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Abstract— In modern embedded systems, parallelism is a good
way to reduce power consumption while respecting the real-time
constraints. To achieve this, one needs to efficiently exploit the
potential parallelism of the application and of the architecture.
We propose in this paper a hybrid optimization method to
improve the handling of repetitions in both the algorithm and the
architecture. The approach is calledGlobally Irregular Locally
Regular and consists in combining irregular heuristics and
regular ones to take advantage of the strong points of both.

I. I NTRODUCTION

When designing Systems-on-Chip (SoCs) for embedded
applications, one often has to deal with hard optimization
problems. Dimensioning the hardware platform in such a
way that the constraints of the system are satisfied is a
challenging problem. Indeed, these constraints are functional,
but also non functional such as real-time or power consump-
tion related. This problem is called “Algorithm Architecture
Adequation” [1].

In many computation intensive applications such as signal
processing or consumer multimedia these requirements are
particularly strong. Hopefully these applications exhibit paral-
lelism and can benefit from multiprocessor architectures. The
goal of this paper is to propose a better way to handle paral-
lelism in the optimization heuristic. We advocate aGlobally
Irregular Locally Regularapproach to this problem. All the
point here is to exploit as well as possible the repetitions in
the algorithm and in the hardware architecture.

After some motivation and related work in Section II, we
will present our proposal in Section III and present a small
experiment to demonstrate the benefits of this approach in
Section IV. We will finally conclude and propose some future
works in Section V

II. M OTIVATION

A. Parallelism to reduce power consumption

When designing applications for embedded systems, one of-
ten wants to reduce power consumption. The usually admitted
formula for power consumption of a SoC is [2]:

αCVdd
2f + IoffVdd

wheref represents the frequency of the chip,Vdd is the supply
voltage.α is a coefficient that takes different values for logic
and memory.

From this formula we can deduce that parallelism is a good
way to reduce power consumption. Indeed, for a given work
amount,W and a given duration (or real-time constraint),τ ,
one can use a single fast processor of frequencyfseq = W/τ
or n slower processors of frequencyfn = W/nτ . This is in
an ideal world where the work can be split inn parts without
overhead (communications, etc). AsVdd can be lowered when
f decreases and appears squared in the power consumption
equation, using parallelism allows to decrease the frequency
and thus the supply voltage and the power consumption of the
chip.

One of the main problems that reduces the efficiency of
parallel algorithms is the overhead caused by communications.
This is particularly true when considering clusters of work-
stations or massively parallel processors. Thus, to program
efficiently such computers, one needs coarse grain parallelism
to be able to overlap communications by computations.

This problem is much less crucial in SoCs because on chip
communications are very fast, nearly as fast as computations.
Communicating one data-element often takes only one or
few cycles. Thus, to be able to overlap communications by
computations, small grain computations may be enough.

From these two remarks, we can conclude that parallelism
(and even fine grain parallelism) is a promising solution to re-
duce power consumption in SoCs. Some regular architectures
have already appeared on SoCs [3], [4], [5], [6].

B. Available parallelism in applications

There are two sorts of parallelism available in applications:
control parallelism and data parallelism. The former is usually
modelled using task graphs while the latter corresponds to
loops in the code or repetitions in tools such as SynDEx [7].

Irregular heuristics such as list heuristics [8], [9], [10],
[11], [12], [13] are good tools to exploit control parallelism.
On the other hand, these heuristics don’t handle easily data
parallelism. These heuristics are general, they can handlea
very large class of problems but they may ignore some high
level information that is available in their input (loop structure
for example).

On the other hand, regular heuristics such as the ones devel-
oped in the automatic parallelism domain [14] are much more
adapted to deal with data parallelism. These heuristics arewell
adapted to distribute loops onto regular architectures. Their
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main drawback, which is also why they are so performant, is
their limited application domain.

Though heterogeneous extensions to these heuristics have
been developed [15], we propose here a different approach
based on the combination of irregular heuristics and regular
ones in the hope to take advantage of the strong points of both
and to cancel their weak points.

III. PROPOSAL

We show here a way to enhance irregular heuristics by using
regular ones. We call this approachGlobally Irregular Locally
Regular optimization. After the explanation of the proposal
(see Section III-A, we will stress the expected benefits of this
approach (see Section III-B). In Section IV we will detail an
experiment confirming these benefits.

A. GILR heuristic

Our proposal is structured as follows:

1) Extract the regular parts of the application and the
hardware.

