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Abstract. An approach for implementing a high precision image target centroid—center of mass (COM) detection
system via an adaptive K -winner-take-all (WTA) circuit in conjunction with a 2-D dynamic element matching (DEM)
algorithm implementation for image sensor arrays is proposed. The proposed system outputs a high precision COM
location of the most salient target in a programmable active region of the field of view (FOV) for star tracking
purposes and is suitable for real time applications. The system allows target selection and locking with multiple
targets tracking capability. This solution utilizes the separability property of the COM, and therefore reduces the
computational complexity by utilizing 1-D circuits for the computation. The DEM algorithm, commonly used in
ADC and DAC circuits, allows reducing the required WTA circuit precision to 5–6 bits, while still achieving a high
output precision. Simulation results prove the concept and demonstrate the high precision COM result. In addition,
a possible low-level hardware implementation is described.

Key Words: APS, CMOS imager, center of mass, COM, centroid, K-WTA circuit, K-Winner-take-all circuit,
dynamic element matching, DEM, star-tracking, image processing

1. Introduction

Visual tracking of salient targets in the field of view
(FOV) is a very important operation in star tracking
and navigation applications. Several issues should be
addressed in tracking of salient targets [1]: (a) the prob-
lem of selecting a target from the background, (b) the
problem of maintaining the tracking engagement (tar-
get locking) and (c) the problem of shifting tracking
to new targets in cases when it is decided that another
target in the FOV should be selected and tracked. In
such applications, the location and magnitude of the
selected target must be reported in real time. For small
dimension targets in the FOV (small bright spots), tar-
get locations are represented by local intensity peaks.
Thus, in these cases the target can be selected using
the winner-take-all (WTA) circuit which identifies the
highest signal intensity among multiple inputs [1, 2].
The situation is much different when a large target con-
sisting of a large number of pixels is acquired. In this
case a target centroid—Center of Mass (COM), or the

first moment of the target intensity distribution, repre-
sents the position of a target. Thus, a high precision
system for COM detection of silent targets in the FOV
is required. In addition to the issues mentioned above, a
number of properties should be examined in such a kind
of a system. These include system suitability for real
time applications, hardware requirements, the possibil-
ity of implementation as a system-on-a-chip (“smart”
sensor), the influence on the sensor spatial resolution
(i.e. the fill factor), etc.

The significance of tracking in machine vision, star
tracking and navigation applications as well as in vi-
sual attention tasks in biological systems triggered nu-
merous efforts in these fields. Many works in this area
have been published during the last two decades [1–
10]. A number of different COM detection circuits in
conjunction with CMOS sensor arrays have been pro-
posed [11–16].

In most previously proposed solutions image pro-
cessing is performed at the focal plane level. Most
of these designs use current-mode pixels, employing
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photodiodes or phototransistors to produce a current
which is an instantaneous function of the incident light
[17]. Typically, each pixel consists of a photo detector
and local circuitry, performing spatio-temporal com-
putations on the analog brightness signal [5]. These
computations are fully parallel and distributed, since
the information is processed according to the locally
sensed signals and data from pixel neighbors. This con-
cept allows reduction in the computational cost of the
next processing stages placed in the interface. Unfortu-
nately, when image quality and high spatial resolution
are important, image processing should be performed
in the periphery. For example, in [2] we have pre-
sented an APS with a 2-D WTA selection (performed
in the APS periphery) implemented in 0.5 µm standard
CMOS technology and achieving a fill factor of 49%
with a 14.4 ∗ 14.4 µm pixel size. In [18] the in-pixel
processing strategy has been chosen. In that work, a
80 ∗ 80 µm pixel has been implemented in the same
technology reducing the spatial resolution. However,
more complex functions have been achieved.

In this paper, we propose a high precision 2-D COM
detection system that allows computation in the sensor
array periphery without affecting the sensor proper-
ties. The proposed system can be integrated with any
kind of a CMOS APS array for a system-on-chip ap-
proach. The proposed system allows selecting a target
in a programmable active zone from the background,
maintaining the tracking engagement (target locking)
and shifting the tracking task to new targets when re-
quired. The system outputs, in real time, the coordi-
nates of the COM location of the most salient target
in the active region of the FOV. The general strategy
of the active region selection, target locking and shift
of tracking to new targets in our system is similar to
the one proposed in [1], but the COM detection ar-
chitecture described here differs from the previously
proposed ones in some key features. The main fea-
tures in our system are: (a) all computations are per-
formed in the sensor array periphery, (b) the target
separation from the background is performed via an
adaptive, low precision mixed signal K-WTA circuit,
(c) the final target COM coordinates are calculated us-
ing the Dynamic Element Matching (DEM) algorithm,
commonly used in ADC and DAC circuits as a digi-
tal solution for reduction of the matching problems of
analog elements, (d) the system allows COM calcula-
tion of large bright targets. In order to orient the reader
better, features (b) and (c) will be briefly introduced
here.

