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Abstract

This paper deals with the mapping of loop programs
onto processor arrays either implemented in an FPGA
or available as (reconfigurable) coarse-grained proces-
sor architectures. Usually the proportion of process-
ing elements to I/O-interfaces is much higher whereby
problems of data transportation and synchronization
are arising. In this realm, we propose a systematic ap-
proach in order to feed-out data. Here, (a) an efficient
routing strategy is presented and (b) a novel retiming
strategy is given in order to ensure collision free output
serialization.
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1 Introduction

describe our mapping methodology. In Section 3, we
accurately formulate the problem we are dealing with
in this paper, which is afterwards systematically solved
in Section 4. Finally, we give some concluding remarks
in Section 5.

2 Related Work and Background

In this section we give a brief overview of our exist-
ing mapping methodology PARO [13] when generat-
ing synthesizable descriptions of massively parallel pro-
cessor arrays [2] and targeting coarse-grained reconfig-
urable processor arrays [9], respectively, from a class
of nested loop algorithms. The main steps during the
design trajectory are briefly described in the following.
Starting point is a given nested loop program in
single assignment cod&AC), where the whole par-
allelism is explicitly expressed. SAC is closely re-

Today massively parallel architectures called processor |ated to a set of recurrence equations, a formalism in-
arrays are of great interest, since progressive integration troduced by Karp, Miller, and Winograd [11]. This

densities and modern nanotechnology allow implemen-

formalism has been used in many languages and ad-

tations of hundreds of 32-bit microprocessors and more vanced over the years about affine dependencies or

in one SoC. Moreover, with the advent of reconfigurable

piecewise definitions. E.gSystems of Affine Recur-

architectures, processor arrays have become as flexiblerence Equation§SARE) which are used in the Alpha
as the design of software. Such arrays can solve effi- Janguage [18], the class @ffine Indexed Algorithms

ciently a large number of problems in digital signal, im-
age, and video processing, or numerical linear algebra.
Due to technology constraints usually there is an im-

(AIA) [5], the class of Piecewise Linear Algorithms
(PLA) [16], and recently, an algorithm class with run-
time dependent conditional®ynamic Piecewise Lin-

balance of the massive internal parallelism compared to ear Algorithms(DPLA) [10]. Mapping methodologies

the number of available 1/0-ports. Therefore, several
processors may have to share the same output-port.
In this context, our new contributions are,

1. An efficient routing and serialization strategy is
presented.

2. Anovel retiming methodology is given to allow for
time division multiplexing of output data.

The rest of the paper is organized as follows. In Sec-
tion 2, we give an overview of related work and briefly

based on these formalisms can be classified to the area
of loop parallelization in the polytope model [7]. Here,
key components are linear transformations and sched-
ules in order to derive preferably homogeneous proces-
sor arrays with local and regular communication struc-
tures and a high degree of pipelining and parallelism.

Also, linear transformations are usedsgmce-time
mappingsin order to assign a processpr(space) and
a sequencing indei (time) to instances (index space)
of the given loop nest. Here, partitioning techniques
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Figure 1: Structure of the PACT XPP64-A [1] reconfig-
urable 8x 8 processor array. On two sides of the array
each eight RAM blocks and in the four corners of the

array independent I/O interfaces can be used as com-

munication facilities.

are of utmost importance in order to cover the index
space of computation using congruent hyperplanes, hy-
perquaders, or parallelepipeds caltées. For proces-
sor arrays, it is carried out in order to match a loop
nest implementation to resource constraints in terms of
available number of processing elements (PEs), local
memory, and communication bandwidth. Well known
partitioning techniques are multiprojection, LSGP (lo-
cal sequential global parallel, often also referred as clus-
tering or blocking), LPGS (local parallel global sequen-
tial, also referred as tiling), and hierarchical combina-
tion of them such as co-partitioning in [5].

Definition 2.1 (Block Pipelining Period). Thelock
pipelining periodof an allocated and scheduled algo-
rithm is the time interval between the initiations of two
successive problem instances and is denotefl. by

With this background we can formulate our problem.

3 Problem Definition

In order to achieve high performance in combination
with low monetary and energy cost, processor array ar-

chitectures are preferable homogeneous and instead of

having global memory access for every processor lo-
cal communication structures to neighboring processor

processing elements. An example of such an architec-
ture is depicted in Fig. 1. In practice often two problems
arise:

1. It can happen that also computation results from
inner processor elements are needed externally.

2. The number of global output-ports is less than the
amount of output data over all processors.

Therefore, we have to deal with the following ques-
tions: How can output data from inner processor ele-
ments be efficiently transported to output-ports? How
and where should the output data of several processor
elements sharing one output-port be merged/serialized?

