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Abstract
A digital image, or a segment of an image, may be repre-

sented by the moments of its intensity function. Image mo-
ments are used in image analysis for object modeling and
matching. However, a large number of MAC arithmetic
operations are required to compute high order moments;
real-time processing is not achieved with nowadays gen-
eral purpose computers. This paper proposes a new class
of pipeline architectures for generating a single moment
or a set of moments of an arbitrary order in real time. The
architectures adopt wavefront processing techniques and
floating-point arithmetic units. They only use a power core
for generating all the required powers to compute the 2-
D moments and are easily scalable to achieve the desired
speedup.

1 Introduction
Two-dimensional object representation and recognition

is an important topic in the computer vision area. Moments
of the intensity function of a set of pixels are commonly
used for representing an object or an image. Eq. 1 de-
fines the moments of an array of pixels with values

and size .

(1)

Low order moments are commonly used to find the lo-
cation and orientation of an object. The zero through sec-
ond order moments provide information about the area,
center of gravity and about the approximation of an ob-
ject to an ellipse [1]. High order moments are combined to
form moment invariants to certain shape transformations,
such as translation, rotation and scaling [2]. Moment in-
variants have been used as features for pattern recognition.

For computing eq. 1, additions and
multiplications have to be performed. A moment invari-
ant of order results from the combination of the set of
moments , with .

In the last years, several algorithms and architectures
have been proposed to improve the speed of moments com-
putation. Some of them are only valid for low-order mo-

ments and/or for binary images [3, 4, 5]. Other propos-
als sugest architectures without practical interest due to its
complexity [6]. This paper proposes a class of pipeline ar-
chitectures for computing 2-D gray level image moments
with any order in real-time. Floating point arithmetic has
to be used to compute moments of different orders, given
that the required dynamic range increases very rapidly with
their order. The proposed architectures adopt the wave-
front processing techniques to reduce the processing time.
In synchronous processing arrays, such as systolic arrays,
the “worst” processing period has to be respected. This
may lead to inefficient systems, due to the variable process-
ing time usually associated to the floating point arithmetic
units. The proposed architectures are modular, which
means that the required number of Processing Elements
(PEs) depends only on the technology solutions and on the
available time to process an image.

This paper is organized as follows. An efficient power
core for generating the and powers is proposed in sec-
tion 2. In section 3, a Dependence Graph (DG) correspond-
ing to the computation of a single 2-D image moment is
projected on a 1-D processor space, which is the basis for
deriving the wavefront architectures presented in the re-
maining sections. Section 4 describes the proposed class
of wavefront architectures for computing a single 2-D mo-
ment of an image received in the raster format. This class
includes a serial pipeline architecture, with only multi-
plier and adder, and parallel pipeline architectures that
improve the speed of the processing times, by using
multipliers and adders ( ). In section 5, a par-
allel pipeline architecture for computing a set of moments
is proposed. Section 6 concludes the presentation.

2 Power Core

For computing the powers and with a basic se-
quential architecture, and clock cycles are required,
respectively. Such architecture leads to a great amount of
computation time for high order moments. A faster archi-
tecture is obtained by applying the following decomposi-
tion:



(2)

(3)

The expressions for the powers and have the
form:

(4)

(5)

Thus, it is possible to conclude that, in order to compute
the value , it is only necessary to use multipliers:
of them for computing the terms and the remaining
to calculate the product of the terms.

Figure 1 represents one possible hardware structure
with PEs to compute eq. 4. If the input values were
composed by the sequence , the sequence

would be obtained at the output.
The overall module is operated in a synchronous way, with
the symbol representing a processing delay. With this
structure, it is possible to obtain one output value in each
clock period, with a latency of clock periods.
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Figure 1: Power-Core module; a) Architecture; b) PE.

3 Deriving Pipeline Architectures
The computation of , given by eq. 1, corresponds

to the product of a matrix (image matrix) by a
row vector with the values, and by a column vector

with the values:

(6)

Hence, the computation of eq. 1 corresponds to a vector-
matrix product followed by a vector dot product, and can
be represented by the planar DG of figure 2a.

