pixels, resulting curx_MBIx plly pl);

in 16 intermediate values of a 1/16 SAD. In the next phase,
the next column of the previous VOP will be read and used
in the same way until all the columns in the search area ar@sr (y_s = 0; y_s < Y_S MAX; y_s++)
processed. for (x_s = 0; x_s < X_S_MAX; X_s++)

The loop folding is performed in the other direction in 1d for (y.p = fly_s); y_p < gly_s); y_p++)
and in both directions in 1b. In all cases the entire search area is for (x_p = 0; X_p < X_P_MAX; X_p++)
traversed but the number of previous VOP pixels per position sad(x_s] ly_s-y_pl += abs(prev_VOP[x_s+x plly.s] -
changes. For instance method 1b reads only one pixel from curr_MB{x p]{y_pl);
the previous VOP and “moves” the current MB over it. Some
edge effects do exist (at the loop bounds), but ignoring thes
the transformation can be performed by changing the index| op folding provides per interchange at least 4 possibilities
calculation only, as shown in the following source codes: (numbered a to d). From now on we refer to loop transforma-
tion by using a number followed by a character, the number
for the interchange transformation (see Fig. 4), the character
for the loop folding (Fig. 5). Our experiment is limited to

for (xp = 0; %p < X_P_MAX: x_p+t) these two most promising types of loop transformations for

cadlx_s] [y s] += abs (prev_VOP(x_s+x_pl [y_s+y_p] - the motion estimation example which already exhibit 96

curr_MBIx_p] [y_pl); combinations. By performing these transformations, the data
locality of the previous VOP will improve, but since the entire

Source 1: Version 1a; no loop folding SAD calculation is not completed at once, the intermediate

Source 3: Version lc; x loop folding

g()urcc 4: Version 1d; y loop folding

for (y_s = 0; y_s < Y_S_MAX; y_s++)
for (x_s = 0; x_8 < X_S_MAX; X_sS++}

for (y.p = 0; v.p < Y_P_MAX; y_pt++)
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Foreground layer Hierarchical memory partitions visible. As the SAD is calculated for one position in the search
area, the previous VOP pixels can be stored in a memory of

Customized connections . . .
the size of one MB. At the next position, most pixels can be
#A1 @w Atempt [FAZ00L) A read from the small memory for the SAD (see Fig. 7). In total
P=0.01 PoA B 15 x 16=240 out of 256 pixels from the previous VOP can
P=1 be reused.
Fig. 6. Memory hierarchy. A second look reveals the opportunity to reuse data also

from the previous line. The MB is sliding over the search-

SAD values need to be stored. By improving the data locali €a from left to right gnd at thg end of a line the shglmg MB
of one signal, you will usually get a worse locality in anothe ill go over the next I|n_e one pixel lower. By explqung this
signal for exchange; so a global exploration is needed to fifHSe 255 of the 256 pixels can be reused. The disadvantage
the optimum. The exploration space has been systematicéﬁ);he bigger intermediate memory needed for the reuse (1280

searched and reduced in size. The number of transformatfyfe!S for a band over the SA instead of only 256 pixels for
candidates is then reduced from 96 to 4 (la, lc, 1d aﬁ@rage of one MB block). The number of reads to the band

3a). Among them the original loop order la is still presen'é the same as to the MB cache but the reads.for the bigger
The selection has been done in two steps. First, by crud@\gmory are more power hungry. Another solution adds both

checking on the data locality and a high-level estimation dftérmediate memories (MB band and MB block).

the possible data reuse (see Section VIII). Second, by using' "€ Same band and block reuse approach can be applied

a data access graph representation which gives an accufitdhe search area level (i.e., when the search area moves

overview of which element is accessed when. one MB).
When we look at the loop structure, we see a strong

correlation between the levels of potential data reuse and the
loops (see below). In the two most inner loops there is no