4 Output Serialization

Let the 2-dimensional rectangular processor array be
described by the following boundé@polyhedron,

A—{G) €Z?|1<x<W A 1§y§H}

whereH € Z is the processor array’s number of rows
andW € Z is the processor array’s number of columns,
respectively. Furthermore, we assume that all I/O-ports
are located at the edges of polytapgend that the inter-
connection topology of the array is a grid. Finally, after
an appropriate space-time mapping has been performed
consider an arbitrary convex ar@aof processor ele-
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where each PBB[x,y] € P emits one global output sig-
nalo[x,y] and all these signals have to share one output-
port O[X, Y], where(X, Y)T € Z? denotes an edge ele-
ment of the array. Also given from the space-time map-
ping is an output-sequence of data. This output pattern
is repeated with the duration of the block pipelining pe-
riod § (s. Definition 2.1).

Definition 4.1 (Output Profile) Let a block pipelining
period B be given. Then, for a processor's output
o[x,y] theoutput profileis a mapping from time#t- f €

{0, 1}, for allt € [0, B — 1] C Z. The profile is written
as a vectorAo[x,y] = (fo, f1,..., fg_1).

elements are used. Usually two-dimensional processor Such we can assign to each outppxt y] a vectorA[x, y]

arrays existent in an FPGA or as a coarse-grained re-
configurable processor array such as the D-Fabrix [6],
the DRP from NEC [12], the PACT XPP [1], Bresca
from Silicon Hive (Philips) [15], or QuickSilver Tech-
nology’s Adaptive Computing Machine (ACM) [14],
have less communication ports to their periphery than

of lengthf with boolean elements denotingdf|x, y,t],

i.e., a processor’s output at position y)" emits at rel-
ative time step a value or not. Due to the usage of
linear scheduling functions, often the considered output
regions are homogeneous, i.e., they have all the same
output profile rotated only by an offset [3].
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Figure 2: In (a) and (b) different output profiles for three procesgers,, and ps is shown. In (c), labeling of

characteristics in periodic output profiles.

Example 4.1 Consider three processorsi,ppz, pPs,
and a block pipelining period o8 = 8. Furthermore
the output profiles looks as follows,

pl: Al (1a 17 07 07 07 07 07 O)
P2 Ay = (Oa 17 17 07 Oa Oa 07 0)
Ps: Az = (oa 07 17 17 oa 07 0> 0)

We write for instancetp, (t = 0) = 0 and Ap, (1) = 1.
A visualization of these output profiles is shown in
Fig. 2 (a). Another profile is shown in Fig. 2 (b), where

This condition can be seen as a bandwidth constraint,
since the number of output data of one gfeean not be
greater than the block pipelining period. For instance in
Example 4.1 the output behavior is homogeneous such
we can write 32 =6 < f§ = 8, thus the bandwidth
constraint is satisfied. The: 1 communication can be
formally described by adding an equation of following
type to the considered algorithm,

O[X,Y,t] = mergeo[x,Y,t]
vp[xy|eP

®)

can be seen that Output data from different instances my Then all output variables of processorg € P shall

overlap.

In the next section we introduce a necessary condition
to determine whether= | P| outputs with given output
profiles can share one global output-port, i.e., if a band-
width bound is satisfied or not. Afterwards, the routing
and timing correct merging of output signals is investi-
gated.

4.1 Bandwidth Bounds

In general the output data of= |P| outputsolx,Y,t]
can be serialized if the following condition holds,

B-1
Z Ao[x,y,t] < B
vpxyleP t=

Or in case of homogeneity, Eq. (1) can be simplified to,

@)

B-1
n Z)AO[vaat] S 137 El p[xay] EP (2)
t=

be merged (timely multiplexed) at global output-p@rt
in a way that they are timely conflict-free. Thus, the
merging in Eq. (3) can be seen as OR relation,

O[XaY7t} OR O[Xayat}

vpxyleP

4

4.2 Routing and Merging of Output Data

In the following we present a methodology to determine
a resource-optimal routing of PES’ outpuetg, y| to one
output-portO[X,Y]. Since, we have to deal withra: 1
communication relation, bottlenecks due to high com-
munication near the output-ports are foreseen. There-
fore, our main concept is to serialize already locally two
signals, propagate the result to the next PE, serialize the
signal with its output and so on. For the case ofnl :
communication, such linear serialization concepts also
often called localization are well studied [17] whereas
only few work for then: 1 communication case exists,
e.g., [4], [8], or our work in [9] which is limited to one-
dimensional domain®.
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Figure 3. Sketch of a 2@ 20 processor array. The decompositiorointo several spaces for the firstly horizontal
propagation is shown in (a). In (b), the decomposition result of the second propagation in vertical direction is depicted.

