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Concurrent Hardware Alternatives for the Implementation of
the Binary Hough Transform

Luciano da Fontoura Closta

RESUMO

Alternativas de hardware concorrente sao consideradas para a implementacgao da trans-
formada binaria de Iough, uma técnica simples e efetiva para deteccio de barras digi-
tais. As alternativas consideradas incluem: processadores de alto desempenho para uso
geral (transputers e TMS320040), o processador de imagens paralelo MAPP2200, circuilos
logicos discretos e VLS digital e de multiplos-valores. Os méritos e limitagoes de cada uma
destas opgoes para a implementagao da transformada binaria de Hough sao discutidos.

ABSTRACT

Concurrent. hardware alternatives for the implementation of the binary llough Lrans-
form, a simple and yet effective technique for digital bar detection, are presented and
discussed.  The alternatives considered in this paper include: general purpose parallel
processors (transputers and the TMS320040), the parallel image processor MAPP2200,
diserete logic integrated circuits and VLSI (digital and multiple-valued circuits). Each of
these options is discussed with respect to their relative merits and shortcomings as means
for binary Hough transform implementation.
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1 Introduction

It is difficult to think of another image processing or computer vision technique that has
become so popular as the Hough transform - HT [I, 2, 3]; it suffices to say that about
400 papers in the English language on the Hough transform had been published nntil 1991.
The HT, introduced as a patent in 1962 [4], was later related to other techniques such
as teniplate matching [5], Radon transform [6], Fourier transform [7] and projections [8].
Its underlying principle consists in mapping the image feature elements, usually the edge-
elements, into a discrete parameter (or Hough) space in such a way that peaks in the latter
indicate possible instances of the sought pattern in the image. The current popularity of the
HT can be explained by its following interesting properties: (a) it is simple and effective;
(b) it searches simultaneously for all the instances of the sought pattern in the image; (¢) it
performs image segmentation and parametric fitting; (d) it allows certain levels of tolerance
to distortion, occlusion or noise in the image; (e) it involves less computational complexity
than many other pattern recognition alternatives such as template malching and (I) it is
particularly suitable for implementation in parallel hardware and software [1. 2. 3. 9].

Although HTs can be generalized for detection of other curves and general patterns [2],
it is the HTs for straight line detection that allow the best performance and simplicity. In
fact, digital straight line segments as well as their generalization as digital bar segments
[3, 9] are representation elements specially relevant to natural and computer vision for
the following reasons: (i) any digitized curve can be represented or detected in terms of
digital straight line segments and (ii) the mammalian visual cortex is in great part oriented
to detection of bar segments [3, 10]. The series of possible analogies recently established
between various of the HT aspects (e.g. modularity and parameter space organization) and
the processing occurring in the mammalian visual cortex [L1, 12, 13] have provided further
support to the I'T as a specially significative pattern recognition technique,

Four issues have heen identified as the principal barriers for the achievement of versatile
and powerlul computer vision systems: (a) need for real-time execution of a large amount
of input data for which conventional Von-Neumann machines have often proved to be
useless; (b) need for improved vision models and algorithms: (c) lack of knowledge about
the natural vision systems which have been used as basis for many computer vision systems
and (d) poor gray-level and spatial resolutions commonly adopted [or image representation
[14]. It should be emphasized that the odds of obtaining real-time versatile computer
vision systems are improved whenever more than one of such barriers are simultaneously
addressed. For instance, the development of improved algorithins should at the outset be
oriented to parallel hardware or software implementations. Even issue (c). which relies
primarily on biological experiments, should be attacked by computer vision researchers in
the sense of achieving cross-lertilization between biological data and formal computational
models [15].

The efforts reported in the present paper are part of a bigger ongoing project aimed at
the development and implementation of a versatile [ramework for real-time intermediate-
level vision [16) capable of describing a given input image in terms of its digital bar segments.
Issues (a) to (d) above have been cousidered from the very beginning of the project devel-
opment. This paper is aimed at the assessment of the advantages and shortcomings allowed
by several representative concurrent hardware alternatives (pipeline, systolic or vectorial
structures) for the implementation of the binary Ilough transform — BII'T, whicli is the basis
of the above mentioned framework. The BIIT is a variation of the standard 11I'l" for straight
line detection which allows some interesting advantages such as no need for products and
table look-ups and can be calculated without any rounding errors in integer arithmetic
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(fixed-point).

