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Abstract

Image moments are used in image analysis for object
modelling, matching and representation. The computation
of high-order moments is a computational intensive task
that can not be implemented in real-time with nowadays
general-purpose processors. This paper proposes a set of
specialised processors for generating an image moment of
an arbitrary order in real time, by adopting systolic pro-
cessing techniques and floating-point arithmetic units. It
proposes a modular and cost effective architecture for gen-
erating image moments, with a processing time not depen-
dent on the order of the computed moments. The architec-
ture was implemented using different devices, such as pro-
grammable digital processors, configurable hardware logic
and integrated circuits, by using a 0.7 pm CMOS process.
The several implementations have shown the effectiveness
of the architecture, and the obtained results allow us to com-
pare the different solutions in terms of speed, flexibility, cost
and power consumption.

Keywords: High-order image moments, Pipeline archi-
tectures, Systolic processing, Digital Signal Processors

1. Introduction

Two-dimensional object representation and recognition
is an important topic in the computer vision area. Moments
of the intensity function of pixels are commonly used for
representing an object or an image. The p = m + n order
moment (M,, ) of an array of pixels with values f(z,y)
and size N M is defined by equation 1 [1, 2].

N M
Mm,n = Z Ewmynf(xay)

z=1y=1

(1
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Low order moments are commonly used to extract fea-
tures, such as area and center of gravity, and to find the
location and orientation of objects in a image [1, 2, 3, 4]. In
contrast, high order moments are used for pattern recogni-
tion and image representation [5, 6].

A direct computation of equation 1 requires N M addi-
tions and (m + n)NM multiplications. In the last years,
several algorithms and architectures have been proposed
to improve the speed of moments computation. However,
some of them are only valid for low-order moments and/or
for binary images [7, 8, 9, 10]. Other proposals suggest
architectures without practical interest due to its complex-
ity [11]. Moreover, floating-point arithmetic has to be used
to compute moments of different orders, given that the re-
quired dynamic range increases very rapidly with the mo-
ment’s order. Some other proposed architectures [7] adopt
wavefront processing techniques to adapt the throughput
to the variable processing time exhibited by floating-point
arithmetic units. However, although they eliminate the need
to respect the “worst” processing period, they require ad-
ditional circuits to exchange data between Processing Ele-
ments (PE), which represents a significant overhead in the
hardware cost.

This paper proposes a new architecture for computing
2-D gray level image moments with any order in real-
time, by adopting systolic processing techniques and float-
ing point arithmetic. The proposed architecture is modular
and scalable for higher order moments and requires a re-
duced amount of hardware. Moreover, the results presented
in this paper demonstrate that the architecture is well suited
to implement specialised processors for computing image
moments based on Digital Signal Processors (DSP), Field
Programmable Date Arrays (FPGA) and Application Spe-
cific Integrated Circuits (ASIC). By comparing the different
implementations, it is possible to conclude that the real-time
processing is always achieved. However, some advantages
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(a)

(b)

Figure 2. Representation and reconstruction of an image pattern using high order moments: (a)
Original input image. (b) Reconstructed image with up to second-order moment through up to
40th-order moment, from top to bottom rows and from left to right.

of the specific characteristics of each of the considered pro-
cessor implementations can be taken, in what concerns the
operating speed, flexibility and power consumption.

This paper is organised as follows. Section 2 presents
two main application examples of the use of image mo-
ments in image processing. An efficient power core for
generating the = and y powers is proposed in section 3. In
section 4 a new systolic architecture is proposed and in sec-
tion 5 floating point arithmetic units are described. Sec-
tion 6 presents and compares several implementations of
a proposed processor based on different devices, such as:
FPGAs (section 6.1), ASICs (section 6.2) and DSPs (sec-
tion 6.3). Section 7 concludes the presentation.

