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Abstract placement of prefetch instructions is based on a compile-

The workload of multimedia applications has a strong time prevision of memory references. For this reason,
impact on cache memory performance, since the localitysoftware prefetching is not suitable for data-dependent
of memory references embedded in multimedia program$Xecutions. Instead, hardware techniques do not require
differs from that of traditional programs. In many cases, modification of program code, while at the same time they
standard cache memory organization achieves poorer€Xploit a run-time prevision of memory references,
performance when used for multimedia. A widely exploredtherefore allowing even data-dependent prediction. The
approach to improve cache performance is hardware Mmain disadvantage of hardware prefetching is that it
prefetching that allows the pre-loading of data in the requires hardware resources and that all functionalities
cache before they are referenced. However, existingmust be performed at run time, where speed requirements
hardware prefetching approaches partially miss the are mandatory in order not to compromise cache
potential performance improvement, since they are noteffectiveness.
tailored to multimedia locality. In this paper we propose  The design of new computer architecture is justified by

novel effective approaches to hardware prefetching to beperformance improvement on application workloads
used in image processing programs for multimedia. chosen as benchmark. In this Work, we have addressed a

Experimental results are reported for a suite of Multimedia workload since multimedia applications are

multimedia image processing programs including spreading and they must orient the design of modern

convolutions with kernels, MPEG-2 decoding, and edgecomputer platforms [5]. In particular, we have addressed
chain coding. multimedia image processing, where we have included

algorithms like the widespread MPEG-2 decoding used for

decompression of audio/video streams and typical image

processing operations like convolution for image filtering
1. Introduction and eqlge chain co_ding, used as a pre-_processing step in
many image analysis tasks. We have omitted evaluation on
sound data (like MP3 decompression or speech

_Qache memory performance p""!ys a more and mo.rerecognition), since they exhibit typical array spatial

critical role in computer systems, since the difference in locality and standard prefetching techniques perform well
speed between processor and main memory tends t‘@*nough. Algorithms have been selected according to their

mc'rAease rattr?er the_m thet cohnt_rary. dioi h spread and their different data addressing schemes: while
mong the various techniques used 1o IMprove cach€qq . q|ytion is dominated by a regular data addressing
memory performance, prefetching has been one of th

died d | - Prefetchi &cheme which can be predicted a priori, edge chain coding
most studied and apparently promising. Prefetching;q heavily data dependentin the sense that the address

technlques can be mainly c|a5_5|f|ed accor_dmg to thelrsequence of data references depends on the image and
potential software or hardware implementation, although annot be statically predicted. MPEG-2 exhibits a

some techniques may take adyantage of a combi_ne ombination of regular address scheme and data
software/hardware implementation [3]. The main dependency

d|ffer¢|nce. is that fsorl:tware d t(laqhmquesh assume t_hat One of the most critical aspects affecting prefetching
compiler Is aware of the underlying cache organization o qtiyeness is that image processing exhibits an intrinsic

and that program code can be modified at compile time,p g qiia| ocalityinstead of the classic one-dimensional
with the insertion of specific prefetch instructions; the



(1D) spatial locality typical of normal computation and prediction can be trusted (correct) or not (incorrect). In the
array processing [23][7]. Typical hardware prefetching state machine proposed in [4], two successive successful
techniques are not suitable in this context: techniguespredictions must be made in order to enter a steady state of
based on one-block-lookahead [25] exploit only 1D spatial prediction from the initial no-prediction state. This idea
locality, while adaptive techniques do not match datahas some similarity with the two adaptive techniques
dependency of some image processing algorithms. compared in this work, where the stride is considered
In this paper, we present novel hardware prefetchingreliable for reference prevision if it is stable since the last
techniques oriented to multimedia image processingtwo references [9], aiming at filtering isolated strides that
matching the 2D spatial locality. We compare their are for instance frequent in MPEG decoding. Some
performance with that of other existing hardware authors propose more complicated form of adaptivity that
prefetching techniques in terms of avoided cache missesve judged too demanding in hardware resources to be
and total number of prefetches introduced. feasible and therefore didn't consider in this paper
The rest of the paper is structured as follows: Section 2[19][17]. Tse and Smith in [27] propose a system-level
addresses related works on hardware prefetchinganalysis of prefetching impact on system performance by
techniques. In section 3, the hardware prefetchingway of an accurate cycle-by-cycle execution simulation.
strategies are presented, including novel techniques aimedll system aspects relevant to performance are considered
at exploiting the 2D spatial locality. Section 4 describes in detail, including cache and block size, associativity,
the multimedia image processing algorithms used for themain memory latency, single or dual-ported tag and data
tests. In section 5 experimental results and performancearrays, split or non-split bus transactions, and others. This
analysis are proposed in terms of eliminated cache missesaccurate cycle-by-cycle simulation allows the computation
while section 6 accounts for prefetching costs. The of the actual impact of memory access on the execution
conclusion presents final considerations on thetime. However, other metrics [14][3][28] like the number

