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1 Introduction

Algorithms and architectures for neighbourhood-
based processing are currently topics of great
interest, fuelled in part by recent interest in
neighbourhood-based problems such as fluid flow
modelling, computer vision and image processing,
relaxation-based classification and cluster analysis.
These problems are computationally very expensive,
requiring generally excessive amounts of computer
time for their solution on computers with one or at
most a few processors.

Recent advances in VLSI design and fabrication
have opened the door to computational architectures
specific to these problems. These architectures con-
sist of large numbers of processing elements (PEs),
each performing a limited number of simple instruc-
tions. The most common architectures have been
SIMD (single instruction, multiple data) machines
in systolic or wavefront arrays. The PEs within the
array or along a ‘wavefront’ execute the same in-
structions at each instant in time. One variant of
the approach permits each processor to either exe-
cute the current instruction, or to do nothing [9].

While these architectures permit applying large
numbers of processing elements to a given problem,
it is clear that a given algorithm is not necessar-
ily best implemented by all PEs executing identi-
cal instructions. In image processing, systolic arrays
may be used to implement those spatial filtering and
template matching operations which are typically
performed on the whole image. There is another
class of algorithms, however, for which the size and
shape of the neighbourhood as well as the operations
performed over the neighbourhood are functions of
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interrim measurements. These algorithms are not
readily or efficiently implementable using systolic ar-
rays, if they may be implemented at all. Examples
from computer vision include boundary completion
[4], edge-preserving noise filtering [12], edge detec-
tion based on gradient angular dispersion [5,7], fea-
ture extraction [3], determination of edge detection
thresholds based on neighbourhood signal to noise
ratios [2,8]. Another example currently being inves-
tigated is the use of both the back-projection of the
Hough transform [1] for modifying detection thresh-
olds, and the signal to noise ratio of the Hough accu-
mulator array for determining the appropriate neigh-
bourhood size via an iterative optimization strategy
[6].

Frequently, neighbourhood computations are not
restricted to sequences of similar operations, even
when changes in parameters are permitted. Often
in computer vision, the results of one operation are
used to select or tune subsequent steps. To imple-
ment such strategies on systolic arrays, each pro-
cessing element must either contain the circuitry to
permit all the possible operations, or must be pro-
grammable. In the former case, the complexity re-
quired is too great to permit integration of very large
numbers of PEs at this time. In the latter case, the
PEs may process words of sufficient width to im-
plement operations in one step, or use words of few
bits, implementing operations with sequences of very
simple steps [9]. Again, long word-length requires
complex PEs. The short word-length approach is
initially attractive, but programming is difficult and
high execution speed requires very large numbers of
PEs.

The availability of very fast digital signal process-
ing (DSP) chips suggests an alternative. An archi-
tecture consisting of a relatively small number of
DSPs (16 to 64), with local busses connecting ad-
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jacent DSPs, local memory for programs and data,
dedicated inter-DSP communications hardware and
serial inter-processor communications for ‘broad-
cast’ messages can address most of the problems
discussed. Such an architecture is realizable with
current technology. DSPs have sufficiently rich in-
struction repertoires for data-contingent neighbour-
hood operations, and generally have modified Har-
vard architectures to facilitate rapid program execu-
tion [10,11]. The issue of programming difficulty is
partially addressed through the availability of cross-
development tools [13], and may be partially ad-
dressed through adequate hardware design. Local
interconnection to nearest neighbours and dedicated
inter-DSP communications hardware prevents the
traditional bus access bottleneck which limits the
expandability of shared-bus architectures to about
four processors.

2 Architecture Description

The Multi-DSP  Neighbourhood Architecture
(MDNA) is a ‘compute engine’ for neighbourhood
algorithms, consisting of four major modules and
some control logic (Figure 1). It is controlled and its
[/O is handled by a host computer (a PC-AT clone)
via a (relatively) high speed parallel bus. Programs
can be developed and stored on the host and tested
on either the host or the MDNA in a nearly seamless
development environment.

2.1 Digital Signal Processor

The DSP performs all calculations, based on pro-
grams stored in the program memory. The architec-
ture is designed so as to permit the maximum DSP
throughput. While the ideas behind the architecture
may be implemented with a variety of logic families
and with one of a number of different types of DSP,
this research has concentrated on an implementa-
tion using the Texas Instruments TMS320C25 DSP.
This DSP has the virtues of having a large variety of
cross development tools [13], compatibility with cur-
rently available low cost logic families, a sufficiently
rich instruction set, an established upgrade path to
DSPs with increased performance, availability and
relatively low cost.