The paper starts by specifying the problem and follows by presenting the BIIT and
the series of parallel hardware options for its implementation, which includes: general and
semi-general purpose processors (transputer and TMS320040), the parallel image proces-
sor MAPP2200, discrete logic integrated circuits and VLSI (digital and multiple-valued
cirenits). The paper concludes with a discussion of the relative advantages and disadvan-
tages of the considered alternatives.

2 The Binaay Hough Transform

The BIT is a variation of the standard HT for digital bar detection [9] which is based on
Mecllroy’s modelling of digital straigh lines [17]. Each point P = (a,y) of a digital bar in
the image defines a digital bar in the parameter space in such a way that any point in this
latter digital bar defines yet another digital bar in the image space which contains P [9, 3].
The digital bar associated to each parameler space point Q corresponds to its ‘receptive
field", i.e. a high count will be obtained in @ whenever the image contains a line falling onto
the ‘receptive field’. 1t is straightforward to verify that parameter space points lying on a
vertical line will define a family of parallel digital bars in the image space.

A possible formulation for the BHT is given by expression ( 1), where j is a positive
integer. M and (' are respectively the har slope aud intercept and Ny; is the amount of
slope samples. For simplicity’s sake, NxN images are assumed and the intercept resolution
is fixed to be I (the general expression can be found in [3, 9]). In order to cover all Lhe
possible slopes, expression ( 1) has to be applied over every image [eature element PP = (o, y)
according 1o the four coordinate transformations given by ( 2) to ( 5). The accumulator
arvay is incremented for each of the produced instances of ', and i.

Coli) = e = i-(e/ Nar) (n
where Ny = 2/,
and
i = 0,1,2,....Njj
(o) = (r1. ) (v=1) (2)
(a.y) = (w2 N =1 = ) (v=2) (3)
(£9) = (set3) (v=3) (1)
(eoy) = (e N = L —wy) (v=4) (%)

The BIIT presents the following interesting features: (a) by processing the products
through accumulated additions, the BHT can be executed without products or table look-
ups: (b) it allows optimal utilization of the memory required for the Hough space represen-
tation [18. 19, 3]: (¢) it can be performed without rounding ervors in fixed-point arithmetic
and (d) it has been experimentally verified that the BIT allows performance approximately
cquivalent to other standard 11Ts in respect to the amount of false and broken lines and
to parameter estimation errors 3. The BHT also presents seme shortcomings. common
to most other 1ITs. such as the fact that some digital bars can be truncated or replicated
during deteciion and that no information about the image connectivity is produced (sparse
points can be detected as bars and the extremities of actual bars are not determined). Both
these problems can nevertheless be easily circumvented by post-BHT processings (respec-
tively a merging and connectivity analysis stages) [9. 3]. The amount of [alse peaks resulting
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in the Hough space can be reduced by adopting Gerig and Klein's strategy described in
20, 9].

3 Parallel Hardware for Implementation of the Bi-
nary Hough Transform

Being an important intermediate-level computer vision technigue often required to run in
real-tinmie, many concurrent hardware structures have been considered for II'T" implementa-
tion [2, 21, 3]. Although it has been experimentally verified that 1ITs are not particularly
suitable for implementation in bidimensional processing arrays, they have proved to he gen-
crally suitable for implementation in dedicated architeciures and linear SIND and MIND
arrays [3]. A number of distinct concurrent hardware alternatives are considered as means
of II'T implenientation in the next subsections.

3.1 Concurrent Microprocessors
3.1.1 Transputer Networks

The transputer was introduced by INMOS as a self-contained microprocessor with support
for multiprogramming which can be used as a building block of parallel processing systems
based on the message-passing protocol. Transputers were primarily designed to execute
the parallel language OCCAM [22] and. even though many other compilers have become
commercially available, OCCAM is still the language which commonly allows the hest
performance. Although the transputer family currently includes many other members, we
shall be restricted to the T400 (a more economic version of the T414) and the popular
T800. The T400 is a 32-bit machine which includes two communication serial channels and
4IKbytes of internal memory; the T800 is basically a T400 which includes two additional
channels. 2Khytes of additional internal RAM and a 6.1-bit floating point unity.