By adding intermediate memories, the data can be kepise available because every previous VOP pixel is accessed
closer to the data path. This is related to the traditional cachipgly once within the scope of the two loops.

policies, but the approach used here is much more application

oriented, aggressive and global [15]. Power savings can be for y_MB(current VOP)  <--> Search area band
obtained by accessing heavily used data from small memories for x MB(current vOP) <--> Search area block
instead of from the large main memory. The optimization will for v_s(earch_area) <--> MB band

introduce copies of the data from large to small memories.
The data will be copied from the main memory to the smaller
intermediate memory and accessed (read) multiple times from
the smaller memory. On the one hand, power consumption
is decreased because data is now read mostly from smalDifferent levels of reuse can be combined to obtain the
memories, while on the other hand, power consumption aptimum signal hierarchy. It is obvious that the number of
increased because extra memory transfers are introducsmlutions is huge when all possibilities are searched. Fig. 8
Moreover, adding another layer of hierarchy can also haveshows the data reuse trees for method la. This is a structured
negative effect on the total memory size and interconnect cosgy of showing all the reuse possibilities. The most upper
and as a consequence also on the power [15]. So, the pos®ution in the tree (root) is the original solution (dissipating
per memory access will decrease and the number of accessemly 30 W for theprevious VOP signal), nothing is reused
will increase the closer it is to the data-path (see Fig. 6). and everything is read from main memory. It is clear that this

In our multistep data reuse methodology, several isstigsnot acceptable and a memory hierarchy is needed.
can be decoupled, allowing the potential reuse to be ex-All the nodes in the tree of Fig. 8 offer a valid solution
plored (more extensively) per signal first. For this purposégr reuse. In the first level of hierarchy all the four types
a structural data reuse tree is built per signal. Afterwardsf reuse are considered: MB block, MB band, SA block
merging of the final selections in the distinct data reuse trees SA band. When we add a second level, then the first
is necessary, by assigning different intermediate memories [g¥el exploration remains valid and every solution is again
different signals) to the same physical memory [15]. In thisubdivided in multiple next level solutions. It only makes
way, the number of actually needed memories can be fitteddense if the intermediate memories become smaller as they
meet external processor constraints (most processors suppefhe closer to the data-path (so a limited number of solutions
only two or three levels of memory hierarchy). remains).

The important signals in the motion estimation are: SAD, The estimated size of the intermediate memories and a high
alpha, curf, prev. The discussion below will explain how tojevel estimation of the number of reads and writes are fed
explore all the reuse possibilities in a structured way. Thato a memory power model [38], [10] to estimate the power
prevsignal is the most nonlocally accessed signal. By simpfgr every reuse strategy. The power numbers, in Table Il, are
looking at the motion estimation a MB level data reuse iorresponding to the numbers in the figure and include the

2We will use the worst case since there are no statistics available; all pixQQWGr of all the levels of the memory hierarchy of the branch.
inside the shape- alpha and curr will be equal. Our experiments have shown that by changing the power

VIIl. D ATA REUSE DECISIONS

for x_s(earch_area) <--> MB block
for y_pi{ixels of_ MB)

for x_p(ixels_of_MB)
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Fig. 8. Reuse trees for code version la. Left: reuse tree for previous VOP. Middle: how do these intermediate memories match each other. Right:
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earch area earch area
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Fig. 7. Data reuse block and band.

vQP
Previous VOP SA band Next VOP
"MB_band
‘MB_block
P1 N1

/
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pe] PA1 Pd—— PdO P10 Pl

P12 P13 P14 P15
P16[]

reuse tree for next VOP.

TABLE 1
NUMBER OF READS FOR THE THREE PARTITIONS
Previous VOP Next VOP

Reuse Pin mW Reuse PinmW reuse Pin mW

Pl 29949 P9 862 N1 27805

P2 2783 P10 685 N2 601

P3 827 Pl 874

P4 898 P12 737

PS 2785 P13 719

P6 861 P14 719

P7 743 P15 679

P8 703 P16 712

is reached (compared to the reference code) by choosing the
optimal transformation and branch in the reuse tree. Because of
implementation ease, the original loop ordering with a custom
data reuse solution is chosen for further exploration. The loss
due to this nonoptimal choice is 1.4% only (from 1856 mW
to 1882 mWw).