2) Optimize with a regular heuristic each of the regular
application parts onto each of the regular architecture
parts.

3) Replace the extracted parts by atomic parts encapsulat-
ing them in the description of the application and the
architecture.

4) Characterize these atomic parts with the results of the
regular optimization.

5) Use an irregular heuristic to optimize this new problem.

Thus the optimization of the irregular task graph is still done
using a well suited list heuristic while the data parallel parts
of the application have a chance to be scheduled in a regular
way onto the regular parts of the architecture. In this way, we
hope to be able to combine to strong points of the different
optimization techniques.

B. Expected benefits

The expected benefits of such an approach are three-fold:
better optimization, reduced optimization time and reduced
code size and complexity.

1) Better optimization:Though irregular heuristics such as
list heuristics or meta-heuristics can be well tailored to the
AAA problem, they are not guaranteed, meaning that we have
no way to assess the quality of their result in the general case.
On the other hand, many optimality results exist concerning
regular heuristics [16]. This alone should lead to optimization
results that are, at least, not far from the ones obtained by an
irregular heuristic alone, though this can not be guaranteed.

Furthermore, another point in favor of the regular heuristics
is that they have the repetition information available whereas
the irregular ones forget about it and try to optimize using
lower level information.

2) Reduced optimization time:The most impressive benefit
of using a regular heuristic is the reduction of the optimiza-
tion time. This comes from the fact that such heuristics are
parametrized. They give their result in function of the sizepa-
rameters of the problem. So their running time is independent
on the size of the data manipulated by the application. On the
contrary, list heuristics look at all the elementary operations
independently and thus their complexity is factor of the size
of the computation domain (that is directly related to the data
size). Actually, we will see that the computation time and
memory requirements of such heuristics may become overly
large for large data sizes.

This computation time reduction is very important because
the architecture exploration is often an interactive task and
waiting several hours for an adequation result may lead to
less thought out decisions.

3) Reduced code size and complexity:Another big benefit
of keeping the factorization available for the heuristic is
that this heuristic can then generate regular code (containing
loops). The nice thing about code with loops is that it is
compact and thus takes less place in memory and thus allows
for less power consuming architectures.

As the generated communication patterns are regular, com-
munication behavior can be better understood and communi-
cation media dimensioning is eased.

All in all, even in the case when the obtained latency is
not guaranteed to be better than when using pure irregular
heuristics, the GILR method has clear expected benefits in
terms of reduced optimization time and reduced code size and
complexity. These benefits allow for a more thorough archi-
tecture exploration and in the end to less power consuming
architectures.

IV. EXPERIMENT

A. Problem description

The application we will study here is very simple. It is a
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
two ways to handle repetition)

• and a GILR heuristic (here mainly the regular part).

This example is fully regular and stresses the benefits of
using the regularity to improve the algorithm architecture
adequation.

1) Repetitive Architecture:The architecture we are consid-
ering is consists of homogeneous multiprocessors in the form
of a 2x2 grid. The interconnections among the 4 processors
are point to point (see figure 1). Here every processor is
directly connected to the other three processors. The designed
architecture is drawn on SynDEx. As said above our designed
architecture is fully repetitive i.e there are many instances of
same type of processors. We will see in later sections, how we
have taken benefit of this repetitiveness in architecture and got
good results in comparison with SynDEx generated schedules.
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Fig. 1. 2x2 grid connection network

2) Repetitive Computation Application:As an application
we have taken the"matrix vector product"which comes as
example with SynDEx CAD tool. The very choice of this
example is well suited, as it presents regular computation on
different array data. This application is repetitive in theform of
nested loops, as often appear while manipulating multidimen-
sional arrays. For examples such computations can be seen in
signal and image processing applications. So, what interests us
more in this type of application is to schedule regular repetitive
parts of the application on repetitive parts of architecture.
Having this as our basic theme we aim at computing task as
fast as possible, exploring the data parallelism approach with
less possible overhead in communications of data.

So for formulation we can say:"matrix vector product"of
one matrixM ∈ Rm×n by vector V ∈ Rn which gives a
resultant vectorW=Rn, and can be formalized as follows:

W =





n
∑

j=1

mijvj





m

i=1

(1)

Where m is the number of lines of matrixM , n is the
number of columns ofM and the size of vectorV , mij : i, j-
th element of matrixM , vj : j-th element of vectorV .