In the specific case of Hough transform, the effectiveness of parallel implementations in
transpuler networks is favoured by the fact that the H'l"s input, ie the edge elements, can
be processed in any order and consequently the image edge-elements can be distributed
amongst a given number F of processing elements. Assuming uniform input distribution.
the overall HT execution time becomes in great part determined by the interconmunications
between distinct processing elements, which is by its turn determined by the adopted inter-
connection topology. Although the edge-elements could be divided between the processing
elements by completely disregarding their position in the image. the option of partitioning
the image in uniform segments, each to be assigned to a specific processing element, is
henceforth adopted in order to allow the Hough space 1o be also conveniently partitioned
(see [23]).

Transputer-based implementation of the BIIT have heen successfully applied to several
actual situations such as [24, 25. 26, 27]. Results of experimental performance assessments in
transputer networks (either T400 or T800 since no products or real arithmetic are involved)
are presented in Figure 1.

3.1.2 Digital Signal Processors — The TMS320C40

The TMS320C40 is currently the most recent member ol the Texas Instruments T'MS320
digital signal processor family and is amongst the highest performance 32-hit microproces-
sors available in the market, operating at 275 MOPS and transferring data at a rate of
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Table 1: Execution times and speed-ups for the BHT in 1 and 4 transputers (for 128 samples
ol the slope parameter); Nig. = amount of processed image leature clements.

Nige 1xT'800 | 4x'T800 | speed-up
G4 x64 347 s | 909 ms 3.82
32x64 175 s | 459 ms 3.81
16xG4 || 895 ms | 254 ms 3.52
Sx64 467 ms | 137 ms 3.40

320 Mbytes/s with a 40ns cycle time [28, 29]. Its principal features include six parallel
bidirectional ports, each provided with a respective DMA channel for interprocess com-
munications; global and local buses (100 Mbytes/s each) for data and program fetches; a
10-bit. floating-point /integer multiplier ALU, a 32-bit barrel shilter; program cache (512
bytes) and Harvard architecture. Single precision (32 bits) and extended precision (410-hits)
floating-point. products as well as 32-bit integer multiplications can all be executed in a
single eycle. Standard TMS3200C40 packages present 325 pins.

The BIIT can be effectively implemented in the TMS320C40 by making use of the barel
shifters and DSP-typical add-accumulate and loop control mechanisms. The BIIT regularity
and underlying data flow ensures that the instruction pipelining in the TMS320C40 will
perform effectively. Message-passing-network implementations analogous to those described
for the transputer can also be applied with the benefit that a small overhead will be implied
due to the faster inter-processors communication allowed by the parallel channels, although
at the cost of compounding the dynamic reconfiguration of the topology. Despite the fact
that the TMS320C'40, as well as most DSPs, can perform floating-point products at the same
speed as integer additions, the BIIT remains an interesting alternative compared Lo other
standard, multiplication-based HTs because of its adequacy for fully accurate calculations
of the intercept parameters,

The TMS320040 is currently being considered as the DSP-core for a high-performance
subsystem for image processing and computer vision, to be integrated into a larger system
intended for general applications in visual inspection and computer vision. This project is
being jointly formulated by the IFQSC-USP, Dept. Electrical Eng.-USP and ICMSC-USP,

3.1.3 Parallel Image Processors - The MAPP2200

Being the first device ever to incorporate a C:C'D sensor-arvay and a parallel image processor
into the same chip (a 68-lead LCC package with a glass window), the IVP's ' - ‘smart
optical sensor’ MAPP2200 can be mounted in a camera in the same way as a standard
€D ehip but with the bonus of delivering versatility and processing power [30]. The
MAPP2200 includes a 256x256 CCD array, 114 digital 256-bit registers, a 256-bit analog
vegister and three pixel processing unities (point, neighborhood and global logical unities)

operation occurs in a SIMD fashion over.all the 256 bi-operands of the accumulator or
digital registers). The MAPP2200 can be straightforwardly interfaced to a 16- or 32-
bit supervisory microprocessor host through a 16-bit bidirectional bus: the instructions to
he executed in the MAPP2200 must be scanned by the host over the NAPP2200. Most
instroctions are executed in 250 ns.

Hutegrated Vision Products, Sweden.
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Figure 1: The strategy for implementing the BIIT in the NAPP2200.