2. 2D Image Moments

As it has been referred in the previous section, image
moments are often used in computer vision to provide a set
of image features for different applications, such as local-
ization, pattern recognition and image representation [1, 2].
The zero through second order moments provide informa-
tion about the area, center of mass and about the approxi-

\J

Figure 1. Definition of several localization pa-
rameters through the computation of the im-
age ellipse.
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mation of an object to an ellipse [3] (see figure 1). Moments
with order lower than p = 6 can also be combined to form
moment invariants to certain shape transformations, such as
translation, rotation and scaling [4].

Besides feature extraction, a significant research effort
has recently been made to use high order image moments
in pattern recognition and image representation applica-
tions [5, 6]. In fact, it has been shown that high order mo-
ments can provide a means of reconstructing images or pat-
terns using a finite set of moments. This makes it possible
to use fewer bytes to represent the reconstructed image than
the required to represent the original image. However, since
the usage of an infinite number of image moments is not fea-
sible, this representation presents always an inherent error
that is dependent on the maximum order of the set of used
moments (see figure 2).

3. Power Core

To compute the values of the ™ and y™ powers with
a traditional sequential architecture, m and n clock cycles
are required, respectively. Such basic architecture leads to a
great amount of computation time for high order moments.
According to [7], a faster architecture can be obtained by
applying the following decomposition:

k—1 k—1
m=>Y P2, n=>) b2 2
i=0 =0

k = [max {log, (m + 1) ,log, (n + 1)}]

Hence, the expressions for the powers ™ and y™ take
the following form:

T

3)

k—1
m _ zbg‘.2°+b;".21+...+b;"_1.2’°"‘ - H b2
i=0

k-1
bp 2040720 bp_ 25T H yb;'.z"

i=0

y" =y 4
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Figure 3. Power-Core module.

Thus, it is possible to conclude that, in order to com-
pute the value of z™, it is only necessary to perform
2k multiplications: % of them for computing the %
terms and the remaining k to calculate the product of
the %" terms. Figure 3 represents a structure with k
stages to compute equation 3. If the input values were
composed by the sequence {1,2,3,..., N}, the sequence
{1™,2™,3™, ..., N™} would be obtained at the output. In
this systolic architecture, the overall structure is operated in
a synchronous way, with the D symbol representing a delay
of one clock cycle. With this structure, it is possible to ob-
tain one output value in each clock cycle, with a latency of
k clock cycles.

4. Dedicated Pipeline Architecture for Com-
puting an Image Moment

The computation of M, , given by equation 1 can be
represented by a vector-matrix product followed by a vector
dot product, as depicted in equation 5. In these equations,
F represents the N x M image matrix, while X and Y rep-
resent the V and M sized vectors composed by the set of
z™ and y™ powers, respectively. According to [7], the com-
putation of this equation can be represented by the planar
Dependence Graph (DG) presented in figure 4, correspond-
ing to an array architecture composed by N x (M + 1) PEs.

Mmn = XFY =XG=HY &)
X = [1m 2m N™ ]
Yy = [1m 27 M™ ]

F(z,y) = {f(z,y):xz=1...N,y=1...M}

For real images, with a great number of pixels, it is con-
venient to reduce the dimension of this array. This can be
achieved by projecting the DG on a linear structure with a
valid pair of projection and schedule vectors (d, §). The sys-
tolic structure presented in figure 5 is obtained by defining

172

D xm
o Stage, ,
’ 2l(—l
L —F— X
(b) PE
1!" 2)71

M

Figure 4. 2-D systolic architecture derivation:
Dependence Graph (DG).
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Figure 5. 2-D systolic architecture derivation:
Linear Signal Flow Graph (SFG).

d=1[10]" and § = [1 1]7, while maintaining the same
type of PEs.