Power can be traded off for memory size and hence chip
or board area. Fig. 9 shows the total memory size put against
the needed power. Implementation 15 is best for power, but
this will need a huge amount of intermediate memory which
is also three levels deep. Good alternatives for power and area
are: 3, 7 and 8. By choosing number 7, the memory hierarchy
size is reduced from 32 kB (optimum branch) to 6.4 kB by
only sacrificing 3.3% of the total memory power (from 1882

model these result can change significantly. So the memdPyV to 1945 mW). These two levels also do fit best onto the
model and the memory hierarchy (if it is fixed) need to b&rMedia processor memory architecture so they have been
given to find the optimum. However, the same methodolod§tained for the final solution.

can be used for any other power model.

The data reuse trees for the four different transformed

methods are built in a similar way. The tree structure is equal
due to the fact that the number of loops hasn’'t changed,

IX. COMBINING MOTION ESTIMATIONS

but they have different power figures. Moreover, they require All the experiments below have been performed using the
different branches in the data reuse tree for the power optimmahl code and the access counts are based on actual profiling
decision. A large total gain of a factor 46 in memory poweior real VOP streams.
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3000 The original order is displayed in Fig. 10 as V1, with no
5 merging at all. Version V2 and V3 use the VOP’s which were
Tz x originally stored in the frame reordering hardware. When in-
1 corporating the hardware (memory) needed for the reordering
'l into the coder, these alternatives will not negatively affect the
'I total amount of memory to store VOP’s or delay/latency for
| the rest of the system. The other two versions (V4 and V5)
|
|
!
|
|
|
|

L4 g

1

o
<
=]
<
|

need twice as many VOP’s to store and the latency will at
least double, which is not acceptable.

Version V2 executes the motion estimation for all MB'’s of
the P-VOP first and when finished, the motion estimation of
1000 ] # 4 0 0 the B-VOP’s in both directions are executed in para_IIeI (see

1% . *n2 X3 X aIsp Source 6). The search area traverses the previous VOP
13 [ikes JFS —— - XX twice per group (for P and for Bp) and the next VOP once (for
] 8 10 15 Bn). During the B-VOP motion estimation, two search areas
are active concurrently.

Total memory power

0 | T r T r T . for (all MBs P-VOP)
0 8192 16384 24576

Total memory size for (all pixels MB)

1
32768 for (all position in search area)

sad += abs(prev_vepl][] - next_vop MB[][]}
Fig. 9. Memory size versus power for prev signal. for (all MBs B-VOP}

A. Merging Possibilities for (all B-VOPs of group; M-1 times)

. e . . . for (all position in search area on prev VOP)

Up to now, only a simplified motion estimation kernel .

. . . for (all pixels MB)

hag begn analyzed and d|sc,uss§d. Now, .the entire motion sad +- abs(prev_vopl] (] - curr_B_vop_MB{1(])
estimation of a group of VOP’s will be_ studled_ and gl_oba!ly for (all posicion in search area on next VOP)
optimized. Source 5 reflects the original motion estimation
cc_)de of the_ MPEG-4 _encoder [33] (see also Section I_I). sad 1- abs(next_vop(] (] - curr_B_ vopMB(][])
First the entire P-VOP is coded, followed by the successive
B-VOP’s. Because of this implementation, the search area Source 6: Pseudo code for version V2
window will go M (=number of VOP’s in a group) times

through the previous VOP ar(d/ —1) times through the next \yhereall the motion estimations on the previous VOP (P and
VOP. By combining the different motion estimations whic 3p) are combined and afterwarddl the motion estimations

take place.on the same VOP and position,. a significant 9y the next VOP (Bn) are combined. Hereby, version V3
can potentially be achieved (up to a factaf in reads). has two traversing search areas only (less accesses to fill

for (all pixels MB)

