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ABSTRACT

Methods for an efficient mapping of algorithms to parallel
architectures are of utmost importance because many state-
of-the-art embedded digital systems deploy parallelism to
increase their computational power. This paper deals with
the mapping of loop programs onto processor arrays imple-
mented in an FPGA or available as (reconfigurable) coarse-
grained processor architectures.

Most existing work is closely related to approaches
from the DSP domain and is not able to exploit the full par-
allelism of a given algorithm and the computational poten-
tial of a typical 2-dimensional array. In contrast, we present
a mapping methodology which incorporates many impor-
tant parameters of the target architecture in one approach.
These are: number of processing elements, resources of the
data path and memory within a processing element, and in-
terconnection within the processor array. Based on these
parameters, we formulate an optimization problem whose
solution specifies an efficient mapping of an algorithm to
the target architecture. We can optimize for speed of the
algorithm and/or hardware cost caused by the communica-
tion and computation resources of the architecture.

KEY WORDS
Processor Array, Interconnection, Data Path, Hardware
Mapping, Integer Linear Programming.

1 Introduction

The desire for more mobility and the enthusiasm for ubig-
uitous electronic gadgets on the one hand side and the
unbowed progress in semiconductor industry on the other
hand are driving forces in the market of embedded digi-
tal systems. The growing number of stream-based appli-
cations is eager for computational power. Examples for
such systems include handhelds for digital audio and video
broadcasting, next generation game and entertainment con-
soles with high-definition television (HDTV) support and
high-capacity storage media like HD DVD or Blu-ray Disc,
or sophisticated applications in medical image processing
and radar technology with real-time requirements. In order
to handle the different requirements on performance, power
consumption, and cost, increasingly more and more un-
conventional processors are developed which consist of an

513-147 71

Frank Hannig andiifgen Teich
Department of Computer Science 12
University of Erlangen-Nuremberg
91058 Erlangen, Germany

email: {hannig, teich@cs.fau.de

array of processors. Unfortunately, currently there barely
exist mapping tools which are able to focus the hardware
complexity of such devices. Hence, parallelization tech-
nigues and compilers will be of utmost importance in order
to map computationally intensive algorithms efficiently to
these processor arrays.

In this context, our paper deals with the specific prob-
lem of mapping a certain class of regular nested loop pro-
grams onto a dedicated processor array with resource con-
straints. This work can be classified to the area of loop
parallelization in the polytope model [1].

The contributions of our paper can be summarized as
follows:

1. Exploitation of the resources of the data path
for a minimal computation time of the algorithm
(Section 4.1).

2. Efficient routing within the processor array with mini-
mal communication cost caused by data dependencies
(Section 4.2).

3. Combined approach for 1. and 2. with an optimal
schedule and allocation for all operations of the al-
gorithm (Section 4.3).

The novelty of our work is characterized by a model
which considers the resources of the target architecture for
communication and computation purposes in a combined
approach.

The rest of this paper is organized as follows. In
Section 2, we give an overview of related work and the ar-
chitectures we are dealing with. Afterwards, in Section 3,
we specify the problem that we solve in Section 4. Finally,
in Section 5, we draw some conclusions.

2 Related Work and Background

Much research effort was spent on the field of coarse-
grained architectures and resulted in academic system pro-
totypes as well as commercially available systems. A de-
tailed overview of some academic coarse-grained architec-
tures can be found for example in [4]. Well-known com-
mercial architectures include the D-Fabrix [5], the DRP
from NEC [6], the PACT XPP [7], Bresca from Silicon
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Figure 1. Example of & x 6 weakly-programmable processor array (WPPA) with reconfigurable interconnection [2, 3].

Hive (Philips) [8], or QuickSilver Technology’s Adaptive
Computing Machine (ACM) [9]. Other concepts combine
reconfigurability withweak-programmabilityas depicted

in Fig. 1. Such a so-calledeakly-programmable proces-
sor arrays(WPPA) consist of an array af; x 1, process-

ing elements (PE) that contain several processing units with
only very few memory and regular interconnect structures.
In order to efficiently implement a certain algorithm, each
PE may implement only a certain function range. The PEs
are called weakly-programmable because the control over-
head of each PE is optimized and kept small. The massively
parallelism might be expressed by different types of paral-
lelism: (1) several parallel working weakly-programmable
processing elements (WPPESs), (2) functional and software
pipelining, and (3) multiple functional units within one
WPPE.