Although the dimension of the processor has been re-
duced, this structure still requires a large amount of hard-
ware, namely, for images with median and high resolu-
tions (e.g. N=M=512). According to [7], this problem can
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Figure 7. Block diagram of the serial processor.

be solved by regularly partitioning the Signal Flow Graph
(SFG) into blocks, each consisting of a cluster of PEs [12].
Figure 6 presents the limit situation, where the set of all PEs
represented by circles is mapped on a single PE, leading to
a serial pipeline architecture. This configuration represents
the most economical solution in what concerns hardware
resources. In fact, only one multiplier is used in the PE rep-
resented by a circle and partial results are accumulated in
the output PE, as depicted in figure 6.

A complete diagram of the described serial systolic pro-
cessor for the computation of an image moment with any
order is shown in figure 7, with the square symbol (O)
representing a processing delay. In order to use a single
power core to compute the powers of 2™ and y™, a regis-
ter was used in the final stage of the processor to store the
z™ value of the line being processed. Furthermore, in order

M M M
—— —A—

N NN om. pmpm pm. pmpm
A2 ML2M M2

Y~
M M M

. . . Y
-/JV,MIN,M-I “'-fI,Z-fI,/ e d

Figure 6. 2-D systolic architecture derivation:
Serial pipeline structure.

to increase the processing frequency of the power-core, a
pipeline register was introduced between the multiplier and
the adder, thus reducing the overall critical path.

The serial pipeline processor shown in figure 7 uses a
total of 2k + 1 multipliers and 1 adder. The total processing
time required to calculate the M, , momentof an N x M
image is:

T =[N(M+1)+tpow + 2] X top, (6)
where t,,,, is the latency of the power-core circuit given by:

tpow = 1 +1log, (max{m +1,n+1}7)+1 (7)

and ¢, is the maximum time required to perform a single
floating-point multiply or addition operation. Hence, the
total processing time is:

T=[Nx(M+1)+log, ([max{m+1,n+1}]) + 4] top
(3)

5. Arithmetic Units

Due to the great number of arithmetic operations in-
volved in the computation of the image moments, some
of the most critical blocks of the proposed processor are
the arithmetic units. In fact, its overall performance is re-
markably dependent on the efficiency of these elements.
As it was referred in the previous sections, floating-point
arithmetic units are used to accommodate high-dynamic
ranges required to compute high-order image moments with
smaller word widths. Experimental results show that the
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Figure 9. Floating-point arithmetic unit.

used floating-point precision, whose formats is presented in
figure 8, seems to be enough (1 sign bit (s), 8 bits for the
exponent (e) and 10 bits used for the fractional part (f) of
the mantissa). In fact, in the present application, the sign bit
could be eliminated, since image data is usually represented
with unsigned values. However, it was decided to imple-
ment the arithmetic units with a signed representation, in
order to extend its application to different sources of data.
The exponent is represented as a biased signed number,
with a bias of 127. The mantissa is composed by a hidden
bit, equal to 1, and by a fractional part, which represents a
number smaller than 1. Hence, the floating-point number is
represented by the value of (—1)° x [1.f x 267127,

5.1. Floating-Point Multiplier
The floating-point multiplication is generally computed
according to equation 9 (where M; = 1.f; and E; = e; —

127):

[(~1)51 x M, x 2E1] : [(~1)52 x My X zEz] =

MANTISSA (m)

[S1GNAL () ] | EXPONENT (¢) |

[ ———
1 Bit

.‘——-——-—-'———-—_——J
8 Bits

.

10 Bits

Figure 8. Floating-Point Format.
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— (__1)52@52 x (Ml ) M2) x 2(E1+E2)

The result of this operation is thus obtained by making
use of an unsigned multiplier to compute the mantissa of
the result, an unsigned adder to compute the exponent, and
a barrel shifter to accomplish the rounding of the fractional
part of the product, in order to normalise the result. Hence,
this operation is performed in 4 steps, as illustrated in fig-
ure 9(a):

i) the mantissa of the operands are multiplied;

ii) the result is rounded in order to obtain a normalised
10-bit number;

iii) the new exponent is calculated by adding e; and e2 and
by taking in consideration the previous rounding step;

iv) since the exponents are stored with a biased format, the
bias constant is subtracted from the sum of the biased

exponents:
(ex — 127) + (€2 — 127) + 127 = €; + €5 — 127.