The usage of the WTA circuit in tracking systems
is not a new approach [2, 5, 9, 19, 23, 24]. Generally,
an analog WTA circuit, which identifies the highest
signal intensity among multiple inputs, is one of the
most important building blocks for neural networks
hardware realizations [20–22], neuromorphic designs
[5] and image processing applications [1, 2, 23]. The
function of the WTA is to accept input signals, com-
pare their values and produce a high (or low) digital
output value corresponding to the largest input, while
all other digital outputs are set to a low (or high) output
value. Identically, the K-WTA circuit identifies the K
input signals with the largest values. In tracking sys-
tems, the WTA circuit can be used for (a) target se-
lection, by location, of the absolute maximum in the
entire image [1], (b) segmentation-based peak detec-
tion, where the peak value within each target is deter-
mined by the WTA and replicated in every pixel within
the target [3], (c) selection and tracking—the target
with the strongest spatial contrast selection, in systems
based on contrast edges target detection [5]. In our pro-
posed system, the K-WTA circuit is used for target se-
lection from the background, similar to thresholding
and segmentation-based peak detection, as in [3]. The
adaptive nature of the WTA allows selection of the
bright targets independent of their size. The mixed sig-
nal WTA architecture was chosen for two reasons: (a) in
this way an adaptive K-WTA is achieved in a very sim-
ple way, (b) simpler interface with the digital hardware
implementation of the DEM algorithm is achieved. It
will be shown, that the DEM algorithm allows reduc-
ing the required WTA circuit precision to 5–6 bits,
while still achieving a high precision of the output
result.

The DEM method was presented in 1975 by Van
de Plassche [26] as a mean of enhancing performance
of current sources. Actually, the digitally implemented
DEM algorithm reduced errors caused by mismatches
in analog components of current sources by appropri-
ate selection of different current sources every time
it was required. Shortly afterwards, in 1976, Van de
Plassche described a Sigma-Delta A/D converter incor-
porating the DEM [27]. Since then the DEM method
has been used primary to enhance the performance of
Delta-Sigma D/A and A/D converters and is usually as-
sociated with them. In this paper we describe the DEM
application to enhance performance of a COM track-
ing system while applying DEM in two dimensions
of the sensor array. On one hand, this presents an ap-
proach different from the traditional applications of the
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DEM method. On the other hand, this presents the DEM
method to an area where it has not been used before.

The general description of the proposed system
including the COM definition, computation require-
ments, computation simplification, target selection,
locking and moving to new targets principles and, fi-
nally, the general DEM algorithm description are pre-
sented in Section 2. The detailed description of the
proposed COM detection system is shown in Section 3.
Section 4 describes the performance of the system via
simulation results, compares our system with existing
implementations and outlines the required hardware for
system implementation. Section 5 concludes the paper.

2. General Description

As mentioned above, the proposed system includes ap-
proaches taken from different research areas, causing
the possibility that the reader is unfamiliar with part of
them. The aim of this section is to orient the reader, be-
fore the proposed system is described. First, we present
the 2-D COM definition of a target, located in an M ∗ N
size image and show the computation complexity of the
direct COM calculation. Secondly, we describe a pos-
sible computation simplification using the separability
property of COM for single target centroid calcula-
tion in the FOV. Next, the general description of the
proposed system is presented, the design choices are
explained and target selection, locking and the princi-
ples for moving to new targets are described. The de-
tailed introduction to the DEM algorithm, with focus
on the DWA algorithm used in our system, concludes
this section.

2.1. 2-D COM Definition of a Target in an M ∗ N
Sized Image

This sub-section shows the theoretical 2-D COM defi-
nition of a target in an M ∗ N image. Actually, in our
specific case, the COM corresponds to the center of
brightness of the target, located in the processed im-
age, where every pixel has its own intensity level of
brightness and defined coordinates. Assuming that the
COM computation is performed as the next stage af-
ter target detection and non-target pixels inhibition, the
COM of the target is identical to the COM of the whole
image.

Here we assume a given image of size M ∗ N pixels,
where M and N are number of rows and columns in
the image, respectively.

The target COM coordinates are calculated as
follows:

Xcom =
∑n

j=1

∑m
i=1 (Ii j · j)

∑n
j=1

∑m
i=1 Ii j

(1)

Ycom =
∑m

i=1

∑n
j=1 (Ii j · i)

∑n
j=1

∑m
i=1 Ii j

(2)

where Xcom and Ycom are the X and Y center of mass
coordinates respectively, j is the column index, i is the
row index and Ii j is the column j and the row i pixel
intensity.

2.2. Calculation Complexity Problem
in Large Arrays

As can be seen from Eqs. (1) and (2) the COM compu-
tation involves multiplication both in X and in Y axes.
When applied to an image block of size M ∗ N , the
two-dimensional COM calculation is of the order of
O(M ∗ N ). This explains the difficulty of COM im-
plementation for large sensors arrays, especially when
real time results are required.

