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Abstract— In modern embedded systems, parallelism is a good  From this formula we can deduce that parallelism is a good
way to reduce power consumption while respecting the realihe  \way to reduce power consumption. Indeed, for a given work
constraints. To achieve this, one needs to efficiently exptothe amount,IV and a given duration (or real-time constraint)

potential parallelism of the application and of the architecture. inale fast hy W
We propose in this paper a hybrid optimization method to ©N€ can use a single fast processor of frequefiey= W/

improve the handling of repetitions in both the algorithm and the ~ OF 7 slower processors of frequengy, = W/nr. This is in
architecture. The approach is calledGlobally Irregular Locally an ideal world where the work can be splitrinparts without
Regular and consists in combining irregular heuristics and overhead (communications, etc). Ag can be lowered when
regular ones to take advantage of the strong points of both. f decreases and appears squared in the power consumption
equation, using parallelism allows to decrease the frequen
|. INTRODUCTION and thus the supply voltage and the power consumption of the

When designing Systems-on-Chip (SoCs) for embedd€gip.
applications, one often has to deal with hard optimization One of the main problems that reduces the efficiency of
problems. Dimensioning the hardware platform in such Rarallel algorithms is the overhead caused by communitsitio
way that the constraints of the system are satisfied isT&iS is particularly true when considering clusters of work
challenging problem. Indeed, these constraints are fomatj Stations or massively parallel processors. Thus, to progra
but also non functional such as real-time or power consum@fficiently such computers, one needs coarse grain pasalel
tion related. This problem is called “Algorithm Architeceu to be able to overlap communications by computations.
Adequation” [1]. This problem is much less crucial in SoCs because on chip

In many computation intensive applications such as sigré@mmunications are very fast, nearly as fast as computation
processing or consumer multimedia these requirements &e@mmunicating one data-element often takes only one or
particularly strong. Hopefully these applications exhjimral- few cycles. Thus, to be able to overlap communications by
lelism and can benefit from multiprocessor architecturés Tcomputations, small grain computations may be enough.
goal of this paper is to propose a better way to handle paral-From these two remarks, we can conclude that parallelism
lelism in the optimization heuristic. We advocateGiobally (and even fine grain parallelism) is a promising solutioneto r
Irregular Locally Regularapproach to this problem. All the duce power consumption in SoCs. Some regular architectures
point here is to exploit as well as possible the repetitians have already appeared on SoCs [3], [4], [5], [6].
the algorithm and in the hardware architecture.

After some motivation and related work in Sectigh II, w
will present our proposal in Sectid@lll and present a small There are two sorts of parallelism available in applicagion
experiment to demonstrate the benefits of this approachd@ntrol parallelism and data parallelism. The former isaliyu

SectiorI¥. We will finally conclude and propose some futurglodelled using task graphs while the latter corresponds to
works in SectiolV loops in the code or repetitions in tools such as SynDEXx [7].

Irregular heuristics such as list heuristics [8], [9], [10]
Il._MOTIVATION [11], [12], [13] are good tools to exploit control paralkat.

A. Parallelism to reduce power consumption On the other hand, these heuristics don’t handle easily data
When designing applications for embedded systems, one pérallelism. These heuristics are general, they can haadle
ten wants to reduce power consumption. The usually admitteery large class of problems but they may ignore some high

formula for power consumption of a SoC is [2]: level information that is available in their input (loopustture
OVl IV for example).
aCVag™f + Lot Vaa On the other hand, regular heuristics such as the ones devel-
where f represents the frequency of the chifq is the supply oped in the automatic parallelism domain [14] are much more
voltage.« is a coefficient that takes different values for logi@dapted to deal with data parallelism. These heuristicaale
and memory. adapted to distribute loops onto regular architecture®irTh

éB. Available parallelism in applications
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main drawback, which is also why they are so performant, is2) Reduced optimization timé&he most impressive benefit
their limited application domain. of using a regular heuristic is the reduction of the optimiza
Though heterogeneous extensions to these heuristics ht@e time. This comes from the fact that such heuristics are
been developed [15], we propose here a different approg@rametrized. They give their result in function of the gize
based on the combination of irregular heuristics and regul@ameters of the problem. So their running time is independen
ones in the hope to take advantage of the strong points of beththe size of the data manipulated by the application. On the
and to cancel their weak points. contrary, list heuristics look at all the elementary opers
independently and thus their complexity is factor of theesiz
of the computation domain (that is directly related to theada
size). Actually, we will see that the computation time and