The last step can be done simultaneously with the third step.
The sign value is simply the result of the XOR operation (&)
between s; and ss.

5.2. Floating-Point Adder

The floating-point addition is somewhat more complex
than the multiplication because, depending on the signs of
the operands, it may actually be a subtraction. Furthermore,
it is necessary to start by adjusting the operands, so that they
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have the same exponent when they are applied to the adder,
according to the following formula, where e; > es:

(fix2) +(fax2%) = [f1 + fa X 2—(“—82)] x 2¢
(10)
This operation is performed in 5 steps, as illustrated in
figure 9(b):
i) the exponents are compared and the operands are
swapped so that e; — e; > 0, and the exponent of
the result is temporary assumed to be e;;

ii) the mantissa of the smaller operand is right shifted d =
e; — ey places by using a barrel shifter;

iii) the result of this shift and the mantissa of the greater
operand are applied to the adder/subtracter, taking in
consideration the signs of both operands;

iv) the result of this operation is rounded and shifted until
it is normalised and the exponent of the result is ad-
justed;

v) the sign of the result is determined.

The last step can be done simultaneously with any of the
previous steps.

5.3. Floating-Point Units Implementation

The floating point units were described using synthesiz-
able VHDL code. A standard library of arithmetic units was
used to implement the adders and multipliers [13]. This li-
brary contains many units for a comprehensive set of inte-
ger arithmetic operations, with multiple structurally differ-
ent implementations, allowing the adjustment of the perfor-
mance of the circuit by trading circuit area versus speed.
Among the several available arithmetic units, fast multipli-
ers and adders, implemented using the carry-save technique,
were selected. Furthermore, Wallace trees were adopted to
speed up carry-save addition in binary adders and multipli-
ers.

6. System Implementation

The choice of the hardware support to be used in the im-
plementation of the described architecture is a significant
aspect in what concerns the final characteristics of the sys-
tem. Three main aspects are usually considered:

o System Performance, which characterises the operat-
ing frequency of the system, as well as its power re-
quirements.

o System Configurability, characterising the processor
modularity according to a set of implementation pa-
rameters, as well as its programmability.

o [mplementation Costs of the system.

175

In order to obtain a detailed comparison of the charac-
teristics of several different implementation supports, three
distinct approaches were considered: Field Programmable
Gate Array (FPGA), Application Specific Integrated Circuit
(ASIC) and Digital Signal Processor (DSP). Each of these
hardware implementations can be distinctly characterised in
what concerns the three main aspects referred before. Ap-
plication specific integrated circuits are often regarded as
being the obvious choice, offering better conditions to pro-
vide the necessary signal processing performance required
by areal-time operation. However, such dedicated hardware
has the disadvantage of lacking flexibility and modularity,
making it difficult to introduce later modifications on the al-
gorithm or on its parameters. In contrast, DSP based imple-
mentations offer a programmability capability which usu-
ally makes them the optimal choice in what concerns system
flexibility. However, applications with real-time demands
usually require signal processing performances which can-
not be provided by standard DSPs. Such applications are
often implemented by using dedicated co-processors to per-
form the more computational intense tasks. FPGAs can be
considered as a compromise between these two options. Al-
though these configurable devices have a hardware structure
more closed to the ASIC’s structure, they offer a program-
ming flexibility comparable to the one offered by DSPs.

In the following subsections it will be described and
compared the several implementations of the proposed ar-
chitecture. In what concerns the system programmability
and parameterisation, the three referred implementations
can be classified into two categories: hardware implemen-
tations, where VHDL hardware description language has
been used in the architecture description of the FPGAs and
of the ASIC, and software implementations, where Assem-
bly programming language has been used to program the
DSP.