profitability of the presented approach. of cache misses eliminated are useful for an initial
evaluation of prefetching techniques because they focus on
2 Related works cache performance independently of system parameters.

Multimedia image processing algorithms exhibit a
substantial amount of a form of spatial locality called two-

Many' recent Wprks hav_e been focus_sed on hardwa.redimensional (or 2D) spatial locality [8][23][7] that has not
prefetching techniques, since recent Improvements INpeen taken into account in traditional cache architectures.
hard\{vare.t.echnology has made more feaglble the runft'm%'herefore, evaluation of prefetching performance must be
functionalities requ_lred by_ har_dware implementation extended also to adequate multimedia benchmarks. In
[28][4][27]. The basic technique is known as one-block- previous works we explored cache exploitation for simple
lookahead [25] (also calledlways prefetchin a more image processing tasks [6]; we extended it to MPEG in
recent work [27]). .With this technique,_every time a [7]. A recent work from Z’ucker, Flynn and Lee [28]
reference to block i is made, a lookup in the cache ISproves the effectiveness of hardware prefetching on

iss‘;ed hfo(; _?_Ir?ck i |_+_ 1; if the blqckhis t;ilbsﬁr_‘t; : r:S MPEG algorithms; the authors propose the use of adaptive
pretetched. The implicit assumption is that block i 8Stechniques based on a Stride Prediction Table (SPT),

a high proba.bility to be refer_enced in the_ near future, andtogether with a multiple-way stream memory. Instead, in
that scheduling its prefetching on the first reference Ohis work we mainly want to explore if novel, non-

block i grants adequate timeliness. (timeliness expresse%daptive prefetching techniques based on 2D spatial
the property that a pr efe;tched block is not loaded too earlyIocality may lead to significant performance improvement
SO as to risk substltu_tlng usefu_l blocks already present,,, a larger set of multimedia image processing programs.
while at the same time allowing prefetch completion Other works related to our research are those on split
before the block is actually referenced [14](19]). Se_ver_al caches [12][24]. Recent research reports the performance
more corg_rfiflex aplfaroachefs r(ljave_ b.eeU pro dposed, ta;}lgmg Intﬁ"nprovement that can be achieved by splitting scalar and
sccount fiterent hormsho adaptivity in ordel; tobzl';\c lle_ve ivector data types or splitting caches for temporal locality
etter prevision than the one represented by block 1 + 1,4 spatial locality [12][24][6]. According to this trend, in

The mgin idea of adaptivity Is to induce bIoc_k refergnce this work we propose the adoption of a special cache for
probability by recent references history. A basic algorithm image data together with a dedicated prefetching policy.
computes thetride i.e. the address difference between the

last two memory references made by a same instruction . .

and adds it to the address of the last memory reference 18- The hardware prefetching techniques

obtain block prevision. Chen and Baer in [4] propose the

use of a Reference Prediction Table (RPT) for achieving In multimedia image processing, two main properties
reference prediction and a state machine to assert if thean be exploited to achieve high prefetching effectiveness:



1. locality of image data access; difference between the current and previous data addresses
2. access predictabilitpf typical algorithms. is computed (stride); the stride is added to the current
In particular, in this work we have compared different address to form the prefetch address. The 2-step adaptive
prefetching schemes, including simple schemes like onetechniques trust the stride only if it is equal to the previous
block-lookahead, basic adaptive prefetching and otherone; this is meant to filter isolated strides from being used
original ones designed to suitably mirror these properties,for prefetch prevision [9]. We propose two variants: in
and measured them on different workloads. The comparedase the last two strides are not equal or no prediction is
schemes can be divided into two categories, namely statipresent in the prediction table, a prevision is made on a
and adaptive prefetching schemes. Static prefetchingstatic probability assumption: one-block-lookahead for

schemes are: ada_2/OBL.while OBVL prefetching foada_2/OBVL
a) OBL (one-block-lookahead); The reference cache architecture on which the
b) OBVL (one-block-vertical-lookahead); prefetching techniques have been tested is an image cache
¢) neighbor, with 2-way set associativity, 16 byte block length and a 32

while adaptive prefetching schemes include: Kbyte size. These parameters are those of a typical L-1
a) (basic)adaptive cache; experiments with different cache parameters are
b) ada_2/OBL(2-step adaptive with OBL) also presented in this paper. Simulations have been
c) ada 2/OBVL(2-step adaptive with OBVL) performed by collecting all traces of program execution on

OBL is the most commonly adopted pre-fetching a Sparc 10 platform using the Spy trace generator [15],
scheme as it is simple and can be very effective with scalaand giving them to a cache simulator derived from ACME
and vector data since it is able to exploit the spatial[1l] that we modified in order to support and measure
locality by looking ahead the basic line; for this same prefetching. All the compared techniques are based on
reason it proves very effective also on raster-scan (pixel-prefetchingon referenceand we assume that prefetching
by-pixel access in the order of spatial locality) image is completed before the next memory reference is issued,;
processing algorithms. for the adaptive techniques we use a 128-entry Reference

In OBVL prefetchingproposed by the same authors of Prediction Table with a pseudo-random replacement
this paper, 2D spatial locality is exploited [7]. This kind of policy. Although many system organizations allow
locality arises since a high probability exists to accessvariations from this scheme, these assumptions are not
logically adjacent pixels in both vertical and horizontal limiting for the scope of this paper, which is mainly to
directions. The logical adjacency does not correspond toexplore how locality can be more effectively exploited for
physical adjacency in memory: pixels in a same columnprefetching in multimedia image processing.
belonging to two adjacent rows, say ali][j] and a[i+1][j],
are stored in memory with a displacement given by the i i i ;
image size scaled by the pixel size in byte [6]. In OBVL 4 EZEChmrgllﬂtlmedla 'mage processing
prefetching, the line just below the one currently
referenced is prefetched if absent from the cache. The
rationale is to explore if this block may be more useful ~Performance of prefetching schemes in multimedia
than the following horizontal block prefetched by OBL image processing can be influenced by several factors,
with respect to the following in vertical order. such as the program type and the input images. The

In this paper we propose a further exploration of 2D Program type is the most critical factor since the type of
spatial locality by theeighborprefetching, where all lines ~locality embedded in the program is the main cause of
containing pixels in the 3 x 3 neighborhood of the success of a prefetching technique. For this reason we
currently referenced pixel (called 8-connected lines) arehave considered different types of algorithms, very
checked for presence in the cache, and their blocksfommon in multimedia, which exhibit a very different
prefetched if required. This technique carries an intrinsiclocality.
increase of the lookup pressure in the cache, but it will be  The algorithms are:

later shown that the number of blocks actually prefetched a) image convolution
is comparable with those of the other techniques. b) chain code computation
These techniques are all static in the prevision of the ¢) MPEG-2 decoding

block(s) to be prefetched, and mainly aim to explore an a- Convolution is the basic algorithm for image
priori probability of access intrinsic in multimedia image Processing; it consists of processing each image pixel by
processing. Nevertheless, adaptivity may prove useful,convolving pixels of its bidimensional neighborhood with
too, and therefore we explored various adaptive@ coefficient mask. In  many papers addressing
techniques. The basic adaptive prefetching is based on aperformance  evaluation in  image  processing
instruction-based reference prediction table [28]: for each[6][71[28][26][2], convolution is included in the basic
instruction making a reference to image data, thebenchmark, since it is very common. Examples of



programs based on convolution are filtering for noise respectively. Starting from the number of misses, we also
cleaning, image enhancement, edge detection and templa@efine theefficacy of the i-th prefetching method as the
matching. Image is evaluated in raster-scan mode, and theatio