We show here a way to enhance irregular heuristics by usifigmery requirements of such heuristics may become overly
regular ones. We call this approaGiiobally Irregular Locally large for large data sizes. o _
Regular optimization. After the explanation of the proposal This computation time reduction is very important because
(see Sectiof IR, we will stress the expected benefits isf ththe architecture exploration is often an interactive task a
approach (see Secti@IIl-B). In Sectibml IV we will detail ayvaiting several hours for an adequation result may lead to

experiment confirming these benefits. less thought out decisions.
3) Reduced code size and complexinother big benefit

A GILR heuristic of keeping the. factorization available for the heuri.stic_ is
' that this heuristic can then generate regular code (cdntain
Our proposal is structured as follows: loops). The nice thing about code with loops is that it is
compact and thus takes less place in memory and thus allows

IIl. PROPOSAL

1) Extract the regular parts of the application and t . .
hardware. or less power consuming architectures.

2) Optimize with a regular heuristic each of the regular Arﬁ thteiz gr:]]egerr]at/eidrcon;n;)ungatttlorn pnagterr?s zzre ;nganr{rgom_
application parts onto each of the regular architectuFBu. catio . € _a 0 _ca. e. etter understood and co uni-
parts. cation media dimensioning is eased.

3) Replace the extracted parts by atomic parts encapsulat’-“II in all, even in the case when the obt_amed Iatgncy 'S
ing them in the description of the application and th ot guaranteed to be better than when using pure irregular

architecture. euristics, the GILR method has clear expected benefits in

4) Characterize these atomic parts with the results of tﬁ%rms of.reduced optlmlzgtlon time and reduced code size an d
regular optimization. complexity. These benefits allow for a more thorough archi-

5) Use an irregular heuristic to optimize this new problenﬁiﬁicﬁggrwon and in the end to less power consuming

Thus the optimization of the irregular task graph is stilhdo
using a well suited list heuristic while the data parallettpa IV. EXPERIMENT
of the application have a chance to be scheduled in a reguiar popiem description
way onto the regular parts of the architecture. In this wag, w

hope to be able to combine to strong points of the different ' "€ application we will study here is very simple. It is a
optimization techniques. matrix-vector product. We will show how it can be mapped

on a regular 2x2 processor grid. Several methods will be
compared:
« the SynDEX [7] tool that implements a list heuristic (with
The expected benefits of such an approach are three-fold: two ways to handle repetition)
better optimization, reduced optimization time and reduce « and a GILR heuristic (here mainly the regular part).
code size and complexity. This example is fully regular and stresses the benefits of
1) Better optimization:Though irregular heuristics such asusing the regularity to improve the algorithm architecture
list heuristics or meta-heuristics can be well tailored tie t adequation.
AAA problem, they are not guaranteed, meaning that we havel) Repetitive ArchitectureThe architecture we are consid-
no way to assess the quality of their result in the genera.casring is consists of homogeneous multiprocessors in tha for
On the other hand, many optimality results exist concernirg a 2x2 grid. The interconnections among the 4 processors
regular heuristics [16]. This alone should lead to optimi@a are point to point (see figurEl 1). Here every processor is
results that are, at least, not far from the ones obtainedby directly connected to the other three processors. The mesig
irregular heuristic alone, though this can not be guarahtee architecture is drawn on SynDEXx. As said above our designed
Furthermore, another point in favor of the regular hewssti architecture is fully repetitive i.e there are many insemof
is that they have the repetition information available velasr same type of processors. We will see in later sections, how we
the irregular ones forget about it and try to optimize usinigave taken benefit of this repetitiveness in architectudegar
lower level information. good results in comparison with SynDEXx generated schedules

B. Expected benefits
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Fig. 2. Dot product modelling in SynDEx
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; } ; B. Data availability and timing assumptions
3 o | 3 To make meaningful comparisons, we take the same as-
4 7 4 sumptions as those in the SynDEx example. Data are coming

from sensors, so they are available at a fix cost on the process
connected to the sensor (3 time units). In the same way, butpu
Fig. 1. 2x2 grid connection network to the actuator of the result takes 3 time units. As shown on
figurel, the matrix is stored on process$grand the vector is
stored on processdt,. The result will be stored on processor

2) Repetitive Compu'Fat|on Applications an application The computation times on all processors are: addition and
we have taken thématrix vector product'which comes as ., iinjication are 2 units each. The communication of an

example with SynDEx CAD tool. The very choice of thISelement is 2 units and the communication time is proportiona

example is well suited, as it presents regular computation B the data size. So the single processor timing for the

different array data. This applicatiqn s repetitivgintbm"n_o_f computation of the matrix vector timing ignm for nm
n_ested loops, as often appear while mampqlatmg mu"'d”neadditions anchm multiplications.
sional arrays. For examples such computations can be seen In

signal and image processing applications. So, what inteuss ¢ Optimization methodologies
more in this type of application is to schedule regular rigpet . -
parts of the application on repetitive parts of architestur We pregeqt here the different heunshgs we compare.

