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Abstract. This paper introduces a design space explorer for coarse-grained
reconfigurable KressArray architectures - to enable the designer to find out the optimal
KressArray architecture for a given application. This tool employs a mapper based on
simulated annealing, and is highly configurable for a variety of different KressArray
architectures. Using performance estimation and other statistic data, the user can
interactively change the architecture, until it suits the requirements of the application.

1. Introduction

The research area of reconfigurable computing has experienced a rapid expansion in
the last few years. In many application areas reconfigurable hardware systems have
proven to achieve substantial speed-up over classical (micro)processor-based solutions
[1]. The range of these application areas has been extending continuously, including
image processing as well as DSP, encryption, pattern recognition and many more.

The implementation of such applications has been done mostly on systems based on
fine-grained FPGAS, asthey arewidely available. However, it turns out that these devices
do not suit well for computational applications due to severa reasons[2] [3]. Asan alter-
native to fine-grained FPGAS, severa coarse-grained reconfigurable architectures have
been developed [4][5][6][7][8], which try to overcome the above problems by providing
multiple-bit wide datapaths and more complex operators in the processing elements.

An examplefor such architecturesisthe KressArray [ 7], which features arithmetic and
logic operators on the level of the C programming language, making the mapping of
applications much more simple than for FPGAs. For the first KressArray prototype,
which isaso known asrDPA (reconfigurable Datapath Architecture), a Datapath Synthe-
sis System (DPSS) [9] based on simulated annealing has been implemented, which
accepts input at a high level language. However, after experiments with different
KressArray architectures, it has shown, that the available communication resources have
a major impact on the efficiency of the mapping. Thus, a KressArray design space
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explorer has been implemented, which assists a designer to find the best KressArray
architecture for a given problem. This paper concentrates on the simulated-annealing
based mapper, which does a placement and routing of a given datapath onto aKressArray
architecture. The mapper is highly parametrized in terms of available communication and
function resources, which allows experimenting within a short time with awide variety of
different architectures for a given application, or, an entire application domain.

Section 2 briefly summarizes the KressArray having been published elsewhere [7]
[9][10]. In section 3 the KressArray design space explorer will be introduced. In
section 4 the configurable mapper tool is described briefly. The operation of thistool is
demonstrated by 2 versions of an example in section 5. Finally, conclusions are drawn.

2. TheKressArray

As an example of the KressArray architecture family [7][9][10], the current new proto-
type KressArray-111 isillustrated in Figure 1a. It consists of amesh of Processing Elements
(PE), dso called rDPUSs (reconfigurable Datapath Units), which are connected to their four
nearest neighbours by two bidirectional links with a datgpath width of up to 32 bit, where
“bidirectional” means that adirection is selected at configuration time, i. e. isfixed at run
time. Nearest neighbour connections (NN links) are used to transfer operands to/from a
rDPU, and, to route other data through arDPU (Figure 1b), aswell as for routing through
only (Figure 1 c). Besides the NN links, a background communication architecture (called
back buses) with one global bus (Figure 1 d) or multiple global buses and/or bus segments,
i. . semi-global buses (Figure 3 aand b) provides additional communication resources.

Currently the functionality of each PE consists of the integer operators provided by
the programming language C. The mapper, however, also supports rDPUs with other
operator repertories, such as e. g. specialized for accelerator usage in a particular appli-
cation area. Execution inside PEs istransport-triggered, i. e. it starts as soon as al oper-
ands needed are available. The data to be processed and the results to be stored back
can be transferred to and from the array in two different ways. over the global bus and
over rDPUs ports at the edges of the array.