If this DG was directly used as the structure of an ar-
ray architecture, by PEs would be required.
For real images, with a great number of pixels, it is conve-
nient to reduce the array dimension. This can be achieved
by projecting the DG on a linear structure with a valid
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Figure 2: Dependence Graph; a) Structure; b) PEs.

pair of projection and schedule vectors . The sys-
tolic structure presented in figure 3 is obtained by defining

and , 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 high definition images (e.g. N=M=1024).
Furthermore, the rows of the image have to be provided in
parallel, which requires the usage of storage devices since
images are usually provided in the raster format.

One possible way to solve these problems is to map
several PEs of the linear array on a single PE, using the
partitioning technique [7]. The Signal Flow Graph (SFG)
can be regularly partitioned into blocks, each consisting
of a cluster of PEs, as will be further explained in sec-
tion 4.2. In the limit, the set of all PEs represented by
circles is mapped on a single PE. This will lead to a se-
rial pipeline architecture, as described in section 4.1 (see
figure 4a), which represents the most economic alternative
in what concerns hardware resources. In fact, for the PE
represented by a circle, only multiplier is used. Partial
results are accumulated in the output PE, as depicted in fig-
ure 4b. Configurable devices, such as Field Programmable
Gate Arrays (FPGAs) [8], have enough capacity to imple-
ment such a simple processor. This architecture also has
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Figure 3: Result of projecting the DG.
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the advantage of accepting the image data in a raster for-
mat. Nevertheless, it has the inconvenience of increasing
the total processing time to values of the order of .

The structures described so far are based on a syn-
chronous control scheme. However, as will be referred in
section 4.1, it is possible to map these structures in wave-
front array architectures by replacing the delay elements
by data interchange devices, such as FIFO memories.

4 Pipeline Architectures for Computing a
Single Moment

In this section, two main types of wavefront architec-
tures are proposed for computing a single 2-D image mo-
ment: a serial pipeline architecture and a class of faster and
modular parallel pipeline architectures.

As referred in the introductory section, the usage of
floating-point arithmetic units leads to the choice of wave-
front array architectures. This option considers the usage
of a local clock inside each PE and wavefront processing
techniques to control the operation of the overall processor.
These architectures present some advantages when images
are provided in a raster mode, since the data stream from
the sensor usually does not have a constant sampling fre-
quency, due to the horizontal and vertical retrace times.
For a synchronous implementation, an input buffer mem-
ory (FIFO) would have to be used in order to provide the
pixel data at a constant rate. In contrast, with a wavefront
architecture, data is processed as soon as it is available at
the input of the circuit.
4.1 Serial Pipeline Architecture

A block diagram of the serial wavefront architecture for
the computation of a single moment is shown in figure 5.
It only requires one power core block to generate the se-
quences of and and one PE to compute .
Since the described architecture performs the processing
of the image in a line by line fashion, the multiplication of
the term can be done independently:

(7)

Before the processing of each line is started (when
), the calculation of is performed and

its value is stored in a register. Then, during the process-
ing of each line, this value is used to calculate the term

. Therefore, it was possible to decrease the
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Figure 5: Block diagram of the serial processor.

total number of multipliers with the cost of a single regis-
ter.

As it can be seen in figure 5, the serial pipeline pro-
cessor uses a total of multipliers and adder. Dis-
regarding the time spent in data communication, the max-
imum processing time for calculating the moment
of an image is:

(8)

where is the latency of the power-core circuit given
by:

(9)

and is the maximum time spent in performing a single
floating-point multiply or addition. Hence, the total latency
is:

(10)
4.2 Parallel Pipeline Architectures

In order to accomplish the desired computation time,
the serial architecture may require very fast arithmetic
units. The number of PEs can be increased to , so that

pixels are processed in parallel. With the scheme repre-
sented in figure 6a, the PEs process adjacent columns
of pixels and each PE processes columns, where

and are integers. If the image currently being acquired
arrives in raster mode, which is a current standard, we
would need an input buffer almost as large as the image
itself. This is a serious drawback because the image may
be quite large and because it increases the latency of the
whole calculation.