In version V3, another merging is used (see also Source 7),

two search areas instead of the three of V2) which are not
for (all MBs P-VOP} . .
L concurrently needed (smaller intermediate storage due to better
for (all position in search area) . . .
, inter signal inplace [13]; the two search areas can use the same
for (all pixels MB) ..
cad 1 abe . . W0 0) memory after each other). Both characteristics (accesses and
sa = abs(prev_vo - next_vop_| . . .
° ) i size) advocate for version V3. But before coding the MB, both
for (all B-VOPs of group; M-1 times) . . . .
best matches of the motion estimation (from previous and next
for (all MBs B-VOP) . .
for (all Cion 4 . vor) VOP) must be read for the interpolated mode. This means that
r a position in searc area on rev . . .
, i 256 pixels must be read from the previous VOP and 256 pixels
for (all pixels MB) .
) be . . w01 must be read from the next VOFFor data locality reasofis
sad += abs({prev_vo - curr_B_vop_) . . . .
o8 prer-vep ° the interpolated mode and MB coding is executed directly after
for (all position in search area on next VOP) . . . . .
for (all pixels ¥@) the motion estimation on the next VOP. Also in this way, the
r a piXels . .
best match from the next VOP must still be in the next VOP
sad += abs(next_vopl[][] - curr_B_vopMB({][])

search area memory since the search hasn’'t moved and the best
Source 5: Pseudo code for MPEG-4 motion estimation of a group of VOPs match has just been found in this search area. But the previous

. L VOP search area is not available anymore (since the previous
. Howgver, not all motion esumgtlon steps can be.merggfgp best match was determined in the other loop nest, see
(infeasible due to data dependencies). To make the dlffereng%%rce 7), so these reads have to come from the VOP (main)
clear, the following naming convention is used for the diﬁere%emory. 1"his is unlike version V2, where the previous and
motion estimations in the studied alternatives. The “P” moti xt VOP are available at the sam,e time.
estimation is from the next P-VOP to the previous P-VOP.

The abbreviation “Bn” (or ”Bp”) is used for the all B-VOP 3The direct mode reads need to be taken into account as well, but for

(of one group) motion estimations in one direction, the n fabmplexity reasons we will not add these results here.

Next, the p for Previous. 4The current MB does not have to be reread then.
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Fig. 10. Motion estimation merging possibilities with data dependencies between VOP’s.

for (all MBs)
for {(all position in search area)
for (all pixels ME)
sad += abs(prev_vop([][] - next_vop MB[][])
for (all B-VOPs of group; M-1 times)
for (all position in search area on prev VOP)
for (all pixels MB)

sad += abs(prev_vopl]l[] - curr_B_vop_MB[][]}

for (all B-VOPs of group; M-1 times)
for {(all MBs B-VOP)
for (all position in search area on next VOP)
for (all pixels MB)

sad += abs(next_vop([][] - curr_B_vopMB[][])

Source 7: Pseudo code for version V3

Without going in too much detail, we show the increase

complexity of the MPEG-4 context. In the “static”

estimations poorly. On the other hand, a large distance will
need a big combined search area. Experiments, worst case
calculations and implementation complexity estimations have
pointed out a maximum distance @6 (=MB_SIZE) as a
good compromise. This way, every VOP will contribute one
MB to every combined motion estimation (if one inside the
bounding box). It cannot contribute two MB'’s because then
the maximum distance is exceeded and there will be at least
one inside the 16< 16 area.

B. Main Memory Read Count Estimation

A similar reuse decision exploration is used as in
Section VIII, but the power figures have changed. To make a
fair tradeoff between V2 and V3, we estimate the number of
main memory reads. The absolute number of reads depends
on VOP size, shape, group size, etc. At compile time we don't
know size, shape nor group size. However, we can make a
lative comparison for the number of accesses for a group of

case, fo(/OP’s. Version V2 has three search areas and V3 has only two.

