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Abstract

Sngle-chip multi-processor embedded system becomes
nowadays a feasible and very interesting option. What is
needed however isan environment that supportsthe designer
in transforming an algorithmic specification into a suitable
parallel implementation. In this paper we present and
demonstrate an important component of such an environ-
ment - an efficient design space exploration algorithm. The
algorithm can be used to semi-automatically find the best
parallelization of a given embedded application. It employs
functional pipelining [13] and data set partitioning [16]
simultaneously with source-to-source program transfor-
mations to obtain the most advantageous hierarchical
parall€elizations.

1 Introduction

As the application area of the embedded processors widens,
the demands on their performance are constantly growing.
Until now, instruction level parallelism has been successfully
exploited to satisfy these high performance requirements.
Practice shows however that increasing the number of con-
currently operating functional units of typical ILP (instruc-
tion level parallel) architectures above a certain level does
not necessarily lead to significant performance gains[9]. In-
stead, high hardware costs and inefficient use of this hard-
ware occurs. The advent of sub-micron processing, allowing
integration of millions of transistors on a single carrier, has
brought new opportunitiesin the embedded system design. A
multi-processor embedded system becomes nowadaysavery
interesting aternative. This both in terms of the hardware
cost and performance. Especialy, if the system consists of
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several (different) ASIPs (application specific instruction set
processor), each with functionality optimized for the subtasks
which they have to perform. Code partitioning among the
processors leads then to exploitation of the course-grain par-
allelism (task parallelism and paralelisminloops[4]), while
the fine-grain (instruction level) parallelism [9] is exploited
locally by each of the processors.

In the past several environmentsfor the embedded system
design have been realized (alot of references can be found
in[7, 8, 12]). Also a number of papers specifically about
multi-processor system design havebeen published [ 3, 2, 15].
None of them however addresses the problem of the auto-
matic extraction of the parallelism from the system specifi-
cation.

In this paper we propose anew approach to mapping of an
embedded applicationwrittenin ANSI C onto acost-efficient
heterogeneous multi-processor. 1ts uniquenessliesin acom-
bination of the state of the art automatic A S|P synthesis soft-
ware with a coarse- and fine-grain parallelism exploitation
methodology.

The paper is organized as follows. Section 2 states the
problem. Section 3 isdevoted to the introduction of different
parallelization methods. The system design space exploita
tion algorithm is presented in section 4. The performance of
the algorithm is demonstrated on the frequency tracking sys-
tem in section 5. Section 6 concludesthe paper.

2 Problem statement

Multi-processor system design involvesfinding amapping I'
of aprogram graph Gp(V, E) onto an architecture template
graph G 4 (P, C'), such that the resulting hardware-software
solution satisfies the price-performance specification for the
design. Inthese graphs, V' is the set of program statements,
E the set of dataand control dependenciesbetween the state-
ments, P the set of processing elements and C the intercon-
nection network between them. An example multi-processor
architecture can include a set of ASIPs, possibly with local
memories, communicating viaacombination of fast interpro-
cessor links and/or shared memory. In our case the ASIPs
are designed using the MOVE framework [5]. The architec-
tural variablesdefining the design space are shownin table 1.
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Our goal is to find a design trade-offs curve II, connecting

a set of Pareto pointsin the 2-dimensional cost-performance

space [11] for a given application (see examplein figure 10;

asthe cost usually the chip area, power dissipation or number

of packaging pinsis used). Having it, we can select a cost-

efficient and feasible (satisfying the constraints) solution.
Symbol | Description

Number of processors

Set of parall€elization methods used

Set of parallelized program parts (i.e. loops)

Mapping of partitionsto processors

Mapping of datatransfersto inter-

processor communication hardware

Hardware configuration of ASIPs

| | @ | =

LS

Table 1: Variables in the design space of the heterogeneous
multi-processors.

3 Paralldization methods

Basically, we can distinguish two parallelization modes.
They can be defined as follows:

Definition 1 In operation-parallel mode different opera-
tions of a single threaded program are executed in parallel.
The data-par allel mode involves applying one or more oper-
ationsto many data itemsin parallel.