3. Design Space Exploration

An overview of the KressArray design space explorer is given in figure 2. The user
provides a high-level description of the application using the high level ALE-X lan-
guage[9]. The ALE-X compiler generates an expression graph, written in an intermedi-
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ate format. Thisformat also describes the properties of the rDPU operator repertory and
the KressArray architecture, as well as the mapping added later on (explained later). In
anext step, the expression tree is analysed and minimal requirementsto the architecture
are estimated. The intermediate file is then enhanced by these architecture definitions.
In the following design process, the application is mapped onto the KressArray by the
mapper tool, which generates a file in the same intermediate format asits input, allow-
ing severa consecutive mapping steps. A data scheduler determines an optimized array
1/0 sequence as well as a performance estimation. Both, mapper and scheduler, gener-
ate statistical data like usage of the communication resources and critical path informa-
tion. From this data, an analyser derives possible enhancements to the architecture,
which are presented to the user by an interactive editor. This editor is also used to con-
trol the design process itself. When a suitable architecture has been found, a HDL
description (currently Verilog) can be generated from the mapping for simulation.

4.  TheMapper

The mapper tool maps the application datapath onto the KressArray by placement
and routing. The mapper can be seen as an extended version of the KressArray-1 map-
per [9], which now can handle different KressArray architectures. The mapping algo-
rithm is based on simulated annealing, including a router for the nearest neighbour
connections. For the mapper, different architectural properties may be specified:

» Thesizeof the array.

« Areaswith different rDPU functionality. For example, infigure 3c, therDPUsin
every second column of the array have a different function set available. The
mapper has to consider this when placing the operators.

+ Theavailable repertory of nearest neighbour connections (seefigure 1). Per side
of the cell can be one or multiple unidirectional and/or bidirectional connections.

+ One or multiple row and column buses (see figure 3a,b). These buses connect
several rDPUsin arow or a column. The buses may be segmented (figure 3b).

« Thelength of routing paths for nearest neighbour connections.
« The number of routing channels through arDPU (see figure 1b,c).

+ Peripheral port location constraints to support particular communication
architectures connecting the array to surrounding memory and other circuitry

 particular placements or groups (e. g. library items) can be frozen (modular mapping)

In addition to the structure of the array, parameters to control the annealing process
may be specified, such as e. g. the starting temperature, the number of iterations, and the
end temperature. Also, for each of these communication resources, a cost factor for a
connection using this resource can be specified. As the mapper produces as output the
same intermediate file format as the input, severa annealing steps may be performed
sequentially, e.g. alow-temperature simulated annealing after a norma mapping.

For each communication resource, as well as for the global bus, the costs for a con-
nection can be specified, which together make up the cost function for the annealing.
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Figure 3: Architectural properties of KressArrays. 8 example row buses; b) example
column buses (segmented); ¢) different function sets in aternating columns



This way, specific resources can aso be discouraged. Normally, one would assign the
global bus a high cost factor, since those connections are slow per se, and, in contrast to
routing through cells, by not supporting pipelining. If row or column buses are availa-
ble, they would normally get a medium cost level, while nearest neighbour connections
have the lowest cost, since being preferred. With this strategy, the mapper will eventu-
dly find a mapping, which does not use expensive interconnect. Such connect
resources can then be removed for the next iteration step in the design space explora-
tion process, leading to a more effective implementation of the KressArray.

5. Mapping Applications onto the KressArray

For reconfigurable computing, the use of fine grained FPGAs implies a large con-
nectivity overhead because even each simple operation on dataword widths of 16 or 32
bit massively needs interconnect resources to be implemented on single bit PEs. In
spite of approaches like carry chains in contemporary FPGA911], a coarse grained
architecture involves a much smaller routing problem. That’'s why we have used a heu-
ristic algorithms, which would require unacceptable computation times for fine grained
FPGA mappings. For the KressArray, a simulated annealing approach has been chosen,
which gives quite encouraging mapping results. Next subsection shows the efficiency
of this approach by an example: mapping the datapath of an image processing filter.

5.1 A complex example: SNN Filter

The Symmetric Nearest Neighbour (SNN)-Filter is used as sharpening filter in object
detection. In the following, a short introduction to this algorithm is given.The basic opera-
tion of this filter is shownin fig. 4. The agorithm calculates a pixel of the result image by
considering a 3-by-3 neighbourhood of the original pixel. First, four neighbouring pixels
of the central pixel in the original image are selected according to theillustration in fig. 4.
The selections are based on the colour distance dist(a,b), which is calculated like shown at
the bottom of the source code in the figure, involving colour separation of the pixels. After
the selections, the resulting pixel isthe average colour value of the four selected pixels.