2.2 Program Memory

This memory consists of both EPROM and RAM.
EPROM contains the Resident Services Routines
and, in dedicated applications, the program to be
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executed. Fast RAM (25 nS) is used for RAM-
based program storage to permit downloading pro-
grams from the host. Programs contained in pro-
gram EPROM may also be transferred to this RAM
for much faster execution by the DSP.

2.3 Data Memory

The data RAM consists of two banks, accessed via
a multiplexer. Source data (on which computations
are based) are stored in one bank, and results of com-
putations are stored in the second bank. The multi-
plexer permits easily interchanging the roles of the
two data RAM banks, a necessary ability since the
execution of long multi-stage algorithms frequently
use the results of preceeding stages as source data
for succeeding stages. The multiplexer permits in-
terchanging roles without transferring data between

banks.

2.4 Write Contention Arbiter

The arbiter contains latches for the address and data
of the results generated by the node’s DSP and the
DSPs of the eight neighbouring nodes. The data
portion is the actual data element to be stored. The
address portion is the address at which the data el-
ement is to be stored expressed in terms of the re-
ceiving node’s array coordinates.

An internal priority encoder and finite state ma-
chine are used to write the results in an arbitrary
sequence. While the priority encoder causes data to
be written with a strict, fixed priority, the data ele-
ments being written will not be needed until the roles
of source and result RAM banks are interchanged.
Thus, this prioritization need not be considered dur-
ing algorithm design.

As will be shown, the strength of the architecture
rests with the arbiter, since it enables operation of
all DSPs at maximum speed for significant problems
without incuring inter-communications overhead if
properly designed.

3 Architecture Operation

Each ‘DSP node’ in the architecture is used to
compute the neighbourhood operations about each
data element in its ‘source region’ (SR), a section of
the input data space. Each node thus implements a
large number of ‘virtual’ processing elements (VPEs)
for algorithms requiring a separate PE at each ele-
ment in the data space to compute a result over its
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Figure 1: Block diagram of a single DSP node.
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Figure 2: Overlap depth for neighbourhoods smaller
than the region of responsibility.

local neighbourhood. The region of the data space
occupied by data elements for which the node im-
plements a VPE is termed the VPE region (VR).
The VR is centered in the SR (Figure 2). Taken to-
gether, the VRs of all the DSP nodes span the data
space. Downloadable constants in the Resident Ser-
vices Routines (RSRs) in each DSP node configure
the node for its SR.

3.1 Overlapping Neighbourhoods

Neighbourhood operations require that each VPE
be able to access data in its immediate neighbour-
hood, with the result that the neighbourhoods of
adjacent VPEs must overlap. The number of neigh-
bourhoods to which a given data element belongs is
a function of the size of the VR and the size of the
neighbourhoods. If the z and y dimensions of the
VR are greater than those of the neighbourhoods,
then any data element belongs to at most four neigh-
bourhoods (Figure 2).

Ensuring overlaps is not a problem if one DSP
node contains all overlapping neighbourhoods. How-
ever, overlaps must also occur in the ‘margin’ of the
SR, where the VPEs whose neighbourhoods overlap
are lmplemented on two or more DSP nodes. Tor
neighbourhoods of size m?, the margin of the SR
consists of the outer (m — 1)/2 rows and columns of
data elements which form a hollow square.

Inter-node neighbourhood overlap makes it nec-
essary for more than one DSP to have access to
soime data elements, leading to a memory access con-
tention problem. This problem is minimized by rec-
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ognizing that most neighbourhood algorithms com-
pute one (or at most a few) result data elements on
the basis of a much larger number of source data ele-
ments in the neighbourhood. Therefore there are far
more memory read operations than memory writes.
The memory access contention problem is minimized
by designing the architecture for write contention
(requiring a write contention resolution circuit) in-
stead of read contention. This is accomplished by
providing each DSP node with sufficient local mem-
ory to store all data elements within its SR, so that
it does not require access to the memories of other
nodes to effect neighbourhood overlap. The amount
S of data storage required for the entire data array
is

S = [oy/B + (m = 1)(v5— DI (1)

for p nodes, square VRs of v? elements and neigh-
bourhoods of m? elements, since margins are not
required outside the data array. (Note that some al-
gorithms may require configuring the processing el-
ements in a torus topology. Outside margins would
then be necessary. Such algorithms are not consid-
ered here.)