MPEG-2 and H.263 coders or alike, the MB’s having an equghey il have an equal relation in the number of accesses.

position in the frame would be combined because they hayfe aqditional reads for the interpolated mode are needed for
an equal search area. However, in MPEG-4 the VOP's doyq04 estimation. The number of reads depends on VOP size
not (have to) coincide, so the MB's and their search aregg \yhich we will assume the CIF format here. Moreover, the
will not necessarily overlap fully. Combining the MB’s on thegroup size is important as all the members of the combined
same position within the bounding box may cause a poor Rjotion estimation will read one MB from the previous VOP,
even no overlap between the corresponding search areas. Thigshe number of reads will grow linearly with the group size.
results in a poor reuse and moreover, the combined search aregyple 11l and Fig. 11 give the estimated number of VOP
has no upper size limit (which is hard to optimize at compilgeads and the needed total search area memory size. One search
time). By defining a maximum distance between the MB'$rea can maximally grow to 64 64 which is 4 kB, so V2
both problems will be solved; there will be an overlap becaus@eds 4 kB and V3 needs 8 kB. The number of main memory
the MB’s are not too far from each other and the combinadads for a search area to traverse a VOP equals:

search area will maximally grow the maximum distance. The

maximum distance for which the merging is performed is

#HR = Wiev_vor X Hsa X nr_MB_IowS,ex;_vor

a tradeoff. By making it small it will combine the motion 5Assuming reuse when the search area traverses in horizontal direction.
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TABLE Il group becomes, the bigger the probability of a overlap and the
MEmORY SizE AND MAIN MEMORY ACCESSES FORV2 AND V3 less extra reads are needed (see Fig. 11). Also, the number of
M || #R main memory | average | SA men size re_ads i_s Iimited_by the search area size. The break-even point
(x 1000) rereads (#byte) will shift to a hlgherM'
V2 | ovar || 1216 8192 C. Selection of Optimal Implementation
V3 | var || 884 +230x(M-1) 4096 Multiple implementations are possible to build one of the
vo | g 1216 99 8192 two different versions. This section gives the opportunity to
va | g 2404 204 109 select a good alte_rnatlve for a given memory (or cache)_ size.
s " o 1o The end of_Sect|on IX.A explams some .of the remaining
- ' - implementation freedom. Without going into more detail,
vijga |1 128 4096 Fig. 12 shows the number of memory accesses versus the
required memory for different implementations (both several
) version V2 and V3). Clearly, most implementations are
Worst case Version 3 . .
not useful since they perform worse in both (accesses and
__ - - Expected Version 3 memory size). The dotted lines connects the interesting
3 - V2 implementations. The most suitable implementation for a
2 s - given memory size (which is known for every MM-processor)
S e can be found by reading this curve. Here, in the case of
o 2 7 TriMedia which has 8 K internal memory, we've chosen
= for version V2a. Version V2h is slightly better for power
1 A but is much more complex to implement.
I Moreover version V3a is build to verify the estimations of
Section I1X-B. Fig. 13(a) shows the measured result for the
P s s Yo Y6 first 96 frames of the “hal” sequence. The break-even point
— M has moved tad = 10. In the original source, the number