fori=2 to n-1 do
for j=2 to m-1 do

_ if dist(A(i-1,j-1),A(i, )))<dist(A(i+1,j+1),A(L.])
@ ﬁ H:_ then C1(ij):=A(-1,j-1)
[

else C1(ij):=A(i+1,j+1)

il if dist(A(i,j-1),A(i,j))<dist(A®i,j+1),A(i,)))
EHE EHE — then C2(i,j):=A(i,j-1)
else C2(i,j):=A(i,j+1)
i if dist(A(i+1,j-1),A(i,j))<dist(A(i-1,j+1),A(i,j))
E % — then C3(i,j):=A(i+1,j-1)
H:: else C3(i,j):=A(-1,j+1)
if dist(A(i-1,j),A(, j))<dist(A(i+1,j),A(i,j))
# [# — [:H then CA4(i,j):=A(i-1,j)
else C4(i,j):=A(i+1,))

@_»EH: B := avg(C1(i,j).C2(i,j).C3(i.j),C4(i.j))

end
end

Figure 4: Symmetric Nearest . 5 ) )
Neghbour filter ngl’Ithm. dist(a,b)=(areq-breq) +(agreen'bgreen) *(apiue-Poiue)
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Figure 5: Mapping of aSNIN filter on PEswith 8 NN links: 16 back buses (not shown, legend seefigure 7).

The result of the first mapping is shown in fig. 5. The agorithm uses 157 PEs and has
been mapped onto a 10-by-16 KressArray. In the chosen architecture each PE provides
two bidirectional nearest neighbour connections to each of its four neighbour-PEs.

There are nine input ports and one output port, which were al put at the western side
of the array, leaving the exact placement up to the annealer again (the output port is the
fifth one from top). As the nearest-neighbour resources are used up in some places, addi-
tional global bus connections are necessary. These can be identified by the small barsin
the upper right corner of the PEs. The mapping in fig. 5 uses 16 bus connections, whichis
amoderate value for a datapath of such a complexity. However, for the 1/0, no globa bus
connections were needed. Also, the neighbour connections have a quite good utilization,
which isalso caused by the fact, that in this algorithm many output values of PEs are used
multiple times. E. g. eight of the nine input values are used at four different PE inputs.
The mapping took about 24 minutes on a Pentium-11 366-MHz PC.

The design space explorer enables the designer to map his algorithm on different archi-
tectures and to compare the resulting structures. Depending on the chosen KressArray
architecture the mappings will differ in many points like the number of used PEs, the used
communication resources, etc. With this information the designer can decide his compro-
mise between complexity (and costs) of the base-architecture and the execution time.

In the example above an alternative architecture could be the same KressArray (10-
by-16) with three nearest-neighbour connections (NN links) in each direction instead of
two. Then the number of required PEs is still 157 because the number of operations
remains the same and the operators provided by the PEs are a so unchanged. But, due to
the enhanced routing capabilities of the PEs, some connections which were realized by
the global background bus (back bus) in the first mapping can now be routed using NN
links. This explains why in the second mapping only seven bus connections are needed.

The SNN exampl e raises an important question regarding the granularity of the con-
figurable architecture. For the example mappings, the datapath description was fed
directly in the DPSS system. However, the direct mapping is not always optimal. E.g.
for the colour separation, two PES were used, one for a shift operation and the next for



Figure 6: Mgpping of aSNN filter on PEswith 12 NN links: only 7 back buses needed (legend: figure 7).

masking out the according vaue. It would not increase the complexity of the PEs to
provide a function, which combines these two operations, resulting in less PE usage.

6. Conclusions rDPU not used

We have introduced a design space exploration environment used for routing only
for the KressArray architecture family. The KressArray is a L operator and routing
. . - . [ port location marker
coarse-grained reconfigurable architecture, which alows much - 7 Leaend
simpler application mapping than fine-grained FPGAs. A 1gure /- Legend.
highly flexible configurable mapper has been introduced, which is capable of handling a
wide variety of different architectures. Based on the mapper, the design space explorer
alowsthe user to find the best suitable KressArray for a given application domain.
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