Our procedure proposed in this paper can be formal- on the cut inP—.
ized as follows, due to the assumed grid structure of X ) X
the array four possible propagation directions are pos- y> EL7 | Aps - <y> = bp*}
- - . _ T .

sible, viz, horizontally+d, = (1, 0)' and vertically Pof(X)ezix=x} it (r=1vy=H)
PN § €Z?|y>Y} else
X > X

€z _. g

y) A <y> - }

'p+

+dy = (0, 1)". This assumption is no restriction, since = {
our following method can also be extended by diago-

nal communication links (e.g., in directidd, 1)") or

for tree-dimensional technologies, but this would be be- { <

3
I

yond the scope of this paper and not helpful for the sake Prl(X)ez?|x<x} if (Y=1VY=H)
of clarity. LetR(P) be the rectangular hull 7, = . 5
Pnly)ez ly<Y; else
e Poly) €2 Ix=X} if (Y=1VY=H)
Py €Z?|y=Y; else
X in<x<
R(P)—{<y>€ZZ| ﬁ:;ygﬁs} e [ Po{(5) ez ix=x—ap it v=1vy=H)
] Pn y €7?|y=Y—-1; else
The rectangular hull gP* andP~ is given byR(P*)
The considered processor afeés divided by the loca- ~ andR(P~), respectively,
tion (X, Y)T _of the output-port into a positivg spage rey = (X ez2 ‘ X< X
and a negative spade—. H* denotes the points on the Yoin <Y < Yk

cutinP™ (i.e., one horizontal or vertical line of proces- B X 21 X < X< X
sor elements) an@{~ denotes the neighboring points R(PT) = > LT N Sy
y Y, Y < Ymax

min =



Then, the serialized output routing can be described as P+, P—, andH are given by,

follows,
1. Propagation in first direction:

(dhe{(1, 0T, (0, 1T}
ofl] VIePI\Py
OR(O[l], o1l +¢i]) VI ePf
o 01[| +d1] EPfUAUPflA
oifl] = oll] VIeP\P,
OR(o[l], o1l —d1]) VIeP
01[| *dl] v E’PIUAUP;M
Py = 7>+m{l eZZIAp+-(|+d1)Zb7>+}
Py =P~ m{l €22 | Ap_ (1 —d1) > by }
P = (RPONPY) 0 {d] 1 > e
P = (RPO\PY) 0 {df -1 <o}
Pf“A = (R(P PT)N {dg | >hr;ax}
P = (RPOH\PT) N {d} I <hoin
hhax = max{d;l [l €H+}
i = min{d] 117"}
e = max{d] -1 |1 €%~}
o = min{d] -1 1€ 7}
hi = min{hr_;axvh;ax}
hrjr?m = maX{hmlnv hr;in}

2. Propagation in second direction:
(d2 € {(1a O)Ta (07 1)T}\{dl})

Similar to the propagation in the first direction a
propagation in the second orthogonal direction is per-
formed. This can be done by the insertion of instances
of a second variable,. Due to the sake of brevity we
omit this procedure.

3. The data of the two spac#&s™ andP~ are merged
at exact one fixed positiong|x, y].

4. Finally a path fromos[x,y] to O[X, Y] is determined.

4.2.1 Example

Let us consider a 28 20 processor arrayl and the
following processor elements’ ar@yg
—-30
3
-11
15

2 -3

ST EREGE
1 2

Let the output signad[x, y] of each processor element in

‘P be a global output signal which has to use the com-

mon I/O-portO[X = 8,Y = H = 20. In Fig. 3 the array

A is depicted, the polytop® is marked by black points,

and the outpu©[8,20] is denoted as a small triangle.