If the image COM location is calculated via a di-
rect method, as shown in Eqs. (1) and (2), the intensity
levels of all pixels in the frame should be stored in
memory. An analog storage (capacitors) for the pixel
intensity levels is impossible for large arrays because
of the huge area required and the low precision of an
analog memory. Thus an A/D conversion is necessary
for every pixel value. If K bits represent the pixel val-
ues, we need a K ∗ M ∗ N memory to store the whole
frame. For example, a system with a 2 M pixel array and
an 8-bit A/D converter requires 2 M bytes memory. In
real time implementation the frame read out and COM
calculation should be completed in 1/F seconds, where
F is the number of frames per second. In a standard real
time application F is 30 frames per second, so the max-
imum allowed time for frame readout and COM calcu-
lation is ∼30 msec. During this time the system should
complete the following operations: read out from the
sensor array, A/D conversion, storage of the intensity
levels of all pixels from the frame in memory, COM
calculation of X and Y and output of the COM result-
ing coordinates. Thus, the COM calculation requires
fast access to memory and much on chip “computation
power” in order to complete the result calculation in
time.
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2.3. Computation Simplification

Utilizing an important property of COM, namely sep-
arability, can reduce the computational complexity,
when the COM of a single convex target in the FOV
is required. An M ∗ N COM can be calculated by per-
forming M calculations of 1D-COM successively on
all rows and then two additional calculations to obtain
the global X and global Y COM results. An N point
1D-COM can be expressed as follows:

Xc =
∑N

j=1 j · I j
∑N

j=1 I j

(3)

where j is the column index and I j is the pixel intensity.
For the global 2-D Y COM computation, the row

intensity summations are stored and another 1D COM
calculation is performed, retaining the complexity still
of order M , i.e. O(M).

For the global 2-D X COM computation, the col-
umn intensities are calculated via the results from each
row in a columwise manner. Then, another 1D COM
calculation gives the global 2-D X COM.

In spite of the fact that this possible COM computa-
tion system uses the separability property of the COM
and reduces the computation complexity to M (in the
case of an M ∗ N array), it still requires a large memory
capacity and a complicated computation mechanism,
when implemented as a digital circuit. There is a pos-
sibility to implement this COM calculation technique
as an analog circuit [29], but in this case it will suffer
from the matching problems of capacitors and resistive
networks.

We propose here a COM detection system which
utilizes the separability property of the COM. Thus the

Fig. 1. (a) An input image with a target, (b) The “Selected target” consisting of K winners with very close values (the value differences are
less then the WTA precision).

computational complexity is reduced by utilizing 1-D
circuits for the computation. In addition, we propose
using a low precision K-WTA circuit, while still re-
taining a simple mechanism, i.e. the DEM algorithm,
to achieve a high precision result. The detailed system
description will be presented in the next sections.

2.4. General System Description

Our tracking system optically receives an image, se-
lects the most salient target in the defined region of the
input image, computes the COM of all pixels belong-
ing to the selected image and continuously reports the
COM coordinates. The following terminology is used
in this paper: the target selected by the system is called
“selected target” and the COM coordinates are called
“target location”.

An adaptive, low precision K-WTA mixed signal
WTA circuit is responsible for the target selection. The
inputs to the WTA circuit are voltage representations
of brightness levels of all pixels in the image. K pixels
with maximum values are chosen by the WTA, accord-
ing to the WTA precision and target size. For example,
for WTA precision of 50 mV, all pixels, having dif-
ferences less of than 50 mV between their values and
the value of the brightest pixel could be chosen. With
higher precision of the WTA, less target pixels will
be chosen for a given target. This target selection is
similar to the thresholding and the segmentation-based
peak detection. The difference here is that the threshold
value is not constant and depends on the value of the
brightest pixel in the image. Figure 1(a) and (b) show
examples of the image with the target and the “selected
target” respectively.
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One of the design challenges is the correct choosing
of the WTA precision. The most important informa-
tion concerning the COM coordinates is located in the
bright pixels of the target. Thus usage of a high pre-
cision WTA, which chooses a single pixel or a small
group of pixels with the highest signal intensity, pre-
vents other target pixels from participating in the fol-
lowing COM calculation, causing an unacceptable er-
ror in the COM location. The problem gets worse in
the case of a large target of interest, when the brightest
pixel or pixels can be located very far from the pixel
whose coordinates represent the actual COM location.
The choice of a low precision WTA prevents from a
single pixel or a small group of pixels with maximum
values to be chosen across the large target which cause
an incorrect “selected target” and as a result a large er-
ror in final target location. In addition, a low precision
WTA has a simpler implementation and less influence
of mismatch of analog components. On other hand,
a very low precision WTA causes background pixels
to influence the result. This is a common segmenta-
tion problem, where it is very difficult to choose some
universal threshold that is suitable for all cases. The
influence of the WTA precision on the final precision
will be discussed in Section 4.