6.1. FPGA based implementation

A modular processor for generating high-order image
moments, based on the architecture presented in the previ-
ous sections, was physically implemented in a small number
of low-cost FPGAs. Comparing figure 10 with figure 7, it
can be observed that an additional pipeline register was in-
troduced in the accumulator circuit, in order to balance the
processing time of the pipeline stages. With this additional
register, the odd and even partial results are independently
accumulated in two registers. At the end of the image, the
adder is used to compute the final result.

The processor is composed by three different types of
blocks. Module A’ generates z and y values and introduces,
at the correct time, the pixel intensity values into the power-
core. Each module of type B implements one stage of the
power-core. Module A” receives, as input, the several val-
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Figure 10. Processor implementation with Xilinx XC4013E FPGAs.

ues of z™ (which are sequentially stored in a register) and
the pre-calculated values of y™ x f(z,y). The moment
value is computed by multiplyin)% these values along the set
of N image lines: Mpmpn = > ., ;w:l ™ (y" f(z,y)).
A single module of type A’ and A" and a set of k (k =
[max {log, (m + 1) ,log, (n + 1)}]) modules of type B
are used to compute the 2-D image moments M, . As an
example, only three or four modules of type B are required
to compute moments of any order p = (m + n) < 14 (with
m,n < T)or p < 30 (with m,n < 15), respectively.

The processor modules were implemented using the
XC4013E-PQ160 FPGA [14] and the Xilinx Foundation
Series 2.1 software [15]. This configurable device is one
of the most basic FPGAs of the XC4000E family, com-
posed by 576 Configurable Logic Blocks (CLBs) and 129
I/O pads [14]. Module A’ requires little hardware: just two
counters and one multiplexer. For this reason, it was imple-
mented together with module A” (4 = A’ + A”) in a single
FPGA (see figure 10). In table 1 it is presented the results
of these implementations, regarding the device occupation
and the maximum working frequency of the processor. The

Table 1. Implementation results of the several
modules that compose the FPGA based pro-

cessor.
Module Occupation | Minimum | Frequency
[%] Period [ns) [MHz]
A=A+ 4" 78.3 99.5 10.1
B 75.3 69.4
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obtained results evidence that both types of modules A and
B can be implemented in a single XC4013E-PQ160 FPGA.
They occupy about 78 % of the available set of CLBs and
about 98 % of the available /O pads. In figure 11 it is pre-
sented the relation between the computed moment order (p)
and the required number of XC4013E-PQ160 FPGAs. The
maximum working frequency achieved is about 10 M H z,
which makes the processor able to compute 2-D image mo-
ments at the video-rate required for resolutions of 640 x 480
pixels, as it is depicted in figure 11. The value of the work-

Working Frequency

640 x 480

» @

@
ES

Freq. [MHz]

@
<
o
&
-
°
z

«

Figure 11. Number of required FPGAs to com-
pute a p=(m+n) order moment (with m,n < 7);
required clock frequency to process several
image sizes.
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Figure 12. Processor implementation using an ASIC device.

Table 2. FPGA based processor implementa-
tion resuits.

[ Parameter | Value |
Devices Used 4 FPGAs
Logic Blocks | 1319 CLBs
Power Dissip. | 4.67 W
Critical Path 99.47 ns
Proc. Time 26.13 ms

ing frequency can still be increased by reducing the process-
ing time of the arithmetic units, which can be achieved by
increasing the pipeline depth.

A processor composed by four XC4013E-PQ160 de-
vices, for generating image moments with order less than 14
(withm,n < T), was implemented. In table 2 it is depicted
its electrical characteristics, where the presented processing
time refers to the computation of a 512 x 512 image mo-
ment. This processor was connected and fully tested with
an acquisition video processing system, which accepts PAL
video signals and sends the computed image moments to a
Pentium Personal Computer, through one I/O parallel port.