Having this as our basic theme we aim at computing task ast) Heuristic used in SynDExThe optimization heuristic

fast as possible, exploring the data parallelism approdth wProvided by the AAA methodology implemented in SynDEx
less possible overhead in communications of data. allows users to choose between two varialNg® FLATTEN

So for formulation we can saymatrix vector productof or FLATTEN The difference between NO FLATTEN and

one matrixM € R™*™ by vectorV € R™ which gives a FLATTEN is as follows. ) .
resultant vectol’=R", and can be formalized as follows: _ With FLATTEN, references corresponding to explicitly

hierarchical definitions are replaced by the graph of this

" m definition, conditioning and repetitions are expanded.sThi
W = . 1) brocess is iterated until all vertices’s of the transforrgeaph
= > miv; 1) : . . )
o _ become atomic (no hierarchy remains). And later it expldbe a
=1 atomic tasks on different processor accordingly to the $D

Where m is the number of lines of matrix\/, n is the scheduling algorithm (list heuristic) and proposes fineirgra
number of columns of/ and the size of vectoV, m;;: i, j- optimization. The drawback is that no regularity is seen by
th element of matrix\/, v;: j-th element of vectod/. the optimization heuristic. Thus the generated code etgploi

As can be seen on equatidh 1, this computation is repetitiakk the additions and all the multiplications causing a code
and can be seen as a depth two loop nest. The outer Isipe explosion.
iterating over the rows of\/ and the inner loop computing The NO FLATTEN option is an attempt to use the repetition
the dot product of such a row with the vector. This appliaatioto keep the code size compact and avoid the optimization time
is modelled this way in SynDEX. So, the staring dependenegplosion caused by the hierarchy flattening. The method is
graph has this two repetition level structure where the rout® ignore the explicit hierarchy and keep only the top level
level is fully parallel while the inner loop is sequential toof the algorithm graph. This approach leads to a coarse grain
accumulate the element by element multiplications. Fi@ireoptimization that completely disallows the parallilizati of
shows how this inner level is modelled in SynDEX. repetitive constructs. The result for our simple exampla is



mapping of the whole matrix vector product as a unique task only the matrix elements have to be distributed. This is
on a single processor. possible without delay and can be done at the end of the
2) Regular optimizationOur aim here is to produce someprevious round so that no time is lost between rounds. One
allocation that could be produced by a regular heuristiee Tlstill has to send back all the computed results%othis can
idea is to make a data dependence analysis of the loop nbst.done during the next round without any additional delay
Such an analysis would easily discover that the computatiercept for the last round where the result gathering can be
of the dot products of the rows of the matrix by the vectatone during the last addition computation &hn.
are independent and can be computed in parallel. On therinally, the total processing time for this regular schedul
other hand each of these dot products is sequential (if vge
suppose that in SynDEX, the regular heuristics does nohese t 0 = 3+2+ F% (4n) +2+3 @)
knowledge that the addition is commutative and associative = 10+4n |7
Once the parallelism extracted, the mapping of these séiqlien by Efficiency of this scheduleThis schedule is optimal
dot products onto the processor grid can be done withcgnsidering that all processors compute all the time angl onl
clustering heuristic such as tiling. We have chosen here \{git for data on the critical path of the dependence graph.
allocate the rows in a cyclic way to the processors. The Thjs schedule has a number of other advantages concerning
communication allocation is then done in such a way t@source usage. Indeed, the vector is sent only once to all
reduce the communication overhead by overlapping at M@ghcessors and reused in all other computation rounds and no
the communications by computations. The resulting allooat §ata communications are generated during one dot product
is detailed below. computation. So, the communication network usage is known
a) Allocation description: Following our assumptions, and well quantified. The code, containing loops is also very
matrix M is available on processaP; after 3 units. It is compact and so has a low memory usage. It is the same for
the same for vectol” on processor,. As the vector has the accumulator allocation, indeed one can reuse them from
to be broadcast to all processors for the first round of dghe round to the other because their life-time is well defined

product computations, this first round is different from thehjs controlled memory usage is very beneficial to power
others. For the other rounds, the vector is already presest, consumption.