After the target is selected, the next stage is target
location computation. The coordinates of the target are
calculated based on the pixels of the chosen target. The
simplest way is to store all target pixels values with
their coordinates to the memory and calculate their
COM location in a brute force method (Eqs. (1) and
(2)), as described above. But this approach requires a
large memory, especially in cases of large targets. We
use the DEM method to complete the target location
computation. This digital method uses 2 pointers for
pixel selection (row and column pointers) that dynam-
ically choose pixels from the selected target, accord-
ing to the algorithm, described in detail in Section 3.
This 2-dimentional pixel selection is performed by two
one-dimensional DEM blocks, accomplishing a single
pixel selection, across the selected target, every time
the whole image is readout. After the image is read-
out a number of times, i.e. the Over Sampling Ratio
(OSR), OSR different pixels across the selected target
are chosen and the final target location is calculated
by averaging all pixels, chosen by the DEM algorithm.
Thus, the image should be readout OSR times to receive
the final target location. The required OSR dependence
on the target size and its influence on the final system
precision are widely described in Section 4.

In practical applications, there are often several tar-
gets in the FOV, while the target of interest is not nec-
essarily the strongest. Like in [1], the active region,
within which the system tracks targets, is user-defined
and implemented by the limitation of the DEM point-
ers to this region only. If no active region is chosen,
the system tracks the most salient target in the FOV.
In lock mode, this region is system-defined (with the
same size pre-defined by user) and moves according
to the target vector of motion. In order to acquire new
targets, the active region can be changed by the user at
any time during the system operation. For presentation
simplicity, in the following system descriptions an ac-
tive region is not chosen and the most salient target in
the FOV is tracked.

2.5. The DEM Algorithm—Introduction

This subsection introduces the reader unfamiliar with
the DEM approach and provides the necessary back-
ground on its use. The Data Weighted Averaging
(DWA) algorithm, the preferred implementation cho-
sen in our case, concludes this subsection.

Delta-Sigma (DS) modulation is widely recognized
as a key technique for implementing high-resolution
D/A and A/D converters. A 1-bit internal D/A con-
verter employed in both D/A and A/D converters does
not require precision component matching due to its
inherent linearity. This high linearity enables imple-
mentation of the converters using fabrication processes
with relatively large component variations. However,
1-bit DS modulators have many disadvantages such
as limited resolution achieved at a given oversampling
ratio and others [30]. To solve the above mentioned
problems multi-bit quantizers were used in DS con-
verters, thus requiring use of multi-bit internal D/A
converters. This enabled increasing overall resolution
without increasing oversampling ratio, by increasing
the number of levels in the DS quintizer [31]. Unfortu-
nately multi-bit DS systems cannot achieve the required
integral linearity without the use of precise compo-
nent matching. An attractive solution to the problem
due to its simplicity and cost-effectiveness, called Dy-
namic Element Matching (DEM) was proposed [26].
DEM techniques dynamically rearrange the intercon-
nections of mismatched components, converting har-
monic distortions resulting from elements mismatch
into a wide-bandwidth noise which then is filtered out
from out-of-band region. Many DEM techniques have
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Fig. 2. The DWA algorithm principle for an 8-element system: the
element usage pattern. The dark elements are those selected out of 8
possible elements depending on the input sequence (4, 3, 2, 2, etc.).

been proposed: Dynamic Element randomization [32],
Dynamic element Rotation [33], Individual level aver-
aging [34], noise-shaping [35] DWA and others.

The DWA algorithm, a modified version of which has
been adopted for use in the proposed system uses all
the DAC elements at the maximum possible rate while
ensuring that each element is used the same number of
times.

The DWA algorithm was developed by Jackson [28].
In this method depicted in Fig. 2(a), when the vertical
axe represents time, the elements, which are selected,
rotate throught the array. Each time N elements out of
8 possible are selected, when N is an input to the DEM
system. In this example, when the first input equals 4,
the 4 most left elements are selected. The next input
value is 3, thus the next 3 elements are selected. The
third input equals 2 therefore the one right-most and
the one left-most elements are both selected.

A similar principle is utilized in the proposed system.
The differences are that here N always equals 1 and
that like in Fig. 2(b), instead of a time axis, we have a
column axis. Thus the selected element is situated each
time at another column. Another modification is the
application of the DEM algorithm to two dimensions.

3. The Proposed System Architecture

Figure 3 shows the principle scheme of the proposed
system. This system includes (a) the 2-D sensors array
with a row decoder, (b) row comparators, (c) D/A con-
trolled by a counter module, (d) a row winner detection
block, which consists of a 1-D Row DEM module, (e)
a “Row winners” storage with a 1-D column DWA and
(f) a control unit, that is responsible for the clocks and

Fig. 3. The principle scheme of the 2-D system employing the DWA
approach.

control signals generation in the system. It should be
noted that the WTA precision here is determined by the
DAC precision.