algorithm execution and the data access is not data NM - NMP
dependent; a substantial amount of strictly 2D locality is n, = _—
embedded. _ NM _
The Chain codecomputation is included as a typical ~ Efficacy ranges between 0 and 1 and it tends to 1 when

data-dependent program on images. It is a propagative’refetching achieves high performance, that is MMP,
algorithm in which data access is propagated in the imagél.e. the number of misses that have not been eliminated)
in two directions depending on the edge connectivity. tends towards 0. NMPi, MR, ang values are used in the
Chain code computation starts choosing an initial edgerest of the section to compare the performance of the
pixel. Then, its 8-connected pixels are checked: if there isconsidered hardware prefetching techniques. However, the
an edge pixel, it is linked to the edge chain and a definedPrefetching activity in general can affect the execution
code is computed for storing the direction change of thetime since it occupies the bus and introduce a further
edge; then, the previous step is repeated from the linkedookup pressure on the cache; therefore the number of
pixel until the initial pixel is reached [10][22][20]. This prefetches issued or the prefetching rate can be taken into
algorithm has been included as an example of imageaccount as measures indicating the prefetching costs,
computation that potentially does not benefit from Which will be discussed in section 6.
standard cache techniques since it exploits an unusual and In the following, we report only the misses occurring
non-predictable spatial locality. Since computation is datawhen image data are accessed. This choice is due to two
dependent, prefetching performance varies with the inputmotivations. First, the number of accesses to image data in
image. Chain codes are useful for describing edges ofhe programs considered for multimedia and image
shapes in image, image compression and imageProcessing applications is considerably higher than the
description; they are possible shape coding techniques fonumber of accesses to scalar data or other vector data;
MPEG-4 [16][21][11]. second, it is possible to use a separate cache for the image
Finally, MPEG-2 decodings the typical benchmark for ~data, with associated prefetching techniques, in order to
multimedia processors, since it is currently the most usedechieve better performance while granting less
multimedia program  [16][21][23][11][4]. MPEG-2 interference with data with different locality.
decoding consists of several steps: 1) variable-length
decoding and inverse quantization of discrete cosine5.1 Convolution
transform (DCT) coefficients; 2) Inverse DCT for
computing original frames; 3) motion prediction by  convolution is representative of the basic raster-scan
f:orrelat_lon of two or three consecutive frames. The MOStnear-neighbor computation [13]. In this case, all
interesting aspect for data access is that step 2) works Ogimulations confirm the expected abatement of misses
image blocks (8 x 8 pixels) or macroblocks (16 x 16 adopting any reasonable prefetching strategy with respect
pixels), thus imposing a strong 2D data locality. MPEG-2 tg the non-prefetching case. The strong regularity of the
decoding typically carries a high number of cache missesyigorithm and its uniform 2D spatial locality makes the
[4]: obviously, a large part are compulsory misses, if N0 nymber of misses almogtvariant with the prefetching
prefetching is used; moreover, due to the relatively largestrategy. Table 1 shows results with the six prefetching
mask size, the large 2D locality causes a number of cachgnethods for a convolution of a 512 x 512 image with a 5 x
conflicts as well. The number of misses depends on thes mask. The miss rate is low even without prefetching
format of image data and compression; for this reason(consisting only of compulsory misses) but is practically
many different examples of MPEG videos have beenpyiified by prefetching. The classic one-block-lookahead

compared. prefetching performs well since the data access follows the
row-by-row data store direction. The neighbor method is
5. Performance analysis able to eliminate all misses (apart from the first image

reference) since it mirrors the data access locality;

Basic performance metrics for cache memories are the?lthough it checks only the 8-connected lines, this is

number of cache misses and the miss rate, which is a morgnoUgh to pre-load data before their reference even for
general measure since it doesnt depend on the totafonvolution with any mask size. All static methods show
number of references. In this section. we &l andMR effective miss elimination (also the OBVL method proves

the number of misses without prefetchingo( Pf), and ~ 2dequate timeliness); as the data access is easily
for each i-th prefetching methoNMP, its related number predictable, adaptive techniques exhibit high efficacy, too.

of misses and MR the correspondent miss rate,



Table 1. Efficacy for Convolution

Convolution 5 X5 Nref=19.504.949
NMPi MRi% n%
No_Pf 32738 0,16784% 0,009
OBL 6| 0,00003% | 99,989
OBVL 64| 0,00032% | 99,809
Neighbor 2 0,00001% 99,99¢
Adaptive 66| 0,00033% | 99,791
ada_2/0OBVL 35 0,00017% | 99,89
ada_2/0OBL 35 0,00017% 99,89

0

0

Vo

(©)
Figure 1. Images used in chain code: (a)
horizontal.img, (b) vertical.img, (c) spiral.img, (d) frame
of meil6l (after edge detection).