The latency and the amount of storage can be reduced
by using the interleaved pixel-processing scheme illus-
trated in figure 6b. Since each PE performs operations on

Figure 6: Processing sequence for and PEs: a) se-
quential column processing; b) interleaved pixel process-
ing.



Figure 7: Wavefront array architecture for computing
;a) Structure; b) PEs.

pixels of the same line, changes more slowly than
. The number of multiplications can be reduced if the

dot product is performed at the end (see eq. 6).
Figure 7a presents a wavefront array architecture with

PEs for computing the single moment . It adopts
the interleaved pixel-processing scheme. In this figure,

represents the power of all integers from to
and represents the power of all integers

from to , each repeated times. The inner structure of
PEs A and B is depicted in figure 7b.

The R units are used for data distribution. Pixel and
values must be delivered to the correct PE by using an

adequate routing scheme. can be a simple routing el-
ement that receives tokens from a data source and moves
a token to the respective processor queue every tokens it
receives, with all other tokens passed to the next routing
element . This next routing element will remove a
token every tokens it receives and so on.

PE performs the vector dot product of the columns
of pixels with (see eq. 6), with varying from
to . It maintains accumulator registers that contain

values after processing the image lines. While
the pixels of the first line are being processed, the output
of the multiplexer in figure 7b will be zero. The tokens
generated at the output of the floating point adder, that take
the values , are routed to the accumulator

registers through the DEMUX. The values of are
updated for the next image lines, by resetting the selection
input of the MUX and DEMUX. During the last line, the
output of the floating point adder will be routed to the PE

, by setting the selection input of the DEMUX repre-
sented in figure 7b.

PE performs two different tasks. Firstly, it calculates
the partial vector dot product (eq. 11). In this phase, it
consumes the tokens produced by ( values),
and tokens from the distribution system ,
with varying from to . While the first token is be-
ing processed MUX1’s selection input is set, which corre-
sponds to reset the accumulator register. In the other phase,
that begins after tokens have been processed, PE re-
ceives a token from PE that contains the sum of all

, with in the range from . This token is
used as one of the inputs of the floating point adder by set-
ting the selection input of MUX2. At this time, the other
input of the adder has the value currently in the accumu-
lator register, i.e. . The output of this adder, that repre-
sents the sum of all , with in the range from ,
is routed to PE through the DEMUX. PE outputs

, according to eq. 12.

(11)

(12)

Each PE of type requires a floating-point adder,
a floating-point multiplier and accumulator regis-
ters. Each PE of type requires a floating-point adder,
a floating point-multiplier and a single accumulator regis-
ter. In each PE, the multiply and accumulate operation is
pipelined. The image buffer and the buffers that connect
the lower R units should be designed considering the pixel
frequency, and .

Disregarding the power core, this architecture requires
adders and multipliers. These quantities can be re-

duced to adders and multipliers by noticing that the
PEs of type are only used in the final stage of the cal-
culation. The operations they perform can also be accom-
plished by the PEs at the cost of a minor loss of paral-
lelism and additional control logic.

The modified PE operates in three phases, as repre-
sented in figure 8. It starts by processing lines for deter-
mining (phase 1). Then it computes consuming
the tokens corresponding to and val-
ues (phase 2). Finally, each PE will add its to the
accumulated value of the previous ’s, received from PE

through the buffers that where used to transmit
(phase 3). Then, it will send off a token with the result to
PE . PE will produce a token with the value of

.
The architecture presented in figure 9 uses the modified

PEs of type . The type PEs were removed from the



Figure 8: Modified PE: a) phase ; b) phase ; c) phase
.

architecture presented in figure 7, which leads to a consid-
erable reduction of the required hardware.

Since a new value is needed only after pixels have
been processed, and the values are only needed after

image lines have been processed, there is no need for
two power cores. The values can be generated while
the PEs are computing , by interleaving the calculation
of with the calculation of . This can be implemented
with a single power core, by using the structure presented
in figure 10 ( block represents the power core). For the
purpose of determining the hardware requirements for this
architecture, it was considered that the power core was the
one described in section 2. However, this power core can
be replaced by a slower and less hardware consuming unit.