Since 256-bit registers are the standard data element in the NAPP2200, implementa-
tions of BHT algorithms which handles the image edge elements individually are not likely
to vield good performance. The alternative currently adopted in our project consists in
exploring the partitioning of the image space implied by the BIT formulation: we have
already seen in section 2 how a family of digital bars is d=fined in the image respective to
vertically aligned parameter space points (see also [8]). Thus, by taking the lowest digital
line as reference, it is possible to process the whole image for cach slope by counting into
the MAPP2200 accumulator all the edge elements which falls within each of the digital
bars. The reference digital bar is generated by the host through the BII'T and. since the
intercept resolution is fixed to be one, each of the accumulator bits can be associated fo a
digital bar in the image (such a strategy implies that the image segments size should he
limited to half of the accumulator length). Such a processing strategy, which relies strongly
on the register shift instructions of the MAPP2200, is illustrated in Figure 1. The image
has Lo be fully scanned for each considered bar slope. Processing of slopes with absolute
values larger than 1 can be achieved simply by exchanging the x- and y-coordinates ol all
the image feature elements and re-applying the discussed strategy.

Since 8-bit additions between two data (i.e. two complete 256-byte image rows) is per-
formed hit-serially in the MAPP2200, a total of aboul 25 cycles are required by this oper-
ation. We are currently developing a simulator for the MAPP2200 in Pascal which will be
used to assess the performance of the above described strategy for the BHT implementation
in this processor.

3.2 Dedicated Parallel Implementations

The following subsection presents the systolic structures that are the hasis for the dedicaled
alternatives to be addressed in the remaining subsections.
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3.2.1 Systolic Architectures for the Binary Hough Transform

The simplicity and the spatial and temporal regularity of the BII'T processing suits parfic-
ularly well to pipelined/parallel (ie systolic) execution. Three main systolic designs have
been proposed for BH'T implementation which are respectively based on the following three
underlying processing strategies: (a) progressive calculation of the products through accu-
mulate additions; (b) binary decomposition of the operands and (c) combination of these
two strategies [31. 32 33, 3]. Such systolic structures are illustrated in Figure 2 for Npy = 4,
where [ and . respectively indicate right and lelt binary shifts and the triangles represent
delay-elements (or latches). The additions with N — | and [/ are required in order to avoid
negative values during the fixed-point calculation.

FEach of these systolic structures presents its relative advantages and disadvantages:
the first structure implies the greatest number of delay- elements, and consequently the
longest execution time but does not require any signal line-crossing (which compounds VLSI
designs): the second alternative demands fewer delay-elements at the expense of a number
of signal line-crossings: an interesting balance hetween these parameters is achieved in the
third design, which has the further advantage of being inherently modular (the basic module
is a systolic structure of the second type, which is cascaded according to the underlying
principle of the first structure). Features which are common to these three systolic designs
are presented in the following:

Speed — Assuming the conservative hypothesis that each of the basic operations in the
BII'T bit-level systolic architectures can be performed in about 10ns. a whole 1732x1732
image can be processed in just 30ms;

Simplicity — Circuits are required only for integer addition and latching, with no need
for tables or products (the binary shifts can be straightforwardly implemented by wiring):

Regularity — Each of the three topologies presents substantial inherent data flow and
control regularity. which favours dedicated implementations:

Efficiency of hardware resources utilization — It can be easily verified that any
of the systolic designs presented in this paper allow full efficiency for hardware resources
utilization [34]. which commonly implies faster and more economic operation;

Input — The systolic structures require their input, i.e. the image feature elements,
to be fed in a bit-stream fashion. which is easily achieved by using simple systolic edge-
detectors (see [35]), which can be directly connected to the bit-stream output of standard
cameras.

It should be observed that additional circuitry needed for implementing the accumulator
array updating is also required, which can be straightlorwardly obtained by using counters
and memory modules and will not be considered in the present paper due Lo space linitation
(for more detail see [35, 3]).

Any of the three basic systolic structures presented above assume that the data is pro-
cessed in words (‘word-parallel’). Bit-sevial and bit-level versions of these structures are also
feasible and can be straightforwardly obtained. Bit-serial designs are particularly suitable
for economic. non real-time implementations; bit-level structures. which are obtained by
pedforming each addition in bit-pipelining (fine-grain concurrency). consist in effective ways
ol achieving high exceution throughputs [33. 3]. Such systolic BHT structures have proved
to be amongst the highest performance and most eflective dedicated concurrent hardware
alternatives for [lough transform execution [3].