In the proposed system the target of interest is
scanned row-by-row using the Row Decoder. The re-
sulting output is a row, consisting of voltage represen-
tations of pixels brightness (a high voltage represents
a high brightness level). The ramp module (D/A con-
trolled by a counter) decreases the reference voltage
applied to the comparators from Vdd to 0V by steps
corresponding to the DAC precision. When the ramp
reaches the maximum value within the scanned row, it
stops and the value detected is latched. At this point,
in case of a large target, more than one comparator
will detect a maximum value pixel in the row. This
causes K maximum target pixels in the scanned row
with value differences within the D/A precision to be
chosen by WTA. It was mentioned that only one tar-
get pixel (called “target frame winner” in this context),
that participates in the final target location computation
by averaging all selected “target frame winners” from
OSR subsequent frames, should be selected by the sys-
tem after the whole frame readout. Thus, the system
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chooses one out of K row winners (called “target row
winner” in this context) in every row, using the 1-D
Row DWA module. After the “target row winner” is
chosen at each row by the 1-D Row DWA module, the
control unit stores its digital value and the column ad-
dress in the corresponding place in the “Row winners”
memory. At a certain stage (after scanning the whole
frame) all “target row winners” are stored in the “Row
winners” and the “target frame winner” is selected out
of all “target row winners” using the 1-D Column DWA
module.

The “target row winners” and “target frame winners”
are selected with assistance of the DWA “winner point-
ers”. Both the 1-D Row DWA and 1-D Column DWA
modules have their own “winner pointer”. The “win-
ner pointer” of the 1-D Row DWA (called “row winner
pointer” in this context) points to the column address
of the chosen “target row winner” of the last scanned
row. Similarly, the “winner pointer” of the 1-D Column
DWA (called “column winner pointer” in this context)
points to the row address of the chosen “target frame
winner” of the last scanned frame. For the case when
an active region is not selected by the user, the reset
value of the “row winner pointer” is the first column of
the array and the reset value of the “target row winner”
is the first row of the array. When an active region is
defined by the user, the reset value of the “row winner
pointer” and of the “target row winner” are the first
column and the first row of the active region respec-
tively. It should be noted that the “row pointer” values
are limited by the defined active region edges.

“Target Row Winner” Selection Procedure. After
system reset (in case of system startup or in case of a
new active region definition), the “row winner pointer”
is reset. After K -winners at the first row of the array are
selected, the “row winner pointer” is increased, until it
reaches the first winner out of the K chosen. This win-
ner is selected as a “target row winner” of the current
row. Thus the “target row winner” of the current row is
the first potential winner (out of K ) adjacent to the “row
winner pointer” in the direction of pointer increase. For
example, if the “row winner pointer” points to column
no. 4, and we have 5 potential winners in the current
row (K = 5), with column addresses 2, 3, 4, 16 and
18 respectively, the winner of the current row will be
the pixel with column address 16. Note that the “row
winner pointer” value is not reset between subsequent
frames, thus the previous frame influences the results of
the next frame. After choosing the next winner, the win-

ner pointer receives its column address, moving only
in one permanent direction upon which was decided up
front. It should be noted, that if an active region was
selected, the readout of a row out of the selected region
does not influence the “row winner pointer”.

Figure 4 shows the effect of the 2-D DWA algorithm
applied to the target in an active region of 6 ∗ 6 pixels.
All pixels of the “selected target” are shown in gray and
the dotted line designates the contours of the target.

“Target Frame Winner” Selection Procedure. The
“target frame winner” is chosen out of all “target row
winners” in the same way as every “target row winner”
out of K row winners. In this case a “column winner
pointer” has an identical function to that of the “row
winner pointer” and is initialized to the first row ad-
dress. Only “target row winners” with the same max-
imum values are candidates to be selected as “target
frame winners”. Figure 5(a) shows the process of find-
ing the “target frame winner” out of several candidates
for 8 subsequent frames. These candidates are “target
row winners”. As can be seen from Fig. 5(a) the “target
frame winner” for the first frame has coordinates (1, 1).
In the next frame the column pointer advances to the
next row, thus the coordinates of the next “target frame
winner” are (2, 3). Figure 5(b) shows coordinates of all
frame winners in their appearance order.

To find the coordinates of the pixel that represents
the target COM we find the average of coordinates of all
“target frame winners” received after repeated scanning
of the target. Note that for a dynamic target, an image
must be scanned OSR ∗ M times per second, where M
is the video frequency and OSR is the over sampling
ratio. To find the COM the target is scanned OSR times.
Simulation results (included in Section 4) show that the
found estimation for the target COM is close to the the-
oretical one. Similar to D/A and A/D converters, where
the design can trade precision in time for precision in
amplitude, precision of finding the COM is improved
by increasing the OSR.