As can be seen on equation 1, this computation is repetitive
and can be seen as a depth two loop nest. The outer loop
iterating over the rows ofM and the inner loop computing
the dot product of such a row with the vector. This application
is modelled this way in SynDEx. So, the staring dependence
graph has this two repetition level structure where the outer
level is fully parallel while the inner loop is sequential to
accumulate the element by element multiplications. Figure2
shows how this inner level is modelled in SynDEx.

Fig. 2. Dot product modelling in SynDEx

B. Data availability and timing assumptions

To make meaningful comparisons, we take the same as-
sumptions as those in the SynDEx example. Data are coming
from sensors, so they are available at a fix cost on the processor
connected to the sensor (3 time units). In the same way, output
to the actuator of the result takes 3 time units. As shown on
figure 1, the matrix is stored on processorP1 and the vector is
stored on processorP2. The result will be stored on processor
P1.

The computation times on all processors are: addition and
multiplication are 2 units each. The communication of an
element is 2 units and the communication time is proportional
to the data size. So the single processor timing for the
computation of the matrix vector timing is4nm for nm
additions andnm multiplications.

C. Optimization methodologies

We present here the different heuristics we compare.
1) Heuristic used in SynDEx:The optimization heuristic

provided by the AAA methodology implemented in SynDEx
allows users to choose between two variants:NO FLATTEN
or FLATTEN. The difference between NO FLATTEN and
FLATTEN is as follows.

With FLATTEN, references corresponding to explicitly
hierarchical definitions are replaced by the graph of this
definition, conditioning and repetitions are expanded. This
process is iterated until all vertices’s of the transformedgraph
become atomic (no hierarchy remains). And later it explode all
atomic tasks on different processor accordingly to the SynDEx
scheduling algorithm (list heuristic) and proposes fine grain
optimization. The drawback is that no regularity is seen by
the optimization heuristic. Thus the generated code exploits
all the additions and all the multiplications causing a code
size explosion.

The NO FLATTEN option is an attempt to use the repetition
to keep the code size compact and avoid the optimization time
explosion caused by the hierarchy flattening. The method is
to ignore the explicit hierarchy and keep only the top level
of the algorithm graph. This approach leads to a coarse grain
optimization that completely disallows the parallilization of
repetitive constructs. The result for our simple example isa



mapping of the whole matrix vector product as a unique task
on a single processor.

2) Regular optimization:Our aim here is to produce some
allocation that could be produced by a regular heuristic. The
idea is to make a data dependence analysis of the loop nest.
Such an analysis would easily discover that the computation
of the dot products of the rows of the matrix by the vector
are independent and can be computed in parallel. On the
other hand each of these dot products is sequential (if we
suppose that in SynDEx, the regular heuristics does not use the
knowledge that the addition is commutative and associative).
Once the parallelism extracted, the mapping of these sequential
dot products onto the processor grid can be done with a
clustering heuristic such as tiling. We have chosen here to
allocate the rows in a cyclic way to the processors. The
communication allocation is then done in such a way to
reduce the communication overhead by overlapping at most
the communications by computations. The resulting allocation
is detailed below.

a) Allocation description: Following our assumptions,
matrix M is available on processorP1 after 3 units. It is
the same for vectorV on processorP2. As the vector has
to be broadcast to all processors for the first round of dot
product computations, this first round is different from the
others. For the other rounds, the vector is already present,one
only needs to distribute the rows of the matrix to the processors
computing their product withV . Thus this is the steady state
of the algorithm and can be coded as a loop. The last round has
to handle the computation of them mod 4 last dot products
and to gather the results onp0.

To overlap the communications, all vector and matrix row
transfers are pipelined. This allows to begin the computation
of the dot product as soon as an element has been received. As
the communication delay of one element ofM or V takes 2
units and the computation of a multiplication and an addition
together takes 4 units, all the data transfers can be overlapped
except the first.

The details of the communication scheme is shown on
figure 3. On the X-axis we have increasing computation
time and on the Y-axis we have available processors and
corresponding communication links. The scheduling graph
shows coupled data and task scheduling. As you can see how
we managed to have earliest possible starting of computation.
So to bootstrap the computation on the available processors,
one has to exchange data elements. During time steps 3 to 5
the first vector element is broadcast fromP2 to P1, P3 andP4.
Every processor has it now. We then have to distribute the first
elements of the matrix rows fromP1 to P2, P3 andP4. As the
4 processors are fully connected, this can be done in parallel
with the broadcast of the first element ofV , except for the
communication fromP1 to P2 as it would use the same link
for two communications. That is whyP0 starts to compute 2
time units later than the others. The rest of the first round of
dot product computation goes without communication delays
as all communications can be overlapped by communication.