of reads from the (current) B-VOP’s was negligibly small.
Now after optimizing, the analyzed number of accesses from
For every row of MB's in the next VoOp the current VOP has a larger share. An important observation
(nr_MB_roWs,ex;_vor), it will have to read a band of here is that the (current) B-VOP reads for V3 increases twice
pixels which has the previous VOP withiW ., vop) and 2S fast as V2 [see Fig. 13(b)]. This is caused by the separation
the search area heiglftds,). For example the P motion Of the loops: for the motion estimation on the previous and
estimation (like in phase 1 of version V2) needs 332 RextVOP,allthe B-VOP’s are read twice. Adding these reads
reads £384 x 48 x 18). However, a Bp (and Bn) motionmoves the breakpoint close fo/ = 6, in the middle of the
estimation requires a bigger search area (due to the V@I®St common values a#/ (4 and 8).
offset), so it needs 442 k reads-384 x 64 x 18). The
total number of reads for version V2 is 382421442
(P + Bp + Bn). We have applied our DTSE methodology on the MPEG-4
For version V3, an access count is needed for the previdi§tion estimation and have analyzed the background memory
VOP reads in the interpolated mode, direct mode and motigain (the entire memory hierarchy without foreground reg-
compensation. Per B-VOP MB 580 reads are needed from fiters). A measured gain of a factor 65 in luminance pixel
previous VOP (assuming already an optimized implementatidPP memory accesses is obtained by simulation of the first
for the different modes). Thus, the combined B-VOP ME6 frames of the reference “hal” sequence in CIF resolution.
requires 580x 22 x 18 x (M-1) reads. The total number The search area memory power is reduced with a factor 5.3.
of reads for version V3 is 444424230 x (M-1) (Bp + IThe MB oriented memory accesses is increased with 50%
Bn + modes). but these involves small signals only. The total background
The break-even point between V2 and V3 is t = Memory power gain is a factor 8.0 (see Fig. 14) which will
1,44. This means that you will always choose for VZhis Mmake other parts of the processor power dominant. In the
is because we assumed a worst case read count for ¢H&ent optimization we have mainly focussed on the VOP
interpolated mode reads. A clever implementation will tak&nd search area memory. If necessary, we expect to be able to
advantage of the overlap for the interpolated mode rea@ldo the power increase in the MB oriented memory and to
Experiments have pointed out that the motion vectors of th@ve an overall memory power gain of a factor 10 to 15.
MB’s which are combined all point in the same direction and
the needed pixels do have a big overlap. This can easily be

explained due to the inertia of moving objects. The bigger theIn this section, the cache hit rates of a software implemen-
6 . tation of H.263 video decoder will be determined. Then it will
ncluding padded edge.

7M = 1 is not a option because then there are no B-VOP's. In that cabe shown that applylng. our (_JUStom hardware Or'?nted ‘_jata
there is no difference between V2 and V3. transfer and storage optimization methodology, which mainly

Fig. 11. Number of accesses for V2 and V3.

X. OVERALL RESULTS FORMPEG-4

Xl. CACHE BEHAVIOR OF A TRANSFORMED H.263
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Fig. 13. Measured accesses for V2 and V3. (a) Access count from previous and next VOP; (b) also includes the reads from the B-VOP’s.

focuses on reducing the power consumption and memory s&& = 38016 bytes are needed to store 1 frame. The length
reduction [9], also improves the cache hit rates and lowes$ the encoded stream depends on the modes enabled during
the number of cycles spent to access the primary cacheeoicoding. The main data flow of this video decoder in the
processors like the DEC Alpha. initial code description is depicted in Fig. 15.

Starting from the public domain code for a H.263 video The video decoder was simulated assuming the memory or-
conferencing decoder [11], the number of transfers to arraganization tabulated in the column “Original” of Table V. The
present in the code are counted while decoding a H.263 videganization of the memory corresponds to what a traditional
stream callecduz14.263 . The stream decodes to 75 Quarte€ compiler typically does. It places arrays one after each other
CIF (QCIF) frames which corresponds to 2.5 seconds realthe same order as the declaration.
time video for a frame rate of 30 frames/s. One QCIF frame isIn our experiment, the cache system is configured like the
176 pixels wide and 144 pixels high. Since the chrominan@EC AXP 3000/800S. This processor has a direct mapped,
values are subsampled, a total of 1¥6144 + 2 x 76 x write through primary cache of 8 kB, cache lines of 32 bytes
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Fig. 15. Data flow and main tasks in the reference H.263 video decoder.