6.2. ASIC based implementation

The system implementation supported on the hardware
structure of an ASIC device is based on the architecture pre-
viously described in section 4 and presented in figure 12.
Similarly to the FPGA based processor, this implementa-
tion has been carried out to obtain an efficient hardware
processor capable of computing image moments with or-
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der less than 14 (with m,n < 7). As it has been done with
the previously described FPGA based device, an additional
pipeline register was introduced in the accumulator circuit
in order to increase the working frequency of the processor.
Likewise, the parameterisation of the order of the computed
image moment is done simply by programming two proces-
sor registers.

The VHDL description of the circuit was synthesised
with Synopsys™ Design Compiler. It was implemented
using the Atmel ES2 Standard Cells Library for the 0.7 um
dual-metal CMOS process, based on a 5.0 V' technol-
ogy [16]. This library is composed by a complete set
of StdLib logic cells, whose simplest device, the inverter,
is characterised by a typical propagation time of about
0.12 ns, occupying a total area of 273.6 um?.

The implementation results of the synthesised circuit are
presented in table 3. By comparing these results with those
obtained for the FPGA based processor (see table 2), it can
be observed a reduction of about 88.5% in power consump-
tion. Moreover, the working frequency can be increased to
23.36 M H z, which decreases the processing time by a fac-
tor of 2.32.

Table 3. ASIC implementation results.

| Parameter | Value |
Critical Path 42.80 ns
Cells 4716
Transistors 43894
Area 3.26 mm?
Power 5344 mW
Proc. Time 11.242 ms
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; Moment Mmn computation
; - tableX contains the x"m power values

; x"m Power Computation (result in RO)

ldf 0,R1 ; Rl <- x (line counter) ; - tableY contains the x"n power values
1d4i @_tableX, ARO ; - frame contains the pixel value at line x and column y
1di @powerX,R7 ; R7 <- m
Ll1: 1di 511,RC ; Repeats the following 1di @_tableY,ARO
; block 511+1 times 1di @_tableX,AR1l
rptb L2 1di @_frame, AR7
1di 0,.R2
Lx1 1sh -1,R7 ; Cflag <- b0 1di 0,R3
bned  Lx2 ; Tests bo bit 1di 512,R6 ; repeats next block 512 times
1di 1,R0O ; RO <- 1
mpy£f3 R1,R1,R2 ; R2 <- x72 subi 1,R6 ; counter --
mpy£f3 R2,R2,R3 ;i R3 <- x4 L7: mpy £ *AR7, *ARO++,R0 ; RO <- frame * tableY[counterY++]
rpts 510 . ; repeats next block 511 times
mpy £ R1,RO ; RO*=b0.x mpyf3 *AR7,*ARO++,RO ; RO <- frame ® tableY[counterY++]
Lx2: 1lsh -1,R7 ; Cflag <~ bl || addf  RO,R2 ; R2 += RO
bned Lx4 ; Tests bl bit
addi 1,R1 ; Rl++ (for next cycle) addf RO,R2 ; R2 += RO
nop mpyf3 *ARl++,R2,R1 ; Rl <- tableX[counterX++]*R2
nop addf R1,R3 ; R3 += R1
mpy £ R2,R0O ; RO*=bl.x"2 cmpi 0,R6
Lx4: 1sh -1,R7 ; Cflag <- bl bnzd L7
bnc Lx4 ; Tests b2 bit 1ldi @_tableY,ARO
1di 0,R2
mpy £ R3,R0 ; RO*=b2.x74 subi 1,R6 ; R6~--
L2: stf RO, *ARO++ ; tableX{ARO++] <- x™m ; R3 = Moment Value
(a) (b)

Figure 13. Assembly code: (a)-Initialisation of the table containing the x™ values; (b)-moment com-

putation.