only needs to distribute the rows of the matrix to the process . _
computing their product with’. Thus this is the steady stateD. Simulation results
of the algorithm and can be coded as a loop. The last round has

to handle the computation of the mod 4 last dot products TABLE |

and to gather the results (p,d SIMULATION RESULTS OF MATRIX VECTOR PRODUCT PERFORMED ORX2
To overlap the communications, all vector and matrix row GRID.

transfers are pipelined. This allows to begin the compmati Matrix | SynDEX(unit ime) | Regular(Unit time)

of the dot product as soon as an element has been received. As Size | Flatten | Non-flatten

the communication delay of one element/af or V takes 2 gig gg 2758 52

units and the computation of a multiplication and an additio 16x16 | 303 1062 266

together takes 4 units, all the data transfers can be oyethp 32x32 | 1176 4166 1034

except the first. 64x64 | 4367 16518 4106

The details of the communication scheme is shown on
figure 3. On the X-axis we have increasing computation Table[l shows the optimization results of the 3 heuristics
time and on the Y-axis we have available processors ahg unit time taken to execute task on a 2x2 grid. Further, this
corresponding communication links. The scheduling grapmit time can be understood as number of cpu cycles taken
shows coupled data and task scheduling. As you can see hovexecute the given task. So, to clear the confusions, we are
we managed to have earliest possible starting of compatatiasing "Unit time" taken.
So to bootstrap the computation on the available processors=rom this table we can see that the non-flatten heuristic
one has to exchange data elements. During time steps 3 tof5SynDEx is a very bad choice because it schedules all
the first vector element is broadcast fratnto P, P; andP,. the computation as a big block on an one processor only
Every processor has it now. We then have to distribute thie fiemd can not use multiple processors. The flatten one quite
elements of the matrix rows frol, to P, P; and P;. As the good with respect to our optimal schedule. Without knowing
4 processors are fully connected, this can be done in parad@ything about the repetitive structure of the applicatian
with the broadcast of the first element ©f, except for the the hardware platform, it is able to stay no far from the
communication fromP; to P, as it would use the same linkoptimal. But the gain on latency is not the most impressive
for two communications. That is wh¥, starts to compute 2 result of the regular heuristic.
time units later than the others. The rest of the first round of Indeed, tabl&ll shows the computation time of SynDEX for
dot product computation goes without communication delayise flatten heuristic. The workstation used for SynDEx simu-
as all communications can be overlapped by communicatidation is P4 2.6Ghz, 512DDR RAM. So now, one can imaging
For the steady state of the algorithii,is already available, what will happen, if array size will be 1024x1024. SynDEx
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TABLE I
. ., V. CONCLUSION
TIME CONSUMPTION IN GENERATING THE“FLATTEN” SCHEDULE BY
SYNDEX.
Size [ Timings We have.propose_d in this paper a new way to use efficiently
4x4 | 010s the parallelism that is present in computation intensiveetn
12X816 2-30_ s ded application on SoCs with regular hardware units. Tha ide
3ox35 | 25 mn is to combine irregular heuristics with regular ones to catep
64x64 | 11h a mapping of the application onto the architecture. By this

way, we are able to combine the strengths of both kinds of
heuristics, namely the versatility of irregular heuristiwith

will take days to show the schedule. As the computation §8€ efficiency of the regular ones. The benefits of such an
regular, it can be parameterized on the size of the matrfPproach are a bettg_r optlmlzatlon, obtained in less tintk wi
The regular heuristic, being parameterized will alwaysetai@ Petter resource utilization.

the same amount of time to give its result. Indeed, it is the The potential of thisGlobally Irregular Locally Regular
same result for all sizes. approach has been illustrated by a simple experiment. The

The third very big advantage of the regular heuristic is tiexpected benefits have been well demonstrated by this ex-
size of the generated code that is the same for all sizeslalsoperiment, comparing an irregular heuristic coming from the
the case of the flatten heuristic of SynDEX, all the elemgntaPynDEX tool and a hand-crafted regular one on a matrix
computations are present individually in the code leadingVgctor product. The result show that the irregular hewristis
code size that is proportional to the number of operatiorféjite good in terms of optimization result but that reguari
namely2nm. handling is crucial concerning resource usage.

So all the expected benefits of using a regular heuristic forMore complex experiments need to be done to fully as-
the regular parts of the code are shown by this example:rbetess the method. In particular, we will formalize the regula
optimization, lower computation time and better resourdeeuristic and try it in a systematic way with more complex
usage. applications.
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