With p = 16, m = 31, v = 128, (1) results in
about 38% more memory required than if read con-
tention were used. Memory requirements for other
configurations are shown in Figure 4. With the cur-
rent low cost and high density of memory, this is not
deemed a significant problem.

The result data values to be written to the central
(v—m+1)2 or ‘core’ data locations in each VR do
not require contention arbitration, as no other DSPs
write to these locations. The results written to the
4(v—(m—1)/2)(m—1)/2 locations surrounding the
core must also be written to the margin of either
one or three additional DSP nodes. Data are writ-
ten to the margin locations of a node by its eight
neighbours. One approach to resolving the result-
ing contentions is to provide sufficient physically dis-
crete memory devices for each node that each of its
neighbours may write data to its margins without
contentions. While conceptually simple, the circuit
design is far from trivial. A more efficacious ap-
proach employs a dedicated arbiter to solve the con-
tentions.

When a result is to be written to the margins of
adjacent nodes, the address at which the result is
to be stored must be calculated with respect to the
coordinate frame of the receiving node. Since each
node generates results for at most three other nodes
(given m less than v), this computation will be per-
formed at most three times. At present, this calcula-
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tion is performed in software by the node generating
the result, as it knows the storage location required
in terms of its own coordinate system. Translation of
the coordinates is a simple procedure for the trans-
mitting node, requiring at most 13 machine cycles to
send the result to three adjacent nodes. The address
translation software is one of the Resident Services
Routines stored in program EPROM and executed
out of program RAM in the present architecture im-
plementation. Constants used in the translation (m,
v) must be loaded into data RAM internal to all
DSPs prior to commencing computations. Future
versions of the architecture will implement address
translation in hardware.

The arbiter accepts input from the local DSP as
well as its eight neighbours. Each DSP output is
accepted at a dedicated latch for both address and
data. The arbiter’s internal finite state machine
writes these results to the results RAM in an order
defined by the arbiter’s priority encoder. DSPs may
run without arbiter-generated wait states provided
the arbiter can write nine result values in less time
than the fastest of the nine DSPs takes to generate
two consecutive results. In the worst case the arbiter
must write nine results to RAM which requires the
same amount of time as taken by a DSP to read nine
locations for a 3 x 3 neighbourhood operation. Since
this is probably the smallest neighbourhood oper-
ation to be performed, the constraint is not oner-
ous. Wait states will infrequently be necessary for
operations on neighbourhoods smaller than 3 x 3,
but as these operations are reasonably fast, the re-
sulting reduction in architecture efficiency has little
effect on processing time. It should also be noted
that operations which use only one source data ele-
ment never require wait states because there are no
overlapping neighbourhoods and hence no require-
ment for contention resolution. From the foregoing
discussion it is seen that the architecture incurs no
inter-node communications overhead, for practical
neighbourhood applications.

3.2 Computation Steps and
Efficiency

Each DSP node performs all computations on data
in its SR. A ‘computation step’ is defined as the set
of all computations for all VPEs impiemented by one
node for which all source data are available in one
bank of data RAM. Further, all computations per-
formed at each step must use neighbourhood sizes
mxm, m < Mmmax , where mmax 1s determined by
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the configuration constants loaded into the RSR of
each node prior to loading the data into each node.
Algorithms must be structured to maximize the
number of computations performed at each step.
Upon completion of the step, the node signals the
host that it is now idle. When all nodes become
idle, the host reverses the roles of source and des-
tination data RAM, and the next processing step
commences. The performance penalty incurred in
forcing all but one node to be idle for some period
of time is expected to be small however, since each
node implements VPEs for a large number of neigh-
bourhoods. Assuming that the processing times at
each VPE are approximately i.i.d N (7, 0?) and since
the number of VPEs implemented by each DSP node
is v?, the total time to process the SR for all nodes
will be N (v?n,v20?) with the result that the relative
variation (coefficient of variation) in compute time
from node to node is 1/v of that for the VPEs.
Under the assumption that the dedicated inter-
node communications hardware eliminates inter-
DSP communications overhead, efficiency of the ar-
chitecture may be defined as
Topt