Figure 1 demonstrates these modes when applied to a sin-
gle FOR loop with 9 iterations containing three operations
A, B,C. Notation A; denotes an instance of the operation
A executed in iteration . Parallelization can be obtained by
either partitioning the execution of thisloop in horizontal or
vertical direction. In the first case iterations: = 1..3 would
be executed on processor 1, iterationsi = 4..6 on the sec-
ond one, etc. (data-parallel mode). Alternatively, the verti-
cal partitioning may result in the operation-parallel modein
which operations A, B, C' may be executed in parallel (A on
the first processor, B on the second one, etc.). Note that not

iterations

S C

operations

(64 [cd [ed{ed (S [Cel[c7

Figure 1: Operation-parallel and data-parallel parallelization
modes - vertical and horizontal partitioning.

only theloopsof aprogramsuit well for parallelization. Also
straight-line code sections can often be parallelized (coarse-
and fine-grain).

Often direct parall€elization is not advantageous. A series
of codetransformations[16] are necessary to enabl e efficient

parallelization. For example, to allow abetter index set parti-
tioning of aloop nest, acombination of loop interchange and
tilling can be used. If wetakethese code transformationsinto
account then parallelization methods can be defined as fol-
lows:

Definition 2 A parallelization method is an element of the
following set:
{P}={T}" @ {M},

where T isthe set of the code transformationsand M the set
of the parallelization modes.

4 Design Space Exploration

Our design space exploration agorithm takes as input the
system specificationin ANSI C, accompanied by severa pa-
rameters, as for example the maximal number of proces-
sors available and a set of parallelization methods to be at-
tempted (asdefined section 3). Pushingthedesigninacertain
direction is possible as well, for example by specifying that
some program fragments have to be parallelized in a certain
way. Such extra directives prune the search space. In addi-
tion, the algorithm requires providing profiling information.
It can be obtained by code profiling on an oversized ASIP
architecture and with software compilation options for max-
imal ILP exploitation (the performance metrics obtained in
this way represent optimistic bounds).
To explain the algorithm, we define the following;:

Definition 3 A context graph C(V, E) of a program is a
directed graph with tree kinds of vertices (procedure, loop
and block). Block vertices represent code segments between
loopsand procedurecalls. Thereisan edge between two ver-
tices if they are nested within each other, or if one calls an-
other. Theroot vertex of C(V, E) is the procedure main().
With every vertex a coefficient /(v) is associated. It repre-
sents the total number of clock cycles (latency) required to
execute its code (including successor vertices). Also every
edgecarriesonecoefficient - f(e), which takesavaluediffer-
entthan 1incaseit targetsa procedurevertex for aprocedure
called frommorethan one placein the program. In such case
this value represents a fraction of the vertex latency which is
dueto that calling site.

Definition 4 A speedup function SF,(N) of vertex v gives
the local speedup at this vertex as a function of the number
of processors used at v (example speedup functions can be
seenin figure 8).

4.1 System design space exploration algo-
rithm

The algorithm for system design explorationis shownin fig-
ure 2. It has been optimized to avoid repeatedly performing
the most time consuming tasks in every step. Therefore the

83



general code transformations® and data dependency analysis
aredoneat the very beginning. For the sasmereasonsthefinal
paralelization and code generation is performed at the end
only.

The agorithm performsthe following four major steps:

1. After some initialization code, calculate the speedup
function for the main procedure: for each number of
available processors NV, find a set of applied paralleliza-
tion method(s) X and a set of parallelized program frag-
ments © which optimize the overall speedup. As side
effect the speedup functions for al other vertices in
C(V, E) arecalculated.

2. Code partitions for each point in the speedup func-
tion, which are the result of the paraldlization, are
mapped onto available processors, data transfers onto
inter-processor communication links (=, ®). The code
partitions are mapped onto the processors using the as-
sumption that the serial parts of the program are always
executed on processor 1. At barriers (moments when
parallel executionis started or terminated) the code par-
titions are assigned to available processors.

3. For each point in the speedup function SE,,qin(IV),
a design trade-offs curve I1x between the cost and
the performanceis calculated (by exploring the design
spaces of all processors, seefigure 9).