6.3. DSP based implementation

In order to compare the previously described dedicated
hardware implementations with an implementation based
on a digital signal processor, a software implementation has
been performed using a standard floating-point DSP. The
chosen device was the 32-bit DSP TMS320C30 from Texas
Instruments, based on a 1.0 gm CMOS technology and op-
erated using a clock frequency of 33 M Hz. This proces-
sor is characterised by having a 60 ns single-cycle instruc-
tion execution time, capable of performing 33.3 MFLOPS
and 16.7 MIPS [17]. This DSP exhibits greater precision
than the hardware implementations previously described
(the mantissa is represented with 24 bits).

In order to obtain an algorithm as efficient as possible,
the computation of the values of 2™ and y™ was done by
making use of two distinct tables, pre-computed during an
initialisation phase. This, of course, has the inherent dis-
advantage of loosing part of the flexibility of the proposed
architecture. Nevertheless, due to the intrinsic sequential
execution characteristics of the DSP (contrasting with the
parallel structures of the FPGAs and ASIC), this is the most
efficient method to compute these power values. Moreover,
the other alternative would require the repetitive computa-
tion of the same set of values for all processed frames. Us-
ing this method, these tables are computed only once, dur-

ing the initialisation phase of the processor.

Therefore, two distinct main tasks must be considered
in this implementation: the initialisation of the ™ and y"
tables and the computation of the image moment. The As-
sembly code of these tasks (correspondent to processing of
a (512 x 512) image) is depicted in figure 13(a) and in fig-
ure 13(b), respectively.

A total of ((512 x 19) + 8) cycles are required to ini-
tialise the tables containing the ™ and y™ power values
(with m,n < 7). Therefore, the initialisation task cor-
respondent to the pre-computation of the =™ and y” ta-
bles comprises about 19472 execution cycles, which cor-
responds to a initialization time of about 1.17 ms. In what
concerns the computation of the moment value, it is possi-
ble to conclude that (524 x 512 + 7) execution cycles are
required, which corresponds to a processing time of about
16.1 ms. Table 4 depictes the main characteristics of this
DSP based implementation. It can be observed that while
the processing time value is between those obtained for the
other two implementations, the obtained power consump-
tion value presents an increase by a factor of about 2.33
when compared with the ASIC based implementation. With
this processor, moments with order p < 14 (m,n < 7) can
be computed for 512 x 512 images at a rate of about 60
frames per second.
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Table 4. DSP based implementation.

{ Parameter Value |
Devices Used 1 DSP
Power Dissip. 125 W
Clock Frequency | 33.0 MHz
Execution Cycle 60 ns
Processing Time | 16.1 ms

7. Discussion and Conclusions

This paper proposes a new systolic architecture for
computing high order 2-D gray level image moments,
M, n, tequiring only (2k + 1) multipliers (k
[max {logy (m + 1) ,log, (n + 1)}]) and one adder. The
described architecture makes use of floating-point repre-
sentation to accommodate the high dynamic range of the
operands with a small number of bits. As far as we know,
this is the first architecture that allows the design of real-
time processors for computing 2-D image moments with
a number of multipliers that only increases with the loga-
rithm of the maximum order of the moments in one dimen-
sion. Moreover, the repetitive structure of the architecture
is well adapted to the development of modular processors
with VLSI circuits and with configurable devices.

It has been shown the usefulness of the proposed archi-
tecture for developing real-time processors based on the dif-
ferent type of devices: FPGAs, ASICs and DSPs. The ASIC
based implementation has proved to be the most suitable
to be used in applications requiring low-power consump-
tion, such as mobile equipment. It has also been shown that
DSP based implementations are more suitable for applica-
tions where the proposed architecture is used as a dedicated
co-processor in a host processing system and where power
consumption is not a significant concern. The results of the
FPGA implementation have shown that this configuration is
well suitable only in the design and test phases of the ded-
icated processors, due to the high power consumption and
moderate operating frequency.
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