4. Simulations and Hardware Requirements

A set of MATLAB simulations on a number of the-
oretic and real images have been carried out in order
to examine the proposed algorithm for the COM cal-
culation. The results are presented here. The precision
of the final result depends on a number of parameters
such as the OSR, the target size and the chosen WTA
precision that is determined by the DAC precision.
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Fig. 4. 1-D row DWA algorithm stages, as applied to 4 sequentially scanned frames. The “selected target” pixels are designated in gray and
the “target row winners” in dark gray. The two right columns represent the coordinates of the “target row winners” (numbers in gray represent
column coordinates and numbers in white row coordinates).

Fig. 5. The final stage: (a) 1-D column DWA frame by frame selection (“target frame winner” coordinates noted in dark gray), (b) Selected
coordinates of former “target frame winners” (index of selection noted in dark gray).

In this section the relation between the OSR, the
WTA precision, the target size and the error in the target
location are studied for the proposed system. Then an
algorithm improvement for real time performance is
proposed. Using this algorithm, the optimal OSR is
found for different target sizes, while remaining within
the maximum allowed.

4.1. Algorithm Performance Dependence
on Different Parameters

This sub-section examines the influence of different pa-
rameters, such as “selected targets” sizes and the cho-
sen OSR on the algorithm precision. Here, all simula-
tions were carried out on a theoretical circular “selected
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Fig. 6. COM location error vs. OSR for the theoretical circular
“selected target” with a diameter of 17 pixels.

target”, as accepted after the WTA operation. The circle
diameter ranges from 6 to 60 pixels.

Note that in this sub-section the WTA precision in-
fluence on the COM precision is not yet discussed—all
simulations are performed on the “selected target” pix-
els. Thus influence is examined in the next sub-sections.

Figure 6 shows the error in the COM location as a
function of OSR for a “selected target” with a diameter
of 17 pixels. The error is calculated in relation to the
theoretically calculated COM coordinates. The COM
location error has a sinusoidal behavior with a constant
period of OSR = 17, that is wrapped in an exponen-
tial envelope, as shown in Fig. 6. The period is deter-
mined according to the “selected target” size (number
of rows), since an integer number of whole target sam-
pling reduces the error. This error gets lower with the
number of over samples; that is the reason for the wrap-
ping “envelope”. For small over sampling ratios (OSR
<17) there is a strong improvement in precision with
OSR increase. Following this observation, it seems best
to work in the area of the first local minimum.

Simulations of the location error as a function of
the number of iterations were carried out for various
circle diameter sizes. The simulation results showed,
as expected, that the required OSR for optimal system
operation increases linearly with the target diameter.

Figure 7 shows the error in COM location for every
first local minimum of OSR as a function of the cir-
cle diameter. It can be seen that the system has very
high precision. The final target location error ranges

Fig. 7. COM location error as a function of the circle diameter (for
the first local minimum of each).

from 0.2 to 0.42 pixels for large targets. For exam-
ple, for targets with diameters of 50 pixels (occupying
∼1800 pixels with the same illumination levels), the
final precision error is 0.4 pixels for OSR = 48.

4.2. Algorithm Improvement
for Real Time Performance

Although the system demonstrates high precision, the
high OSR required for large targets makes it imprac-
tical in the case of large sensor arrays for real time
applications. In these applications there is a maximal
allowed number of iterations (OSR) that is determined
by the array size, the required number of frames per
second and the chosen WTA precision. Thus, there is
a necessity for a DEM algorithm which will provide
both high precision in the COM calculation and low
OSR to be feasible.

In this sub-section an efficient algorithm for reducing
the required OSR is proposed. This algorithm allows
finding the COM of large targets, while using a low
OSR and retaining still a small error. The algorithm is
simulated on a theoretical circle. The algorithm sim-
ulations for real images are described in Section 4.3.
Suppose that the maximal allowed OSR in our system
is 9 and we track a theoretical circular “selected target”
with a diameter of 56 pixels.

The simulations were performed on a large “per-
ceived circle” with a diameter of 56 pixels that



260 Fish, Akselrod and Yadid-Pecht

Fig. 8. COM location error vs. OSR for a theoretical circular “selected target” with a diameter of 56 pixels for (a) pointer skips = 1, (b) pointer
skips = 2, (c) pointer skips = 6 (final).

occupies ∼ 2400 pixels and a maximum allowed OSR
of 9.

The first step in the algorithm is the application of
the regular WTA with the DWA to the processed image.
This step results in an optimal OSR of 55 iterations
which has an error of 0.4 pixels. Figure 8(a) shows the
error in the COM location vs. the OSR for the given
target.

Due to the real time operation limitation we cannot
use this optimal OSR = 55. From Fig. 8(a) we observe

that the usage of OSR = 9 will cause an unacceptable
error of 23 pixels.

The proposed modification in the algorithm is to
increase the “column winner pointer” and “row win-
ner pointer” skip by 1, i.e. pointer skips = 2, both
for the rows and for the columns. Thus the number
of required steps to scan the whole target is reduced.
This modified algorithm results in a reduction of the
optimal OSR from 55 to 27 and a negligible error in-
crease from 0.4 to 0.41 pixels at this OSR. Figure 8(b)
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Fig. 9. COM location error as a function of a circle target diameter,
for the modified algorithm.

demonstrates results of this modification with pointer
skips = 2.