Only few research work is published which deals with
the compilation to coarse-grained reconfigurable architec-
tures. The authors in [10] describe a compiler framework
to analyze SA-C programs, perform optimizations, and au-
tomatically map the application onto the MorphoSys archi-
tecture [11], a row-parallel or column-parallel SIMD (Sin-
gle Instruction-stream Multiple Data-Stream) architecture.
This approach is limited since the order of the synthesis
is predefined by the loop order and no data dependencies
between iterations are allowed. Another approach for map-
ping loops onto coarse-grained reconfigurable architectures
is presented by Dutt et al. in [12]. Outstanding in their com-
pilation flow is the target architecture, the DRAA, a generic
reconfigurable architecture template which can represent a
wide range of coarse-grained reconfigurable arrays. The
mapping technique itself is based on loop pipelining and
partitioning of the program tree into clusters which can be
placed on a line of the array.

72

Within the scope of processor array design, the inter-
connection between the processing elements is taken into
account in [13]. The data path design is regarded in detalil
in [14]. Comparable models for the usage of registers are
presented in [15, 16] for a single processor machine.

3 Problem Definition

In preparation of the problem definition, first, we introduce
the algorithm class which we considegstems of uniform
recurrence equations (SUREAfterwards, we briefly de-
scribe the parameterized partitioning method to map an al-
gorithm to a WPPA. Finally, we formulate the problem that
we solve in this paper.

Definition 1 (SURE) A system of uniform recurrence
equations consists of statements; to .S; of the form

S]' DYy [i] = fj(,yl[i—dj’l],)Vl EIj, i,7 €N,
wherei denotes arterationin the iteration spaceZ; of
statementS;, Z; is a convex polytope ang; denotes a
single-valued function. A variablg that is computed by
statementsS; is a dependent variabl# it is input to some
(other) statemens;. Vectord;; denotes the correspond-
ing uniform data dependency.

The number of instances of stateméitis given by
the number of points (iterations) of iteration spdge The
convex hullZ = conlJ;Z;) C Z" describes the com-
mon iteration spaceZ of the algorithm. In Algorithm 1,
we show the edge detection algorithm (EDA) in the nota-
tion of a SURE as an example which we use to demonstrate
our methods throughout this paper.



Algorithm 1: Edge detection algorithm (EDA)

St plyl=pily], (y) €T

Sy : alyl=2-p[321], (y) € T2

Ss mlyl=plis]+p %], (y) €Is

S ha[y]=hi[y] +qly], (y) €Ta=1Is
Ss o[yl =p [ +plu5], (y) €Ts

Se vz [yl =v1 [yl +aly], (y) €Ze=1Is
S halgl=ha [377] —haly21],  (§)€Ir

Ss ha[y] = Ihs[y]], (y) €Is=1Ir
Sy : vs[yl=w2 [123] —v2 [")'],  (§) €To=1Ir
S1o va [y] = |vs [5]], (y) €Tw=1r
S11 syl =haly] +valy], (y) €Tu=1Ir
S1o Do [ﬁ:i} = min(255, s [y ]), (y) €Te=1I7
with

0<z<N—1 1<z<N
i ={(y) eZ?| oggngfl b Lo={(y) €Z?| 1§Z§A/l}'

I ={(3) €2’ | L5550 ) T ={(3) € 22| 52520 ),
Ir={(3) € 2’| 35,2y and I = {(5) € Z*| 35,237}

In order to map an algorithm to a WPPA, one needs to:
1) determine an order of execution for all iterations (sched-
ule), 2) assign a WPPE to each iteration where the compu-
tational tasks of that iteration take place (allocation). By
application of a partitioning method, we obtain mappings
that are characterized by high regularity which is desirable
in the design of WPPAs [2, 3]. In this paper, we consider
cally parallel globally sequential (LPGS) partitionifig7].
Other scheduling schemes can be regarded similarly.

LPGS partitioning is characterized by a tiling step
which separates the iteration space into two-dimensional
partitions (tiles) of siza}; x 9, i. e., each partition can
be mapped directly to the WPPA (allocation). Fig. 2 shows
an excerpt of the tiled iteration space where the partitions
are of size4 x 4. A (globally) sequential schedule is re-
sponsible for a temporal ordering of these patrtitions, where
the start time of each partition is a multiple of titeration
interval A which is defined as follows.