Table 2 compares results for the limit-case test images;

In the case of convolution programs, the advantagelet us consider static techniques firstly. In the image in
achieved with prefetching is so evident that its adoption isFig. 1a data access is mainly in the horizontal direction.
highly convenient — unless interference with other dataThus a basic technique like OBL works well, as shown in
could cause cache conflicts and decrease performancefable 2; instead, OBVL prefetching, privileging vertical
thus confirming the usefulness of a separate cache fotlirection, is not able to eliminate a substantial amount of

image data [6].

5.2 Chain code

misses. Instead, with the image in Fig. 1b, OBL shows
unsatisfactory  performance, while OBVL nearly
eliminates all misses. Thus, these two static techniques
exhibit their complementary behavior. As it is easy to

Chain code is data dependent and propagative since itoresee, both OBL and OBVL prefetching are disrupted by
follows the edge direction. In order to stress the impact of2 pattern like the one in Fig. lc, assessing poor
data dependency, first we report results for some limit Performance. However, in all those three cases, neighbor
cases of synthetic images with horizontal, vertical, and prefetching achieves best performance, with nearly total
both horizontal and vertical edges (Figg.1a-c).

miss elimination. The regularity of patterns (carrying a
repetitive address stride) allow also adaptive techniques to
achieve very high miss elimination.

Fig.1d shows a real image extracted by an MPEG
video, after an edge detection step; results for this image
are reported in Table 3. Due to the unpredictable access
direction (real edges are irregular), chain code has a
relatively high miss rate without prefetching on non
regular images (6.8%). The miss rate does not improve
satisfactorily with OBL, and also OBVL is not able to

(a) (b) remove most misses.
Table 2. Efficacy for Chain on limit cases.
Chain horizontal.img Chain vertical.img Chain spiral.img
Nref=983271 Nref=981744 Nref=980471
NMPi MR n% NMPi MR n% NMPi MRIi n%
No_Pf 32769 3,33269%4 0,00% 180189 18,354% 0,00% 112265 11,450% 0,00%
OBL 260| 0,0264%]| 99,20% 131073 13,351p6 27,26% 72304 7,3744% 35,59%
OBVL 8002( 0,8138%]| 75,58% 354 0,0360% 99,80% 39419 4,0204% 64{88%
Neighbor 4| 0,0004%| 99,98% 260 0,0264p6 99,85% 5 0,0005% 99(99%
Adaptive 263 0,0267% 99,19% 647 0,0659%0 99,64% 14 0,0014% 99,98%
Ada_2/0OBVL 263| 0,0267%| 99,19% 487 0,0496p6 99,72% P54 0,0259% 99[77%
ada_2/0OBL 260 0,0264% 99,20M0 9p2 0,0918% 99,49% 151 0,01%4% 99,86%




Table 3. Efficacy for Chain on a real image. have sequence pattern I 1 [ 11 11... (also called MJPEG),

Meil6l.img Nref=1520145 while the other three (Meil6L, Genetic, Watrerski) are
MNPi MRi n% IPBBPBBPBBPBB movies.
No Pf 103476 6.8069% 0.009 Table 4 reports test results. In the upper rows,

parameters characterizing each MPEG movie are reported:
OBL 86489 5,6895% 16,41% name, total number of memory references to image data,
OBVL 12081) 0,7947% 88,329 number of frames, and frame size; in the lower, framed