Next we increase the pointer again, i.e. pointer
skips = 3, since the resulted OSR is still high. This
results in reduction of the optimal OSR to 17 and er-
ror increase to 1.2 pixels. We continue increasing the
pointer skip value until the accepted OSR will be less
or equal to the permitted OSR = 9. In the case of our
simulated target the required pointer skips are 6. In this
case the OSR is 9 and the error is only 2.05 pixels. Fig-
ure 8(c) demonstrates results of this modified algorithm
with pointer skips = 6.

As can be seen, the COM location error remained
with the same sinusoidal behavior with a constant

Fig. 10. Images with real objects, (a) A circle-like object (occupying 482 pixels), (b) An ellipse-like object (occupying 160 pixels).

period, that is wrapped in an “envelope”, following
the modification in pointer skips. The pointer skips in-
crease results in the period decrease, explained due to
the reduction in the required target samples.

In order to examine the properties of the pro-
posed algorithm, it was applied to circular targets
with different sizes. Figure 9 shows the error calcu-
lated as a function of the target diameter. It should
be noted that all results are for OSRs that are less
than or equal to the permitted OSR for real time
applications.

As can be seen from the simulations, the proposed
algorithm allows a significant reduction in the required
number of iterations, while still retaining a high preci-
sion. For example, Fig. 9 shows that for a circle with a
diameter of 84 pixels (more than 5000 potential winner
pixels) the precision is 1.48 pixels and the OSR requires
only 9 iterations.

4.3. Algorithm Application to Real Targets and
Dependence on the WTA Circuit Precision

In this sub-section the proposed algorithm application
to two real targets is described. The first one has a
circle-like form and the second one has an ellipse-
like form. The influence of the WTA precision and the
permitted OSR on the final system precision is stud-
ied for these targets. Figure 10 shows the simulated
images: Fig. 10(a) shows the circle-like target of in-
terest occupying 482 pixels of the sensor array and
Fig. 10(b) shows the ellipse-like target that occupies
160 pixels.



262 Fish, Akselrod and Yadid-Pecht

Fig. 11. COM location error “period” as function of the WTA pre-
cision (an example for the object in Fig. 10(a)).

First, the algorithm with pointer skips = 1 for differ-
ent WTA precisions (3, 4, 5, 6, 7 and 8 bits) has been
applied to the targets in order to examine the WTA
precision influence on the creation of the “selected tar-
gets”. It was shown in Section 4.2 that an error in COM
location changes with a constant period as a function of
the OSR for a given size of a “selected target” and that
this period linearly increases with the “selected target”
size increase. Figure 11 shows the COM location error
period, representing the “selected target” size, as func-
tion of the WTA precision for the target in Fig. 10(a).
The size of the “selected target” that was created from
the image in Fig. 10(a) can be determined for every
simulated WTA precision.

It can be seen that there is a high influence of the
WTA precision on the “selected target” size, i.e. when
the precision increases from 3 to 5 bits. The increase of
the WTA precision from 5 to 7 bits has a small influence
on the “selected target” size. The 8-bit precision WTA
results in a very small “selected target”. As mentioned
in Section 3, the COM precision depends on the number
of target pixels that participate in the COM computation
of the “selected target” size, while the “selected target”
size depends on the chosen WTA precision. Simula-
tions carried out on a set of various targets show that
the preferable WTA precision is 5–6 bits. In this work
a 6-bit precision WTA was used.

The proposed algorithm was applied to the tar-
gets shown in Fig. 10, assuming a real time applica-
tion system with a maximum allowed OSR of 6. The
simulations result in COM computation precision of

0.49 pixels with pointer skips of 3 in the algorithm for
the target of Fig. 10(a) and an error in the final COM
location of 0.7 pixels with skips of 3 for the target of
10(b).

4.4. Hardware Requirements

One of the features of the proposed system is its sim-
plicity of implementation due to minimum hardware re-
quirements and simplicity in re-design for various sen-
sor array sizes. Section 3, which presented the principle
scheme and describes the system operation, showed
that a digital value of every “target row winner” is
stored in a “Row winners” memory. This way the “tar-
get frame winner” is chosen from these “target row
winners” with assistance of the “1-D column DWA”
block. This possible implementation was presented in
order to explain the concept of the proposed system.
Actually, we need to store only (a) one target row and
one target column pointer values, (b) a temporary tar-
get winner of the current frame, (c) a target winner
of the previous frame, (d) temporary and final COM
locations and, finally, (e) the edge coordinates for the
defined active region. (In addition, a small memory is
required for bad pixel elimination, as will be described
later). The “target row winner” of every scanned row
of a current frame is compared to the temporary “tar-
get frame winner”. If the “target row winner” is less
than the temporary “target frame winner”, the tempo-
rary winner does not change. If the “target row win-
ner” is higher than the temporary “target frame win-
ner”, the temporary winner is replaced by the given
row winner. If they are equal, then the “1-D column
DWA” block takes a decision depending on the “col-
umn winner pointer” value according to the DWA al-
gorithm applied, as described in Section 3. At the end
of a given frame, the temporary “target frame winner”
replaces the “target frame winner” of a previous frame
and participates in the computation of the COM loca-
tion. The temporary result of the COM calculation is
stored and only after a required number of OSR frames,
this temporary COM result replaces the final COM lo-
cation and is output. This way the required memory
size does not depend on the sensor array size. This is
important advantage in the case of very large sensor
arrays.