4. TheIly curves are combined to form a single design
trade-offs curveII (seefigure 10).

Apply a set of general code transformations;
Do data dependency anal ysis;
Bui |l d the context graph C(V,E);
for (all ve Vand N=1 ... Npaz ) SF,(N)=1;
S Fpnain=SPEEDUP( nai n) ;
Map code partitions to processors, data transfers
to conmmuni cation links for points in SFpain;
Do design space exploration of the processors
for points in SF,ain;
Conmbine results into a design trade-offs curve II;

Figure 2: System design space exploration algorithm

SpeedupFuncti on SPEEDUP( v) {
for (all { w | w=suce(v) A
S Fy=SPEEDUP( W) ;
PARALLELI ZE(v, SFy);
Ret urn SFy;

}

L(w) > a} )

l(main) =

Figure 3: The SPEEDUP function

1A transformation is general if it can be applied to most loops, indepen-
dent of their structure.

Thefunction called SPEEDUP is presented in figure 3. As
can be seen, the speedup functionsfor al verticesin the pro-
gram are calculated recursively. Only vertices with p(v) =

lv) > 4 are considered. The value of the coefficient a

l(main)

should exclude verticeswhich form amarginal part of theto-
tal computation time. Accelerating vertices with low p(v) is
very unlikely to deliver any significant speedup even if many
processors are used.

4.2 Paralldization

After the speedup functions of the successors are calcu-
lated (first loop inside the SPEEDUP procedure), the paral-
Ielizations at the vertex v are attempted. Three different sit-
uations are possible (see figure 4; notation Part, (R, N) de-
notesasolution obtained for NV processorsand parallelization
p with R partitions at the vertex v, R < N):

1. Vertex-only paralléization: only the vertex v itself is
paralelized (top-left); i.e. R = N.

2. Successors-only parallelization: only the successor ver-
tices of v are paralelized (top-right); i.e. R = 1.

3. Hierarchical parall€elization: the vertex v itself isparal-
Ielized, in combination with successor vertices (bottom-
left and bottom-right);i.e. 1 < R < N.

Part (3,3) Part (1,2)

11 ]
the bottleneck
Part, (2,3) ~~ partition Partv(2,4)

Figure4: Parallelizationsat v

27 [ 1y

Figure5 presentsthe space of the possible parallelizations,
together with a speedup function for v. The hierarchical par-
allelizations (the third situation) lie within the shaded trian-
gle, the paralelizations of the first group on the diagonal,
whilethe successor-only parallelizationson the N-axis. The
dashed lines point to the pointsin the speedup functionwhich
aredefined by taking maximum over the pointslying onthese
lines in the parallelizations space.

At v we consider only hierarchical parallélizationsin the
operation-parallel mode?. Thisisnot an essential limitation;
it is expected that in most cases hierarchical data-parallel
mode parallelizations do not deliver better results than the
single level ones.

2A parallelization of aloop nest with n loopsis not considered a hierar-
chical parallelization and is attempted.
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Figure 5: The space of possible parall€lizations at v.

The number of processors used at vertex v, Nproc(v) can
be calculated using the following formulas:

> Nproe(b) (1)

beB(v)

Nproc(v) =

Nproc(b) = Nproc(w) (2)

max
{w|w=succ(v)AwCb}

where B(v) is the set of partitions at the vertex v and
Nproc(b) the number of processors used inside successor
nodes of the partition b.

To obtain exact results for the hierarchical parallelizations
a substantial number of aternatives (combinations of the
points in the speedup functions of the successor vertices)
would have to be considered. It can be shown that the num-
ber of aternatives K can be calculated using the following
formula:

max

N, N-—1
K=Y [2+ Y (N-R+1)7 ©)
N=2 R=2

where R isthe number of partitionsat v and z the number of
successor verticesof v. For exampleif z = 6 and Ny, = 6
then, using this formula, we obtain K = 26270 combina-
tions. In practice this number will be dlightly smaller since
some alternatives cannot result in alegal parallelization, but
still we would have to run our parallélization algorithms for
the mgjority of them. Thiscan very easily result in unaccept-
ably long run times.

The following example shows a more practical method of
obtaining alegal parall€elization:

Example 1 Suppose that we are at a point to find optimal
parallelization of a vertex v onto 4 processors, with two par-
titions at v (i.e. Part,(2,4)). We can start with the previ-
oudly obtained parallelization Part, (2, 3) (see the bottom-
left part of figure 4). Since the parallélization method p is

operation-parallel both partitionsat v will beexecutedin par-
allel. One of these partitions will probably have larger la-
tency (in the figure it appeared to be the right one). Only by
accelerating this*“ bottleneck” partition further speedup can
be obtained. Therefore we allocate one extra processor to
one of the successor vertices of that partition (bottom-right
part of figure 4).