Tact (2)
where Tp,p is the optimal time for execution of
the complete processing step, assuming all nodes are
busy at all times, and T,.; is the actual compute
time. Since the time taken by each node is assumed
to be normally distributed, the value for doee s
chosen to meet or exceed the node compute time
for the slowest node in the system with probability
0.95. Since node compute times are 1.i.d, the time
required is that time which is not exceeded by any
one node with probability 0.95/? where the num-
ber of nodes is p. Since Topt would only occur if all
nodes took exactly the mean time v2n to simulate
v? VPEs, and since Tact 1s the time taken by the
last node to finish, the 95-th percentile efficiency is
given by

=

viy
v2n + kow (3)

where k is determined from the cumulative proba-

bility

p (Tact (worst) — Topt
using tables. Figure 3 shows the worst-case 95-
th percentile efficiency as a function of numbers of

nodes for an image 256 pixels square. This worst-
case efficiency occurs if each node must either do

<O.95 =

log

= L) =os Ty
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Figure 3: 95-th percentile efficiency as a function of
number of nodes for an image of 256 pixels square.

nothing or compute for time 27, with equal proba-
bility. In this case, o/ = 1. Thus the figure depicts
a lower bound on efficiency.

3.3 Downloading

Programs and data may be downloaded to all nodes
in the MDNA at the same time since one program is
run by all nodes at the same time. (This is still an
MIMD structure since the processors may be execut-
ing different instructions at any one time.) Down-
loading is performed using a high speed (2 Mbit/s)
serial communications link. Programs are reason-
ably short since they consist of only the ‘inner loops’
as discussed below, so download time is short.

Data may also be downloaded via the communica-
tions link but the time taken is significant for large
data arrays, taking over one second for a 512 x 512
byte array. For complex algorithms of many com-
pute steps, this may still be much less than the com-
pute time, however.

A faster alternative is to download data through
one ‘edge’ of the data array, thereby permitting the
movement of data at v data elements in time ¢4,
where t4 is the access time for data RAM. For the
current implementation and for v = 4, 2.0 x 107 data
elements could be loaded per second. A 512 x 512
element image would then load in about 13 millisec-
onds.

Software for all downloading resides in the Resi-
dent Services Routines.

3.4 Expansion of the Architecture

Architecture throughput may be readily improved
merely by installing more DSP nodes and changing
some RSR constants, as the use of local inter-DSP
communications busses and hardware arbitration re-
sult in an architecture whose throughput is linear
in the number of DSP nodes. Application-specific
cost/performance trade-offs are then made easily.

Problems of higher dimensionality may be acco-
modated using conventional techniques. For three
dimensional problems, the inner loops are pro-
grammed to treat each data element as one ele-
ment of a data vector. Programming is simplified
if the elements of each vector are arranged to cover
a square patch of the data space rather than a strip,
since neighbourhoods are made to overlap more eas-
ily with this data organization. Routines to access
data elements within data vectors can easily be made
part of the Resident Services Routines.

4 Software Development

Software development for parallel architectures is
generally difficult as algorithms must be explicitly
structured by the programmer to take advantage of
a particular architecture’s parallelism. Algorithms
are therefore highly dependent on the number of
processors, and the internal architectural details of
message passing and contention resolution. Porting
algorithms is then difficult.

Neighbourhood algorithms frequently may be
structured so as to hide these details however. For
simple operations such as convolution, it is clear that
the operation performed at every VPE is identical.
Such algorithms may be implemented as two nested
loops in which the loop counters provide the z and
y coordinates of the result data element of interest.
These loops can be implemented in the Resident Ser-
vices Routines, to use values of m and v previously
downloaded from the host.

The processing necessary to generate a result at
a given location z;, y; is termed the ‘elemental func-
tion’ and is programmed with all data element refer-
ences relative to that location. This usually entails
two nested loops for non-separable neighbourhood
operations. The elemental function is independent
of the coordinates of the point of interest, and so may
be written by the application programmer without
knowledge of the number of DSPs currently installed
in the architecture. The programmer must ensure
that his problem will fit the architecture, by ensur-
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Figure 4: Memory requirements as a function of
neighbourhood size.

ing that the installed memory exceeds the memory
indicated in Figure 4 for the m required by the algo-
rithm. While larger problems may be accomodated,
the programmer must take care of problem parti-
tioning.