In-place switch

[4] and a write allocate upon a cache write miss. Becauie total number of cycles due to transfers to/from the L1 cache
the total memory size is 170774 bytes, we may assume tigthe total number of hits plus eight times the number of L1
all data is cached by the secondary cache that is at least 2a6he misses. This is a best-case estimation and in practice
kB large. The number of compulsory miséesrelatively low it will be even worse (since the compulsory L2 cache misses
compared to the total number of accesses from the L2 cacire not taken into account and not every processor cycle will
and can be ignored. contain a data access).

The number of cache hits and misses are obtained byThe hit rates of the cache can be improved by applying some
an accurate simulation of the cache using C++ classes. Tdfeour data storage and transfer optimizations on the software
result of such a simulation for the video decoder softwajgplementation of Telenor Research. For an explanation of the
implementation of Telenor Research [11] is presented in thq| methodology for custom memory organizations, we refer
second and third column of Table IV. to [9], [28], [29]. We briefly list the major optimizations that

To estimate the number of cycles due to reading and writigghre performed to obtain a power efficient implementation.

toﬂe Ca%hezltwizsgumﬁ tha:; ct)r?e E;-OCGSrS]OI'ICYr(:Ie IS Zp(;nt#ponGlobal data-flow transformation: removal of all accesses
a L1 cache hit a cycles if the L1 cache is missed. Hence -2 0 P o

8Cache misses which cannot be avoided because the data is read for the _GIObaI |00p and control flow transformgtl_ons: €.g., merg-
first time. ing of the forward and backward predictions.
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Fig. 16. Optimized H.263 decoder.
TABLE IV TABLE V
PriMARY CAcHE PERFORMANCE OoF THEDEC AXP 3000/800S MEMORY ORGANIZATION OF THE ORIGINAL. AND OPT. VIDEO DECODER
WHILE DECODING WITH THE ORIGINAL AND OPTIMIZED DECODER .
Nr. of bytes
DEC AXP 3000/8008 Content | Original Optimized .
Number of Original Optimized motion vectors | 1300 1300
cache hits read 17,146,377 (91%) | 22,376,986 (96%) mode of cach MB | 130 130
cache miss read | 1.695.701 (9%) 716,834 (49%:) blocks for the OBMC | 64 04
tot. read cycles 30,711,985 28,111,658 OBMC constants | 220 320
cache hits write 7,803,255 (84%) | 13,003,941 (94%) old/newframe | 2 x 33016 | 38016
cache miss write 1,461,809 (16%) 721,095 (6%) edgeframe | 54912 0
tor write cyel. | 19,497,727 18,772,701 Bidir, predicted frame | 38016 38016
lot. tr. cycles ] 50,209,712 46,884,359 forward predicted MB | 0 384
cache reads ? 18,842,078 23,093,820 forward OBMC biock | 0 o4
cache writes | 110,305,384 59,738,764 backward predicted MB | 0 194
1.2 cache reads " 101.040,320 40,013,728 buifer of 13 MB's | 0 4992
1.2 cache writes ‘ 9,265,064 13,725,036

Total | 170774 \ 83670 (48%:)

« Memory hierarchy exploitation: introduction of smalla software implementation on a general purpose processor. It's
local buffers and the corresponding data transfers, iateresting to measure the impact on the cycle count when a
buffer the forward predicted MB, the bidirectional interfower optimized description |s_mapped onto general purpose
polated MB, several tables likéM MV (motion vectors) Processors, pecause many de&gngrs would probably claim Fhat
and modemap a MB to store the result of IDCT. For 0verhead to introduce power savings would have a negative
the macro block related data. 3 extra levels of stora@gec" on the performance. We will show however that this is
hierarchy were introduced in the most optimized solutiof®t trué due to the aggressively improved data access locality
to fully exploit all data reuse in the code. So significant power reduction can be obtained

o - without sacrificing on overall speed.