The BIIT systolic architectures were formally validated with respect to logical opera-
tion and synchronization by exploiting the transputer multiprogramming capabilities: each
processing element (or part of i) was assigned to an OCCAM process and the physical
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Figure 2: The three basic BI'T systolic structures respectively based on progressive addition
(a), binary decomposition (b) and combination of these strategies (c); {7 = 2/=" — |,
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Word-level bit-serial
number of colunms 2 1
rows per column Il 9
slages per row 94 121
array area 344 mm? 1.6Lmm?
clock period 10uns J0ns

interconnections between these elements were implemented as channels. Though the em-
ploved version of the OCCAM-2 did not allow variable PAR control, it was possible to
verify the correctedness of the proposed designs [3].

3.2.2 Discrete Digital Circuits

Though this certainly corresponds to the most cumbersome alternative, it is also the less
expensive and most versatile dedicated implementation strategy. at least in the light of our
currently available technological capabilities (no commercially available EPLD suitable for
BHT systolie implementation has so far been identified by the author). Having decided by
the T'TL technology, we tried to design a basic module which exploited as well as possible
the available TTL devices. It turned out that one of the most suitable options was to use
four-bit adders in such a way that the addilions are serially executed in chunks ol 4-hils.
Suech a strategy can thus be classified as intermediate between bit-level aud word-parallel
BHI" systolic structures. The current design is based on a dual output (i.e. implement
two of the outputs C'.(7) in expression 1) module, composed of six low- and medinm-scale
integration TI'Ls. Such modules can be cascaded in such a way as to obtain the aimed
slope resolution. The execution rate of such a structure, primarily intended to he interfaced
to an IBM-PC compatible machine, is expected to he about 50MIlz for *LS* T'TL devices.

3.2.3 Digital VLSI Implementations

Digital VLSI integrated circuits dedicated to word-parallel and bit-serial calculations ver-
sions of the above discussed second (and consequently a module for the third structure)
architectural option have been designed by using the SOLO 1200, a software package lor
designing of custom integrated circuits, and fully simmulated [36. 37]. The basic BII'T
operalor, i.e. the adder, has been designed using the SOLO 1200 ‘draft’ schematic entry.
Given that the available total [C' area and amount of input foutput signals (pins) were re-
spectively Timited to 27.4 nun? and 81 pins, the word-parallel version had to be organized
into bit plane modules (three bits per module). The principal obtained features for the
word-parallel and bit-serial designs (for eight outputs) are presented in table 3.2.3. As
expected. the word-parallel architectures allowed a smaller period of clock at the expense
of a larger IC' area. Also, it should be observed that the obtained used area [alls short of the
total available avea. which means that larger bit-serial structures can be easily implemented
into a single chip: larger word-parallel modules are limited by the amount of available pins.

3.2.4 Multiple-Valued Logic VLSI Implementations

It is ¢uite well known amongst the computer seience community that digital circuits and
computers were introduced and have been thriving as means of obtaining improved com-
putation reliability compared to that allowed by analogic technology. What is commonly
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Table 2: Principal features of Lthe considered concurrent hardware alternatives (1 - processor
only; 2 - approximated, for 20MIlz devices iu batches of 1000; 3 - for 16 ontputs: | - J0N 1z
devices; G/S = general/semi-general; D = dedicated; T, = approximated execution time
for the addition of two binary words (for single processing element.).

modelo Ty | type cost
T400/1800 | 50ns [ G/S | US$42/US$220"*
TMS320C40 || 250s | G/S 11S$360™
MAPP2200 [ 20ns | G/S medium
discrete 20ns D (1S$50°
digital VLSI || 10ns D high
MVL-VLSI || 2.5ns D high

less known is that analogic, and particularly analogic-digital iybrid civeuits are nowadays
making a come- back as interesting alternatives for VLST implementations. One of the most.
representative ol such tendencies, and the one considered in this paper, is multiple-valued
logic - MVL - VLSI, which presents potential for reducing the interconnection complex-
ity and the amount of elementary devices thus yielding more compact and faster VLSI
integrated circuits. Although alternative strategies are possible, this paper is restricted te
LSI multiple-valued CMOS current-mode circuits based on the radix-1 signed-digit - SD
-numeric representation system [38, 39, 40]. One of the most remarkable inherent features
allowed by such circuits is that additions can be straightlorwardly performed through simple
wiring according to Kirchhoff’s current law [39, 40].