Neighbor 335 0,0220% 99,67% rows, the miss rate with the different prefetching
Adaptive 4466 0,2937% 95,68% techniques (in bold the best results). The miss rate is rather
ada 2/0OBVL 3609 0,2374% 96,51% high without prefetching (higher for the first four movies,
ada 2/0OBL 592¢ 0,3898% 94 27% lower for the other three, due to the different sequence

patterns) and is substantially reduced by all the prefetching
. . L . strategies. In general the best improvement is achieved
neighbor method is the best one a aiﬁ (Mo orders o urther considerations must address performance with

9 9 different cache parameters, mainly cache size, block size,

gﬁg?l':ggﬁn?eiesr)tga?e:r)nzl_o?r:giszn‘rea?e:diirn?:gttiﬁr;Eancg;%md associativity degree. In particular, in the performed
; 4 . ' Y experiments, cache size and block size have shown to
chain code computation accesses the 8-connected pixels ify

order to choose the edge direction to be followed. stro.ngly |anuenqe performance, in some cases rgsultlng in
a different ranking of the compared techniques; yet, the

) associativity degree didn't prove to be significant, thus we
5.3. MPEG-2 decoding selected two-way set associativity as the most common
case of implemented cache. A larger block size is
The MPEG-2 decoder is a complex program, in which advantageous when the computation embeds standard
locality and data access order are not easy to model. Thehorizontal” spatial locality, in cases similar to those in
access to image data is raster-scan and computation ihich OBL shows high performance; in the other cases, a
mainly local (in blocks of 8 x 8); in part the access is larger block size at a parity of cache size could be a
random between different blocks. The locality of MPEG limitation and even decrease performance. In Table 5 we
and the efficiency of standard caches have been evaluateeport a comparison of the number of misses for FRISCO
in detail in [26]. MPEG movie, for a cache with increasing block size, in
MPEG frames are of three different types: | (only which the number of blocks is always the same (by
spatial compression in a JPEG style), P (forward- proportionally scaling block size and cache size).
predicted), and B (forward-backward predicted); usually a Table 5 shows that all the prefetching techniques take
whole movie is a periodical repetition of frame types, advantage of a large block size, since a substantial amount
called the sequence pattern. For the test we have usegf horizontal spatial locality is embedded in MPEG
different MPEG data, selected from standard movies withdecoding. However, the ada_2/OBL has a peak of misses
different sequence pattern, image size and number ofyith a 32 x 64 K cache; with this cache size, the neighbor
frames (files are available at http://www.dsi.unimo.it). In prefetching we propose in this paper outperforms all other
particular, the first four (Frisco, Hulahoop, Pirates, MJ) techniques in every test performed.

Table 4. Miss rate for MPEG decoding.

FRISCO [HULAHOOP |PIRATES MJ MEI16L GENETIC \WATERSKI
NR 1.566.778  1.228.855| 8.601.655 4.638.7T78 47.474371 24.62P.902 47.702.979
No. of frames 51 40 280 151 61 69 80
Frame size 160x128 160x128 160x128 160x128 352x240 256192 336xR08
No_Pf 5,649% 5,656% 5,628% 5,632% 2,514% 3,2P2% 2,121%
OBL 0,7039 0,704% 0,700p0 0,701% 0,191% 1,126% 0,264%
OBVL 4,169% 3,157% 0,033% 0,033% 0,954% 1,429% 1,0Pp3%
Neighbor 0,332% 0,342% 0,005%  0,0059 0,060% 0,7049 0,126%
Adaptive 0,530% 0,531% 0,528% 0,528% 0,545% 1,048% 0,§88%
ada_2/0OBVL 0,425% 0,349%6 0,033% 0,033% 0,323% 0,940% 0,p94%
ada_2/OBL 0,063% 0,0639 0,0629 0,062% 0,107 0,483% 0,1379




Table 5. Number of misses for MPEG decoding with variable cache size.

FRISCO 8x16K 16 x 32K 32x64K 64 x 128 K| 128 x 256 K
No_Pf 195862 88504 15926 967 487
OBL 12001 11014 3955 300 7
OBVL 144768 65324 1083pb 406 94
neighbor 11927 5195 39 15 14
adaptive 22234 8298 3197 426 149
ada_2/OBL 1722 983 2151 340 76
ada_2/0OBVL 17957 6660 2028 239 85
Furthermore, since also for data-independentimage row, decided at compile time, used for computing

algorithms (see convolution) and strongly data-dependenthe next row address and the eight neighbor addresses,
ones (see chain code) neighbor prefetching outperformsespectively). For adaptive methods, the cost of an

the other techniques, it consequently seems to be aimnstruction-based prediction table must be taken into

attractive strategy for multimedia image processing. account [7] and the time for PFAG is due to the access to
this internal table. However, although the time required for

the prefetching address generation is not null, it can be
made negligible with respect to the other two steps by an
equate amount of hardware resources.