For each set of tokens processed by the power core,
one comes from the counter and is routed to PE while
the remaining come from the counter and are routed

Figure 9: Enhanced architecture for computing .

Figure 10: Modified power core.

to the distribution system, marked as in fig-
ures 7 and 9. After the counter reaches , all the tokens
that pass through the power block come from the counter
and are routed to PE ( ). The values simply
propagate through the PEs. PE only consumes one
token after processing the pixels corresponding to an im-
age line.

The complete circuit generates a moment in:

(13)

where is the latency of the power core already pro-
vided in section 2. The circuit requires floating point
multipliers for the power core and additional floating
point multipliers and adders.

5 Pipeline Architectures for Computing a
Set of Moments

The PE of type can be modified to produce a set of
moments , through . The values are
generated reusing the same (eqs. 14 and 15). This
entails an additional delay of corresponding
to multiplication and addition operations.

In such a structure, after each PE has calculated the cor-
responding set of values, it passes on to a second

stage where each value (with ) is gener-
ated at a cost of multiplications and additions. The
tokens are reinserted in the accumulator buffer after they
have been multiplied by , according to eq. 14,
eq. 15 and figure 11a.

(14)

(15)

After each value is generated at PE , it is added
to the output of PE , in a similar manner to what was
done in the computation of a single moment. Then, the
modified PE determines the new value, adds
it to the output of the previous PE , repeating this
process ( ) times.



This change eliminates the need for a power generator
circuit for the calculation, since the first powers of

are now implicitly generated within each PE. However
there is still the need to provide each processor with the
adequate values of . This can be done by the distribu-
tion system previously used for or in a setup phase.
The later option seems more interesting since it reduces
the hardware and communication requirements.

In figure 11 we present the structure for the modified
PE of type . Since phase one has not been changed, only
the second and third phases of its activity cycle are repre-
sented. In this figure, it is represented the data coming
from the distribution system, because it greatly simpli-
fies the representation. In fact, the setup phase that initial-
izes the counters and the control logic in each PE can be
also responsible for filling the buffer with the required
tokens.

Figure 11: PE for computing a set of moments: a) phase
; b) phase .

The computation time for computing the moments
with the modified circuit is:

(16)
Apart from additional control logic in the PE, this circuit
requires no more hardware than the previous one.

6 Discussion and Conclusions
This paper proposes a new class of wavefront architec-

tures for computing 2-D gray level image moments of any
order, . These architectures require a single power
core with multipliers ,
independently of the image size. This core uses a regu-
lar and repetitive architectural structure, well adapted to
its implementation on a VLSI circuit. Serial and paral-
lel architectures were proposed to compute a single mo-
ment. Tables 1 and 2 give the hardware requirements and
the computation time of both types of architectures. The
amount of FIFO memory required to support the data flow
between two PEs is denoted by in table 1.

For the serial architecture, just multipliers and
one adder are required, but the arithmetic units have to be
fast enough to accommodate one floating point operation
in a sampling interval ( on table 2). Only FIFO
memories with size are required in this wavefront archi-
tecture. In the parallel architecture, ( ) PEs can be
used to speed up the computation. The power core only has

Architect. Nr. of Nr. of Memory
multipliers adders

Serial
Parallel
Mom. Set

Table 1: Hardware required by the proposed architectures.

Architect. Normalized computation time
Serial
Parallel
Mom. Set

Table 2: Computation time of the proposed architectures.

to calculate values, instead of values, re-
quired by the serial architecture. However, approximately

more memory elements are required. With the intro-
duction of multipliers and adders, the computation speed
has been increased times. Alternatively, slower arith-
metic units may be used to obtain the same performance.
Finally, a parallel architecture was proposed for computing
a set of moments , with . Comparing it
with the previous parallel architecture, the required hard-
ware is the same and the computation time is increased by
approximately .
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