¢ In-place optimizations: reduction afld frame and . :
new frame to 1 frame and an in-place buffer of 13 The improved video decoder holds the data tabulated under
MacroBlocks P “Optimized” in Table V.

' The total size of the memory is 83670 bytes. This is 48%

These optimizations reduce the accesses to frame memogethe number of bytes needed to store the data structures of
drastically by making use of local distributed memory hithe reference code.

erarchy. The data flow between the distributed small localThe cache behavior for this optimized decoder is also
memories and the frame memories of the improved vidgimulated. The results are tabulated under “Optimized” in
decoder is depicted in Fig. 16. This new code and the custqmble V.

memory organization lead to an overall power saving in the We see that the cache miss rates decrease from 9% to 4%
(dominant) memory network of a factor 9 in maximum poweand from 16% to 6% for the reads and writes respectively.
for the worst-case OBMC mode [28], [29]. The cycle budget due to transfers to the L1 cache is 7% less

Although the optimizations mentioned above are carefultan for the reference case.

selected with an application specific memory organization in There are 5637 339 reads and 3 753 088 writes to the extra
mind, the resulting description can also be used when targetalipcated MB’s to store the result of (P and B) forward
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prediction. The MB’s are relatively small. For example, the[3] O. Arregi, C. Rodriguez, and A. Ibarra, “Evaluation of the optimal

luminance part of a MB is represented by four blocks of 8 strategy for managing the register fildflicroprocess. Microprogramm.
) . no. 30, pp. 143-150, 1990.
8 bytes. One subblock of & 8 pixels of 8 bit can be stored (4] p. Baglietto, M. Maresca, M. Migliardi, and N. Zingirian, “Image

in eight general purpose registers of 64 bit. In total 32 64- processing on high-performance risc systefmc. IEEE vol. 84, pp.

. . . ] 917-930, July 1996.
bit registers are available in the DEC APX3000/800S. Whe ] F. Bodin, W. Jalby, D. Windheiser, and C. Eisenbeis, “A quantitative

those small arrays are in registers, the number of transfers aigorithm for data locality optimization,” Tech. Rep., IRISA/INRIA,
to and from the primary cache will decrease even further, Rennes, France, 1992.

. . . . 6] F. Catthoor, F. Franssen, S. Wuytack, L. Nachtergaele, and H. De Man,
affecting the cycle count positively. This will also lower the “Global communication and memory optimizing transformations for

power consumption of the caches. low power signal processing system#LSI Signal Processing VIU.
The applied optimizations for the H.263 application were Rabaey, P. Chau, and J. Eldon, Eds. New York: |IEEE Press, 1994,

. N H ; . pp. 178-187.
or a custom memory architecture. However, just mappingz; g catthoor, M. Janssen, L. Nachtergaele, and H. De Man, “System-

the code on a processor as is, still shows an improvement. It level data-flow transformation exploration and power-area trade-offs

shows a decrease of the number of cache misses. This can bedemonstrated on video codecd,” VLSI Signal Processspecial issue
) on System Level Trade-off Analysis in Signal Processing, vol. 18, no.

explained due to the improved data locality, and more data can 1, pp. 39-50, Jan. 1998.
retain in the cache. Redoing the design and targeting a gel#! , “System-level data-flow transformation exploration and power-

eral purpose memory structure (L1 cache—L2 cache—main area trade-offs demonstrated on video codegsYLSI Signal Process.
special issue on Systematic Trade-Off Analysis in Signal Processing

memory) from the beginning would of course be better. Systems Design, vol. 18, no. 1, pp. 39-50, 1998,
Since the MPEG-4 encoder has been optimized for dati@] F. Catthoor, S. Wuytack, E. De Greef, F. Franssen, L. Nachtergaele, and

. . . . H. De Man, “System-level transformations for low power data transfer
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