Definition 2 (Iteration Interval \) The iteration interval

A denotes the number of time steps between the beginning
of two successive iterations. The time steps of an iteration
interval are given by the s€b, 1, ..., A\—1}.

In this paper, we emphasize the characterization of the
inner structure of partitions. Hence, we have to specify the
time behavior inside a partition. The scheduling function
t:!(x) determines thaner schedulgi. e., the relative start
time of statementS; of an iteration at positionc € Z°
(0 < k; <Y, i€ {1, 2}) within an arbitrary partition.
This start timet;el is relative with respect to the start time
of the corresponding partition which is determined by the
globally sequential schedule.

t;d(li) — 7,offs . H—l—bj 7_offs c ZIXQ, bj c7Z

@
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Figure 2. Extract of the tiled iteration space with parti-
tions of size 4«4, all 18 dependencies of the EDA emerg-
ing from an iteration at the relative positien= (1 1)7.

Termb; is responsible for a temporal ordering of the
statementsS; (1 < j < J) with respect to the time pe-
riod given by the iteration interval. We call vectorr°fs
scheduling offsethich allows to shift the relative start time
of an iteration at positiom within a partition. For exam-
ple, if 7ofs = (o01), all WPPEs within a row run syn-
chronously, but the schedule of the WPPEs from two adja-
cent rows differs by one time step.

The EDA (see Algorithm 1) comes with 18 data de-
pendencies, as depicted in Fig. 2. Note that the optional up-
per index is used to distinguish between data dependencies
that have the same source and sink. For example, vectors
d%A andd%4 represent the two different data dependencies
between statement$, (source) ands; (sink). Each data
dependency causes a data transfer of an instance of a de-
pendent variable from the source WPPE to the sink WPPE.
Channeldbetween the WPPESs are used for the transfer and
registerswithin the WPPEs are used for a temporary stor-
age of a variable instance.

In summary, mainly three questions arise when map-
ping an algorithm to a WPPA as described above:

1. In what order and on what resource type should the
statements of an iteration be executed?

2. By what scheduling offset°f should the schedule
among the WPPEs be shifted?

3. How are the data dependencies routed within the
WPPA (transfer and storage)?

In the next section, we deal with a solution to these
questions. For demonstration purposes, we illustrate our
methods for a simple WPPA where we assume an inter-
connection between the WPPEs according to a grid topol-
ogy (a vertical and a horizontal channel). The latency of
each channel is said to be one clock cycle. Further, we as-
sume that the data path of any WPPE consists of two sim-
ilar ALUs, where each can perform any of the operations



from Algorithm 1 within one clock cycle. Note that our
model can handle channels in any direction (e. g., diago-
nal). Further, we can deal with data paths which consist of
different resources and pipelining is allowed.

4 Matching of Data Path and Communica-
tion Resources

To exploit the data path of each PE, we formulate an opti-
mization problem (data path problem) which is described
in Section 4.1. As a result, we obtain the minimal iteration
interval Amin and an inner schedule. Next, in Section 4.2,
we formulate an optimization problem (communication
problem) with the objective to route the data dependencies
of the algorithm with minimal cost for channels and reg-
isters. In Section 4.3, we deal with the combining of the
data path problem and the communication problem.

4.1 Data Path Problem

The data path problem is formulated as a set of constraints
for a mixed integer linear program (MILP) similar as in
[18, 19]. In this MILP, the number of resources inside each
processing element can be limited. Furthermore, the pos-
sibility that an operation can be mapped onto different re-
source types (module selection) is given, and pipelining is
also possible. As a result of the MILP, we obtain:

e The minimal iteration intervakmin,

¢ An according optimal inner schedule, i. e., scheduling
offset°™ and relative start timels;, see also (1),

¢ The selected resource type for each staterignt

In order to determine for each stateméfita relative start
time b; and a resource type, we assume that the right-hand
side expression of each statement is already split such that
it consists only of one basic operation or assignment (this
is already the case in Algorithm 1).