To avoid the high computational complexity wedecided to
use an approximation algorithm to calculate the best paral-
Ielizations at v (the PARALLELI ZE procedure in figure 6).
In its body, the apply(v,p,R) procedure applies a paralleliza-
tion method p at v with R partitionsat v and returns the ob-
tained parallelization X. The obtained speedup depends on
the parallelization method used and is calculated using the
sp(p,X) procedure.

First, appropriate points from the speedup functions of
the successor vertices are selected and the speedup S cal-
culated (first FOR loop). Subsequently paralldizationsp €
P (recall def. 2) on N = 2..N,,,. processors are tried.
In the first inner loop, a paralelization of the vertex v it-
self is attempted. Then, if the parallelization method is
operation-paralld the hierarchical onesaretried. We follow
the methodol ogy from the example 1. The optimal previous
solution Part,(R, N — 1) isused as the starting point (fol-
lowing arrows in figure 5). We identify the bottleneck parti-
tion at v and attempt using an extra processor on its successor
vertices to further speedup v.

PARALLELI ZE( v, SFy) {
[***** gsuccessors-only parallelization ****x/
for (N=2 N< Npaz; N=N+1) {

B I(w)
s = l(’U)/ Z{w|w:succ(v)} Squ(}N)
SFy(N)=max (SFy(N), S);

}
for (all p € P ) {
for (R=2; R< Nmaz; R=R+1) {

[***xx yertex-only parallelization ********%x%/
for (all {w | w=suce(v)} ) Select SF,(1);
X=appl y(v,p, R) ;

SFy(R)=max (SFy(R), sp(p,X));
if ( pis operation-parallel ) {
[***xx hjerarchical parallelization
for (N=R+1, N< Npaz; N=N+1) {
Identify bottleneck part. b at v in X;
for (all {w | w=succ(v) A w C b} )
Sel ect next point in SF,;
X=appl y(v,p, R) ;
SF,(N)=max (SF.(N), sp(p, X));

********/

1333

Figure 6: Parall€elization of the vertex v

4.3 Computational complexity

Themaximal number of the parallelizationtry-outsnecessary
per vertex and per parallelization method isasmall constant,
which depends only on the number of points in the speedup
function (equal to the number of pointsinthearea R > 2 in
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figure5):

Nmaa
v= Y (o= oo Bne 2D g
n=2

For examplefor N, = 6 weobtain Y = 15 tries, which
is much less than the number of combinations possible (re-
cal eq. 3). Thistogether with the fact that each vertex isvis-
ited only once has apositive effect on the total computational
complexity of the algorithm. This complexity is O(N2,,, -
VI-1P)).

5 Casestudy

In this section we present an example application of our al-
gorithm - the frequency tracking embedded system from [6].
The system specification contains about 2k lines of ANSI C
source code. In its main loop, the program reads a stream
of samples (complex numbers) and uses LM S (adaptive sig-
nal enhancement) to determine instantaneous frequency es-
timates. A 1024-point FFT (fast Fourier transform) is then
used to determine the frequency response of the adaptivefil-
ter every 100 input samples.

In the experiments we used a combination of tools
belonging to the MOVE automatic processor generation
framework [5], and the SUIF parallelizing compiler [1].
For functional pipelining a set of new tools operating on
SUIF (Stanford University Intermediate Format) has been
implemented [13].

First, we compiled the frequency tracking program with
the gcc-move compiler, then scheduled it with the MOVE
scheduler [9]. The options for maximal ILP exploitation
(including software pipelining) and oversized architecture
(large number of move busses and FUs) were used. The gen-
erated code was simulated using the move simulator to ob-
tain detailed profiling information. A number of general code
transformations has been applied to this code. For example
theIms() and fft() functionswere inlined inside the FOR loop
bodies F20 and F15. The context graph including computa-
tion distribution information is presented in figure 7. For the
sake of readability, only the loop and procedure vertices are
shown. Vertices which are marked with "*’ are suitable for
data-parallel mode, while the ones with '# for operation-
parallel mode parallelization. The detailed data dependency
vectorswere generated using the combined static & dynamic
methodology described in [14]. Communication overhead
was estimated assuming the availability of fast bidirectional
interprocessor links only.