First of all, by the location of the 1/0-porf, is divided

into P+ andP~ by adding inequalitx > 8 andx < 8 to

P, respectively. After removing redundant constraints,

1Sincex € Z, x < 8 can be rewritten te-x+7 > 0.

2 -3 —30
L 2 1 0| (x 8
S (BEA S R
12 15
2 -3 —30
N S S 10| (x 3
{0130 )]
12 15
HT = {(;)eZZ\X:SA4§y§15}
H- = {(;>ezz\x:7A4gy§14}
The rectangular hull® (P*) andR(P~) are given by,

R(PY) = {(;) €72 18<x<1LA 2§y§17}

R(PT) = {<;> EZZ|3§X§7/\4§y§14}

As first propagation directioth = (1, 0)" is chosen and
as a result the second directionds= (0, 1)". From
this the lower routing equations follow,

oll] vIePH\Pf

OR(oll], oalt +(35)1) v1eP]

orfl +(§)] Viepiuupa
oulll =3 oy VieP-\Py

OR (olt], oalt = (§)1) VIePy

ol - (5)] Viep Wup 4

02ll] = {
o = enfo () (2) ()

Defined on the following domainS'

_{(Qezzl(g

D4
e (1) 6)=(
pr'A={()eZz ( %

( —14
P;uA _ me =0

The complete serialized routing is visualized in Fig. 4.
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4.2.2 Optimization Remarks

Depending on the hardware architecture and the num-
ber of already occupied merging and interconnection
resources it has to be investigated if either first the hori-
zontal or the vertical propagation yields in better results
or vice versa.
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Figure 4: Serialized : 1 output routing.

4.3 Retiming of Output Data

After finding a localized routing as described in Section
4.2 it remains to ensure that at no time and no position
two values collide. In this matter the bandwidth con-
straint in Eq. (3) is only a sufficient condition but does
not avoid data collision. To model the timing behavior,
outputso[x,y] are annotated by the tintei.e., o[x,y,t].
Critical for collisions is the merging in the OR opera-
tions. Without loss of generality we consider in the fol-
lowing only one regular serialization path denoted by

p[ll] — p[lz] — ... p[lk] — ... p[IN}.

Theorem 4.1 (Collision Free) An equation gly.t] =

OR(0z[lk,t], 01[lk_1, (t — 8) = B]) is collision freeif the

maximum over all elements i[ly,t] is less or equal
than one,

gl <1 5
diengsa[-lﬁt]{ i} < (%)

WhereAg]l,t] is the recursively summation of output
profiles,

Alli,t]

N
Adllit] = {A[li.,tHAs[li_l,(tJ)%m o

else

0 denotes the number of time steps for propagating a
value from one processor two its neighbor.

OutputRetiming

IN: number of output$\, output profileA,
block pipelining period3, scheduling offsed

OUT: arrayf[1..N]

1 BEGIN

2 (1, k, I¢) < computeL(A)

3 1 |+l

4 i—1

5 p—20

6  WHILE (i <N) DO

7 FORj =0,...,1—-1DO

8 IF (i <N) THEN

9 fli] —(j-(k+8)+p)+B
10 fli] — f[i] — 8-(—1)
11 ENDIF

12 i —i+1

13 ENDFOR

14 pe— p+l+1-(8+l)—1
15 ENDWHILE

16 END

Figure 5: Retiming Algorithm ¢’ denotes a modulo
division).

Proof. A proof by induction can be easily constructed
by first checking the base case wtiea 1 and succes-
sive induction. |

In the following we present an efficient retiming
methods for the already earlier discussed case of ho-
mogeneity where alp[l;] have the same output profile
A merely rotated by a constant offset. Furthermore, the
output profile should have only a periodic pattern such
as described by the regular expression:

e [ ((le1e)™ 1) (6)

Let| be thelengthof the expression in Eq. (6), for anin-
tuitive description see Fig. 2 (c). Then, if the condition
in Eq. (7) holds, algorithmOutputRetiming in Fig. 5
computes a collision free retiming.

agenset @remain < B (7
Adense = I_N/IJ : (l + (I _l) 'It)
o 0 if N=1=0
8remain = { [+ (N=1)-1; else

In Eq. (7),] denotes how many instances of an out-
put profile can be interleaveld= |I;/l;] + 1. For in-
stance, consider Fig. 2 (c) whdre= 3 andl; = 2, thus

| =1[3/2]+1=2,i.e., two output patterns can be inter-
leaved whereas a third one can start earligst; time
steps later.
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