A possible current-mode circuit for addition of two radix-4 SD values A and B giving (' is
presented in Figure 3(a) [39, 40], where the triangle represcuts an n-channel current mirror:
BDCI and TD respectively stand for bi-directional current input and threshold detector and
BTD is a TD provided with the buffering cireuitry recquired for synchronization (via clock)
of the pipelined operation. A remarkable property of such a full adder, which requires 26
transistors, is that its execution time is independent of the word length [39. 40). Since
a single full-adder is obviously not enough for most applications, it becomes necessary to
cascade them in order to process longer words, as illustrated in Figure 3(b), where each *1(Q)’
means an ‘inverted quantizer’ which also contains 26 transistors. For the typical situation
considered in [40], a non-pipelined SDFA with the inveried quantizer execute in about I Ins.
The pipelined SDFA presented in Figure 3 allows a reduction of about 50% of the execulion
time, consequently resulting in a quite effective basic operator for implementation of the
BHT systolic structures. It is easy to verily that suitable BHT MVL systolic structures can
be obtained from their digital equivalents (Figure 2) except for the fact that -1-hit, instead
ol 1-bit, outputs are produced by each adder. Such MVL BHT structures thus not only
allow a reduction of the basic clock, but also a substantial performace improvement due to
the production of parallel outputs corresponding to 2 bits (or four values).

4 Comparing the Alternatives

Table 2 presents the principal features of the concurrent harvdware alternatives for BII'T
implementation discussed in the present paper.
As could be expected, the dedicated designs resulted faster at Lhe expense of less ver-
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Figure 3: The radix-1 signed-digit full adder - SDFA (a) and its cascade combination in
order 1o allow the addition of longer words (h).
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satility. On the other hand, the slower concurrent microprocessors can also be used to
implement other operations (such as edge-detection. thinning, merging and connectedness
analysis) required by the overall intermediate-level vision [ramework. In fact, the choice of
one of the above alternatives will in great part depend on the application reguirements and
the aimed overall cost. As already observed. the option involving discrete digital ¢
("I'"I'Ls) allows the lowest cost and vel the best flexibility and one of the fastest execution
rates. The principal shortcoming of such an approach is the required plivsical size, which

can be attenuated by using small-size TTL packages. The transputer and TNS3200'10
are interesting alternatives for building versatile systems and for post-I1I'T stages in the in-
tended intermediate-level vision [ramework. The MAPP2200 is an innovative deviee whose
main feature is the compaction of the civcuitry; it wonld be quite interesting to have an
MAPP2200-based camera able to perform most of the image pre-processing aud the BT
speedly. The MVL-VLSI is one of the most exciting alternatives for the BIUT implementa-
tion which presents potential for good infegration densities and excellent execntion rates.
We are currently collaborating with the Dept. of Electronic Engineering. ‘Tohokn University
(see acknowledgements), towards a MVL-VLSI BIIT design. The principal obstacles to be
overcome are the formal assessment of pipelined execution of the NMVL full adder and the
production aspects.

5 Concluding Remarks

This paper has presented recent results concerning the consideration of several vepresenta-
tive concurrent hardware alternatives for the implementation of the binary Hough trans-
form, an effective technique for digital bar detection. Three concnrrent microprocessors
(transputers, TMS320040 and MAPP2200) and three dedicated concurvent steneturves (dis-
crete digital circuits, digital VLST and MVL- VLSI) have been presented and its advantages
and shortcomings for BI'T implementation identilied. It was verified that suitable BT
implementation strategies can be obtained for all the addressed concurrent havdware alter-
natives: the dedicated options resulting particularly interesting as means of achieving high
execution rates al allordable costs.

The results obtained in this paper can be extrapolated to predict the suitability of the
considered hardware alternatives for the implementation of other image processing and
compuler vision lechnigues which present similar data flow and control stencture, In lact,
the HT. in addition to its popularity as an ellective pattern recognition technigue. has also
heen established as a benchimarking algorithm.
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