The second step of inquiry cycle(s) consists of an

6. Prefetching costs

: : ) d
In previous sections, we demonstrated the efficacy anda

the high performance achieved by prefetching technique§y o rogation of the directory cache table with a tag
for typical workloads of multimedia applications. Results comparison and requires one or more clock cycles,
seem fo encourage the .adopt|on of specific prefetCh_'ngdepending on the parallelism degree. In general, the total
schemes, in particular neighbor or ada_2/OBL, for copingyjme spent for inquire cycles is proportionalNeef for all
with : Iocallt_y and access predictability of programs prefetching methods apart from for neighbor: in this case it
working on images. . __could be eight times higher in the worst case (unless a
Nevertheless a complete evaluation of prefetching parallel access to directory cache is provided).
should deal with an analysis of costs, both in terms of ™ o |ongest time which must be accounted for is due to
hardware resources and in terms of time Spent fory,q uirq step of memory access. This time is difficult to
prefetching. In this context we model prefetching as ay,qqg) since it is strongly affected by the memory and bus
three step process: ) architecture and the processor-memory interface.
1) prefetching —address  generation(PFAG)  for  Agyanced architecture solutions, including stream buffers,
computing the address of data to be prefetched victim caches, non-blocking memories can reduce PFMC
2) prefetching inquire cycle(S)PFIC) for verifying the e 1og)118]. However, this time is mainly proportional

presence in cache of data to be prefetched (|°°kUpco the number of actual prefetches (calledf), that is

time). .
. . normally less than the maximum number of prefetches
3) prefetching memorypycle(@’FMC) for loading the considered by the method. Therefdipf < PMNref . The
data from the next hierarchical memory level to CaChepr measure gives a basic idea of the possible cost of a

memory. . . .
. . i . . prefetching method since, on the average, the time spent
The time required for the first step is proportional to the for accessing main memory due to prefetching will be

number of data that the method attempts to prefetch; thisproportional to it. Rather than using thépf as the
quantity can be assumed Mg:ac= PLHIre_'f, whereNrefis performance metric, we prefer tipeefetching ratePFR

the number of memory r_eferences ands the number of (defined as the ratidNpf/Nref between the number of
blocks the metho_d requires to prefgtch for each_memoryactual prefetches and the total number of references), since
reference. In particuld is equal to eight for the neighbor it is independent of the total number of references.

method and is fixed to one for the othe_r pre—fetchir)g Table 6 reports the prefetching rate measured for
sqhemes. The hardware resources and times aSSOC""‘t‘?‘ﬁ]uItimedia image processing programs with real images.
W.'th the PFAG step d(_apend on the prefetching mGthOd'The prefetching rate can range between 0% and 100% for
Fixed OBL has a negligible hardware cost and prefetcha” methods apart from neighbor prefetching, where it
address is almost immediate to compute, since it COHSiSt?heoreticaIIy ranges between 0% and 800% 'due to the
of calculating the next block-aligned address only. Fixed number of prefetches attempted. Converse,ly all tests
stride methods (OBVL and neighbor) need access to erformed on image data confirm that the’neighbor
reference table where address displacements are statical refetching rate is comparable with those of all other

stored (the displacement is the number of bytes in Mmethods, as reported in Table 6; it is also interesting to



Table 6. Prefetching rate.