The basic principle of the MILP is based on the intro-
duction of binary variables; ., wherez; . ; = 1 denotes
that at relative time instaneestatement; and functionf;
respectively starts its operation on resource type Vr.
Vr denotes the set of different available resource types such
as for instance an adder, multiplier, ALU, etc. By dint of
the binary variables, data dependence and resource con-
straints are formulated (cf. [19]). Although the exact path
of the transfer of an instance of a dependent variable will be
specified later (communication problem), we already take
the channel delays into account. Thereby, we assure that an
instance of a dependent variable can be transferred on time
to a WPPE where it is needed (causality).

4.2 Communication Problem

The minimal iteration intervahmi, as determined accord-
ing to Section 4.1 can always be achieved when unlim-
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Figure 3. (a) Transfer and storage of dependent variable
7ofs = (2 4), A = 6, source: WPPE at positiof 0)7;

(b) Usage of channels and registers mapped to one iteration
interval (A time steps) of one WPPE.

ited communication resources (channels and registers) are
available. In this section, we describe how to minimize the
communication resources that are required to route the data
dependencies where we presume that the iteration interval
A and the scheduling offset°™ have already been deter-
mined. Our approach is also suitable for finding a routing
of the data dependencies (if possible) where the communi-
cation resources of the WPPA are specified a priori.

A routing of a data dependency consists in moving
an instance of a dependent variable successively from its
source WPPE to the corresponding sink WPPE. The chan-
nels are used to move a variable instance from one WPPE
to another and the registers within the WPPEs are used to
store a variable instance temporarily, if necessary.

An example is illustrated in Fig. 3(a), where we show
the time behavior of a routing of all five data dependen-
cies emerging from statemesif of the EDA. We illustrate
the transfer and storage of an instance of variab(eee
Algorithm 1) from WPPHJ] (i. e., the WPPE at posi-
tion () within the WPPA) to five other WPPEs accord-
ing to the corresponding data dependendes = (1),
dé,l = (3) dg,l = (), dé,l = (1) andd?,l = (9).
Each WPPE has four registers (white rectangles). The
numbers denote the time steps, when a channel or a reg-
ister is used. For example, at WPPEE a register is used
at time steps 0 and 1.

To determine the usage of the communication re-
sources within the WPPA, it is sufficient to model the us-
age of the outgoing channels of one arbitrary WPPE and
the registers within that WPPE for one iteration interval.
We formulate this approach as an integer linear program
(ILP). We refer to [17] for a detailed derivation of that op-
timization problem. Here, we emphasize what the model
is capable of and we outline some aspects that we need to
deal with for an exact model.



When the scheduling offset®™ is a non-zero vector,

the time steps that need to be considered when modeling
the routing of a data dependency may exceed one iteration
interval. Since the schedule inside each WPPE repeats with
a period of}, it is suitable to regard the time steps modulo
A. Thereby, the channel and register usage can be deter-
mined by considering one arbitrary iteration interval only.
This is illustrated in Example 1.

Example 1 Let 7°f = (24) and A\ = 6. We consider a
communication betweeWPPE|[J] and WPPE[{] via the
vertical channel (see Fig. 3(a)). If an instance of a vari-
able leavesWPPE[]] at time stept = 2, that instance

is available at the next time step WPPE[{] due to the
latency of one of the channel. Because of the schedul-
ing offset WPPE[{] is four time steps behind in compari-
son toWPPE[]]. Hence, the instance arrives at time step
t=2+1-4=—1atWPPE]. In the solution shown

in Fig. 3(a), that instance is stored for one time step. We
consider the time step of this register usage with modulo
A. Hence, this storage causes a register usage at time step
t = —1 mod 6 = 5. Note that the dashed rectangles
in Fig. 3(a) show the zones whose time behavior is shifted
according to the scheduling offset in comparison to other
zones. In Fig. 3(b), we show the usage of channels and reg-
isters (gray filling) from Fig. 3(a) mapped to an iteration
interval of an arbitrary WPPE.

Next, we consider redundancy in the routing of data
dependencies and we show that by avoiding it, communi-
cation resources can be saved. Redundancy can appear, if
one instance of a variable needs to be transferred to two
or more WPPEs. Again, we illustrate this effect for the
five data dependencies according to the dependent variable
p of the EDA. An individual routing of each data depen-
dency would require the usage of a channel for a total of
ten times. For example, any routing of data dependency
dél = (}) would cause the usage of a horizontal chan-
nel once and the usage of a vertical channel twice. In the
routing of the five data dependencies shown in Fig. 3(a),
the total channel usage is only five. That is because the
routing of certain data dependencies benefits from the rout-
ing of other data dependencies. For example, the routing
of data dependenay; ; = (}) emerging from WPPE] ]
passes the variable instance via WRPE(see Fig. 3(a)).
Thus, a routing of data dependenmt&c1 = (1) becomes
redundant, if the variable instance is available at WPRE
when it is needed there. Similarly, we minimize the usage
of registers by avoiding a storage of duplicates of variable
instances simultaneously at the same WPPE.