For the steady state of the algorithm,V is already available,

so only the matrix elements have to be distributed. This is
possible without delay and can be done at the end of the
previous round so that no time is lost between rounds. One
still has to send back all the computed results toP1 this can
be done during the next round without any additional delay
except for the last round where the result gathering can be
done during the last addition computation onP1.

Finally, the total processing time for this regular schedule
is

δ = 3 + 2 +
⌈

m
4

⌉

(4n) + 2 + 3
= 10 + 4n

⌈

m
4

⌉

.
(2)

b) Efficiency of this schedule:This schedule is optimal
considering that all processors compute all the time and only
wait for data on the critical path of the dependence graph.

This schedule has a number of other advantages concerning
resource usage. Indeed, the vector is sent only once to all
processors and reused in all other computation rounds and no
data communications are generated during one dot product
computation. So, the communication network usage is known
and well quantified. The code, containing loops is also very
compact and so has a low memory usage. It is the same for
the accumulator allocation, indeed one can reuse them from
one round to the other because their life-time is well defined.
This controlled memory usage is very beneficial to power
consumption.

D. Simulation results

TABLE I

SIMULATION RESULTS OF MATRIX VECTOR PRODUCT PERFORMED ON2X2

GRID.

Matrix SynDEx(unit time) Regular(Unit time)
Size Flatten Non-flatten
4x4 40 78 26
8x8 98 288 74

16x16 303 1062 266
32x32 1176 4166 1034
64x64 4367 16518 4106

Table I shows the optimization results of the 3 heuristics
by unit time taken to execute task on a 2x2 grid. Further, this
unit time can be understood as number of cpu cycles taken
to execute the given task. So, to clear the confusions, we are
using "Unit time" taken.

From this table we can see that the non-flatten heuristic
of SynDEx is a very bad choice because it schedules all
the computation as a big block on an one processor only
and can not use multiple processors. The flatten one quite
good with respect to our optimal schedule. Without knowing
anything about the repetitive structure of the applicationnor
the hardware platform, it is able to stay no far from the
optimal. But the gain on latency is not the most impressive
result of the regular heuristic.

Indeed, table II shows the computation time of SynDEx for
the flatten heuristic. The workstation used for SynDEx simu-
lation is P4 2.6Ghz, 512DDR RAM. So now, one can imaging
what will happen, if array size will be 1024x1024. SynDEx
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Fig. 3. Proposed regular schedule for Mat-Vect dimension 8X8

TABLE II

TIME CONSUMPTION IN GENERATING THE“FLATTEN” SCHEDULE BY

SYNDEX .

Size Timings
4x4 0.10 s
8x8 0.30 s

16x16 1 min
32x32 25 min
64x64 11 h

will take days to show the schedule. As the computation is
regular, it can be parameterized on the size of the matrix.
The regular heuristic, being parameterized will always take
the same amount of time to give its result. Indeed, it is the
same result for all sizes.

The third very big advantage of the regular heuristic is the
size of the generated code that is the same for all sizes also.In
the case of the flatten heuristic of SynDEx, all the elementary
computations are present individually in the code leading a
code size that is proportional to the number of operations,
namely2nm.

So all the expected benefits of using a regular heuristic for
the regular parts of the code are shown by this example: better
optimization, lower computation time and better resource
usage.

V. CONCLUSION

We have proposed in this paper a new way to use efficiently
the parallelism that is present in computation intensive embed-
ded application on SoCs with regular hardware units. The idea
is to combine irregular heuristics with regular ones to compute
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 heuristics with
the efficiency of the regular ones. The benefits of such an
approach are a better optimization, obtained in less time with
a better resource utilization.

The potential of thisGlobally Irregular Locally Regular
approach has been illustrated by a simple experiment. The
expected benefits have been well demonstrated by this ex-
periment, comparing an irregular heuristic coming from the
SynDEx tool and a hand-crafted regular one on a matrix
vector product. The result show that the irregular heuristic was
quite good in terms of optimization result but that regularity
handling is crucial concerning resource usage.

More complex experiments need to be done to fully as-
sess the method. In particular, we will formalize the regular
heuristic and try it in a systematic way with more complex
applications.
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