Subsequently the SPEEDUP procedure was called to gen-
erate the speedup functions. The following parameters were
used: N,z = 4, a = 0.01. Severa verticeswith p(v) < a
wereskipped (F57, F91, F121, F72). Total of 297 paralleliza-
tions were attempted. The generated speedup functions for
the most important verticesin the context graph are presented
infigure 8. As can be seen from the speedup function for the
whole program (SFiqin), an overall speedup varying from

F20 F57 F9
[ 51% |# [o01% |* [ 07%]*

F72
[ 0.15%] [a1% |# [ 4% | #

F120 /\ F192

[ #
F199

"

Ims

F19 Fo4 F90
[18% |* [17% |+ [ 10%]

* - data-parallel
# - operation-parallel

Figure 7: Context graph for the frequency tracking system
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34 —
2.5
b2
154
1]

0.5

0+ T T T T —
F19 F64 F199 F120 F312 F20 F15 main

‘Dlproc W2 procs O3 procs 04 procs ‘

Figure 8: Speedup functions for selected vertices from fig-
ure7

1.92 to 2.78 could be obtained. The point for N,..c = 2
involves operation-parallel mode parallélization of the F15
loop, while the speedup of 2.78 on 4 processors can be ob-
tained by applying in addition parallelizations to the loops
F19 and F64 in Ims, and to the loops F120, F199 and F312
in fft.

Next the design trade-offscurves IIy for N = 1..4 were
generated using the Explore tool of the MOV E framework.
Figure 9 presents these curves. To combine them we haveto
select Pareto points from each curve. In our case this results
in the design trade-offs curve presented in figure 10. Note
that points for implementations with larger number of pro-
cessors lie to the right of the implementations with smaller
N.

After obtaining the combined speedup function one of the
points had to be selected. The specified timing constraint
was 150 ms (required speedup of 1.48). The point for the
configuration with only 2 processors turned out to be suffi-
cient (marked in figure 10). Note, that none of the single
processor solutions, even with many FUs, meets the timing
constraints. The obtained multi-processor is presentedin fig-
ure 11. Besides standard components, processor 1 included
2 ALUs, 1 FPU, 2 Load-Store units and 8 move busses. The
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Figure 9: The design trade-offs curvesfor different numbers
of processors used.
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Figure 10: The combined design trade-offs curve.

second processor turned-out to be smaller - included only 1
ALU, 1FPU, 1L oad-Storeunitand 5 movebusses. Both pro-
cessorswereequi ppedwith small instruction cachesand local
memories. Also afast bidirectional interprocessor commu-
nication link has been included; each COMM unit contains
a FIFO supporting asynchronous communication. Note also
that the multi-ported (integer) register file can easily be split
into four dual ported register files (see [10]).

—— 1 " Processor "2"
[ ARY LD-ST FPU COMM '

i| [INTEGER
| |REGFILE|

FLOAT
REG.FILE|

I-FETCH

IMMED| !

OOLEAN
REG.FILE|

T EXTERNAL
BUS INTERFACE]

Processor 1;

FPU

i
ﬁqﬁﬁ*

| |INTEGER FLOAT | IBOOLEAN|  cereyt| | MmED| | IMMED]| |
—| i |REGFILE REGFILE |REGFILE| :

COMM

PAr4d]

I-CACHE

Figure 11: Theinstant frequency tracking multi-processor.

6 Conclusions

In this paper we proposed a new design space exploration al-
gorithm for semi-automatic mapping of the embedded appli-
cation onto a cost-efficient heterogeneous multi-processors.
Its unigueness lies in a combination of the state of the art

automatic ASIP synthesis software with a coarse- and fine-
grain paralelism exploitation methodology. The computa-
tional complexity of the algorithm is linear in the number of
loopsinthe program andin the number of applied paralleliza-
tion methods. Its applicability was demonstrated on a case
study of the frequency tracking system.

The presented approach can be easily extended to handle
real-time reactive embedded systems with many subtasks.
We can consider each subtask separately when calculating
the speedup functions. After that, perform the mapping of
the task partitions onto the processors and do the processors
design space exploration. Once the trade-offs functions are
calculated we should check them for possible subtask con-
straints violations and then combine them and select points
which satisfy the global constraints.
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