The scheduling offset°™ has a significant influence
on possible solutions to the communication problem. The
time between the source WPPE and the sink WPPE of a
data dependenay is shifted byr° . d time steps. For ex-
ample, if7°f = (2 4), there are ten additional time steps
for the routing of data dependenc&lh1 = (1) because
(24)- (1) = 10. This results in a lot of flexibility in the
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Figure 4. Gantt chart of the usage of the data path and the
communication resources within an iteration interval. The
variable of the EDA that is computed, transferred or stored
is named.

timing behavior of the routing of the data dependency at
the cost of an increased register usage.

4.3 Combining of the Data Path Problem
and the Communication Problem

In the following, we deal with the combining of the data
path problem and the communication problem. We be-
gin with a formulation of the communication problem for
the iteration interval\min and the scheduling offset°fs
according to a solution to the data path problem (see
Section 4.1). Next, we add the constraints from the data
path problem to ensure that the data path is exploited as
well. A typical objective for the combined optimization
problem is the minimization of the channels and registers
that need to be implemented in the WPPA. Other objectives
are the minimization of the registers, where the number of
channels is fixed or vice versa.

As an example, we have searched a solution to the
combined optimization problem of the EDA, where we pre-
sume a WPPA as described at the end of Section 3 (two
ALUs in each WPPE, interconnection: grid topology). We
determined the minimal iteration interval x@,i, = 6. Suit-
able scheduling offsets wer€™ = (14) or 7 = (4 1).

In both cases, it was not possible to find a routing of the
data dependencies with only one horizontal and one verti-
cal channel. Hence, we have tried larger scheduling offsets
because of the increased timing flexibility. We found a so-
lution for 7°f = (2 4) with a minimum of four registers

at each WPPE. This solution is depicted in the Gantt chart
in Fig. 4. There, we show the usage of the two ALUs, the
two channels and the four registers of a WPPE for one it-
eration interval\. This usage repeats periodically with
Note that we have emphasized the usage of channels and
registers in the Gantt chart for variabj€see similarity to

Fig. 3(b)).

Even by varying the scheduling offset, it may not al-
ways be possible to find a routing of the data dependen-



cies when the communication resources are limited. In that
case, it may be necessary to increase the iteration interval,
i.e,tryA = Ann+ 1, A = Amin + 2, and so on.

Some remarks about the optimization. We have for-
mulated ILPs and solved them with CPLEX 8.1 on an Ul-
traSparc Ill, 900 MHz. First, we have solved the data path
problem which took less than a second. Next, we have
solved the combined optimization problem which is more
complex. To quickly obtain results, we have omitted the
minimization of registers at first. The optimization was
finished after 17 seconds. In that solution, five registers
would have been required within each WPPE. The Gantt
chart (Fig. 4) shows a solution to the overall combined op-
timization problem where registers are minimized as well.
In our example, this complete approach saves 20 percentin
register cost (four instead of five registers). But it took 97
minutes to find this optimal solution. The verification that
there is no better solution was finished after an additional
400 minutes. We believe that for typical applications, the
fast approach without a register optimization is suitable.

5 Conclusion and Outlook

In this paper we have presented a systematic approach to
map a certain class of regular nested loop programs to ded-
icated processor arrays. This can be used to efficiently
accelerate the execution of compute-intensive algorithms,
for instance in fast digital signal, image and video process-
ing under real-time requirements. The methods presented
are integrated in our framework of a compiler for coarse-
grained reconfigurable architectures. We have shown a
novel approach, where we consider several architectural
constraints in one model. Thereby, we find an efficient
schedule and allocation for the computational tasks of the
algorithm as well as a regular routing for the communica-
tion within the processor array. In the future, we would
like to extend our methods to more advanced (combined)
partitioning schemes which allow a balancing of memory
bandwidth and local memory.
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