Various languages are suitable for software devel-
opment, requiring only that they have some con-
struct to permit execution at a location specified
by a vector. Candidates include Forth and C, since
integrated cross-development environments (editor,
compiler, linker, debugger, libraries etc.) already ex-
ist for TMS320C25 application development in these
languages. Development environments must be aug-
mented with a very simple facility to download the
binary program to the nodes. In Forth, the develop-
ment environment is easily tailored to permit run-
ning TMS320C25 code on the host machine to facil-
itate debugging. With adequate Resident Services
Routines, the programmer sees a virtually seamless
development and debugging environment.

5 Architecture Simulations

The architecture was simulated to test aspects of
the foregoing. The time taken to execute 3 x 3 and
7 x T convolutions were determined by writing ap-
propriate elemental functions and finding instruction
execution times in the TMS320C25 specifications.
Convolution kernels larger than 7 x 7 were not stud-
led because the overhead incurred in address calcu-
lation becomes insignificant since it is fixed while
the time to access source data is linear in the num-

Number of DSP Nodes

Figure 5: Performance of software address transla-
tion with respect to hardware-based translation for
a data array of 256 x 256 elements.

ber of kernel elements. All simulations are based
on programs being executed from program RAM
without wait states, data fetched from data RAM
with one wait state, and all DSPs operating wih a
40MHz clock oscillator. The convolution routines
could be optimized to take better advantage of the
TMS320C25 internal data RAM, but the simula-
tion results would then be highly specific to con-
volution and would not indicate architecture perfor-
mance when executing neighbourhood operations in
general.

The first simulation explores the impact of using
software address translation as opposed to hardware
translation as a function of the number of DSP nodes
and the size of the kernel. Since all address trans-
lation variables are passed to the RSR and thus are
known to the DSP prior to executing this computa-
tion step, for this simulation only the program and
data were assumed to be internal. Figure 5 shows
the relative performance of software versus hard-
ware translation as the inverse ratio of the processing
times, indicating that efficiency increases with ker-
nel size. Further, overhead increases as more DSP
nodes are added because the ratio of margin pixels
to core pixels has increased.

The second simulation (Figure 6) indicates that
the execution time of the architecture is inversely
related to the number of DSP nodes installed, or
equivalently, throughput is linearly related to the
number of nodes. This illustrates the effectiveness
of the contention arbitration approach used.
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Figure 6: Execution time as a function of the number
of DSP nodes.

A single DSP node would take 0.301 seconds to
convolve a data array of 256 x 256 elements with a
3 x 3 kernel and 1.05 seconds for convolution with
a 7 x 7 kernel. Figure 7 indicates compute times
of the architecture relative to the theoretical opti-
mum 7] ,ode /P, where T} [ 4e 1s the time taken
for one DSP to perform the entire convolution and
p is the number of DSP nodes used. Compute times
approach the theoretical optimum with larger ker-
nels. This occurs because fewer instruction fetch
operations per data element are necessary for larger
kernels as the TMS320C25 has a facility for repeat-
ing instructions without re-fetching them.

6 Summary and Conclusions

Analysis of the neighbourhood processing problem
has lead to a new, easily programmed, scalable mul-
tiprocessor architecture with performance linear in
the number of processors. The architecture may be
implemented with readily available, low cost com-
ponents, and permits use of available software cross
development products. By using dedicated intercon-
nection between adjacent nodes and by implement-
ing large numbers of VPEs with each DSP node, the
architecture reflects the inherent structure of neigh-
bourhood problems to the degree that enables the
DSP chips to operate at maximum speed without
inter-node communication wait states.

While the architecture has not yet been con-
structed, the detailed design has been completed and
verified. It is anticipated that the first MDNA ma-

Number of DSP Nodes

Figure 7: Architecture execution time relative to the
theoretical minimum time.

chine will be completed and operational in the very
near future.

Future research in high speed neighbourhood ar-
chitectures will attempt to perform MDNA ad-
dress translation and write contention arbitration in
VLSI, explore optical interconnection between ad-
jacent nodes, and define an appropriate instruction
set and internal architecture for a neighbourhood
processing DSP chip that incorporates facilities for
multi-directional interconnection. A high resolution
video interface for direct display of the result data
RAM will also be designed.
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