Convolution| Chain | MPEG | MPEG | MPEG | MPEG | MPEG | MPEG | MPEG
5x5 Mpeg | Frisco | Hulahoop| Pirates| MJ Meil6l | Genetic [ Waterski
OBL 0,16789 7,53% 4,950 496% 4,94% 4,94% 2,47% 3,20% 2/60%
OBVL 0,16789 6,24% 1,53% 254% 566% 566% 1,69% 2,05% 1}75%
Neighbor 0,1685% 20,506 5,43% 541% 5,76% 5,J6% 2|88% 6,07% 3,34%
Adaptive 0,1683% 8,06% 5,82% 583% 581% 581% 2,88% 3119% 2,90%
ada_2/0OBL 0,1678% 12,53% 6,29% 6,30% 6,28% 6p8% 3|31% 4,73% B,57%
ada_2/0OBVL 0,1680%  7,06p6 5,93% 6,0p% 6,30% 6,81% 3/06% 3,78% 3,16%

note that in MPEG-2 decoding the number of blocks drawback of neighbor prefetching. In the case of the static
prefetched by the neighbor approach is even lower tharprefetching techniques, the number of prefetching issued
the number required with the adaptive approach. is comparable to the number of avoided misses, and this is
As stated in other works (with particular relevance in positive since prefetches can be more easily overlapped to
[27]), only a detailed cycle-by-cycle simulation can execution than fetches on miss. Among the static
quantify the overall time needed for prefetching, and techniques, neighbor prefetching is able to eliminate the
evaluate if the advantages achieved with the reducedjreatest amount of misses of all and thus is promising of
number of misses can compensate the prefetchingoverall performance improvement.

overhead. However, if a certain prefetching technique

assesses both a lower numper of misses and a com_parabﬁ@eferences

number of prefetches - as is often the case for neighbor

prefetching - it is a candidate for better overall )
performance. Moreover, the most relevant qbservation is[l] ﬁt?p'\ﬂ/Eatanasoff.nmsu.g;lf/kf':\cme/acs.html. Simulator,
that when the number of actual prefetches is comparable
with that of eliminated misses an overall performance 2 Baglietto, P. and Maresca, M. and Migliardi, M. and

improvement is expected, since prefetching time can be Zingirian, N., “Image processing on high performance
intrinsically better hidden in the execution time than the RISC systems”, Proceedings of the IEEE, v. 84, n.7, 917-
fetch-on-demand imposed by a miss. This is the case of all 925, 1996.

static techniques in the majority of MPEG executions (see .
Tables 4 and 6); and at the same time, best performanc®] ﬁh%”' T.F. gnd ﬁBaer, j'; Afpterr:prmanﬁe StulijPOf
among these techniques are expected with neighbor araware and software data pretetching scheémes:, Froc.
prefet?:hing, which a?ssesses thep highest numbgr of ggglst Int. Symp. Computer Architecture, 1994, pp. 223-
eliminated misses. '

[4] Chen, T.F. and Baer, J.L., “Effective hardware-based

7. Conclusion data prefetching for high-performance processors”, IEEE
Trans. on Comp., v. 44, n. 5, 1995, pp. 609-623.

In this paper, we have presented novel hardwaress)  cChiariglione, L., “Impact of multimedia standards on
prefetching techniques oriented to multimedia image multimedia industry”, Proceedings of IEEE, v. 86, n. 16,
processing matching the 2D spatial locality. We have 1998, pp. 1222-1227.

compared their performance with other existing hardware

prefetching techniques in terms of eliminated cache misse$6] ~ Cucchiara, R. and Piccardi, M., “Exploiting Image
and actual prefetches. The reference architecture used is a Eﬁ?ﬁ::g]r?all_chlngg;ecnighe Er:e‘f‘it”chr']”g"b Z{?Oi-mognitg
dedicated cache size with parameters typical of a modern Computing HiPC ‘98, Dec, 17-20 1993

L1 cache. In the paper we have shown that neighbor

prefetching we propose, based on a static assumption Of?] Cucchiara, R. and Piccardi, M. and Prati, A., “Exploiting

2D locality, generally perform better than the other Cache in Multimedia” Proc. of IEEE International Conf.
methods compared (one-block-lookahead and some on Multimedia Computing and Systems ICMCS 99, v. 1,
variations of adaptive schemes) in terms of number of 1999.

eliminated misses. At the same time in most cases the

number of actual prefetches introduced by neighbor[8]  Diefendoff, K. and Dubey, P.K., “How multimedia
prefetching is comparable with or even less than those workloads will change processor design”, IEEE
carried by the other prefetching techniques, and therefore Computer, Sept 1997.

the prefetching costs can not be considered a serious
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