The required number of analog comparators in the
WTA analog computation is the only element that de-
pends on the array size—every column has its own



High Precision Image Centroid Computation via an Adaptive K-Winner-Take-all Circuit 263

comparator. The required precision of the compara-
tors is dictated by the WTA precision. It was men-
tioned that the system allows usage of a low precision
WTA, so it is possible to design simple, low area com-
parators. Additionally, the comparators matching prob-
lem can be neglected following the proven suitability
of a low precision WTA for a high precision COM
result.

4.5. System Efficiency, Limitations
and Comparative Analysis

In this subsection the cases where the proposed algo-
rithm is more efficient are shown, algorithm limitations
are presented and comparison to one of previous works
[1] is discussed. First, the algorithm is most efficient
in cases of large objects of interest with a noisy back-
ground, where a large group of object pixels have a
similar brightness level and thus are selected as belong-
ing to the selected object. In these cases the proposed
algorithm gives a high precision with low hardware
overhead relative to other COM detection techniques.
In cases of small objects or objects with a large object
intensity distribution the algorithm is less efficient. In
these cases, systems that perform target selection by
location of the absolute maximum in the entire im-
age [1, 2] are more efficient, especially for real time
applications. An additional limitation is that the maxi-
mum number of the possible “scan paths” (number of
sequentially scanned frames with different row win-
ners) is determined by the smallest number of “target
winners” in any of the rows in the frame. Choosing
an OSR, which is greater than the number of “scan
paths”, is not efficient. Thus the number of “scan paths”
should be enlarged. This problem can be solved in a
simple way by eliminating the influence of rows with a
small number of “target row winners” (<OSR) on the
row DWA pointer and introducing an additional row
DWA pointer in order to choose row winners in these
rows.

Compared to [1], our proposed system allows com-
putation in the array periphery without affecting sen-
sors quality. On other hand, the in-pixel processing
strategy that was chosen in [1] enables full parallel
very fast processing (tracking targets moving up to
7000 pixels/s was reported). The system proposed in
[1] is sensitive to matching problems in the analog
WTA circuit, while in our currently proposed system,
usage of a low resolution WTA significantly reduces

this sensitivity. As was mentioned, a general strategy
of active region selection, target locking and shifting
tracking to new targets in our system is similar to
that proposed in [1], but the implementation is differ-
ent. In our system, an active region selection is per-
formed by simple limitations of the DWA algorithm
row and column pointers, while in [1] it is performed
by inhibiting a portion of the saliency map, thus re-
stricting the activity of the WTA circuit to an active
region.

An additional feature of the proposed system is bad
pixels elimination. When working with large arrays of
photoreceptors or other analog input elements, bad pix-
els are a fact of life. The concept that we have chosen
to solve this problem is similar to the one we have de-
scribed in [2]. A bad pixel can have a high value, so it
can be selected as the winner regardless of other pixel
values. In the proposed system bad pixels are disabled
with a special “dark mode”, in which a dark image is in-
put. The bad pixel elimination is realized in two stages.
In the first one, the “dark mode” stage, we process a
dark image (very low background without object of in-
terest). The circuit finds bad bright pixels (higher than
the pre-defined threshold), using the same K-WTA cir-
cuit. All bad pixels are found and their addresses are
stored in the memory.

In the second stage (regular system operation), a real
image is processed while 0 V values are transmitted to
the WTA circuit instead of the “bad” pixels that were
found in the “dark mode” stage.

5. Conclusions

An approach for implementing a high precision COM
detection system via an adaptive K-WTA circuit in con-
junction with a DEM algorithm for star tracking ap-
plications was proposed. The system outputs a high
precision COM location of the most salient target in
the field of view for tracking and navigation purposes
and is suitable for real time applications. The proposed
solution utilizes the separability property of the COM,
and therefore reduces the computational complexity by
utilizing 1D circuits for the computation. It was shown
that the DEM algorithm allows reducing the required
WTA circuit precision to 5–6 bits, while still achiev-
ing a high precision of output. The low precision re-
quirement solves the matching problem in analog com-
parators. In addition, this proposed COM system has
very low hardware requirements even for large sensor
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arrays. The system allows target selection and locking
with multiple targets tracking capability.

A set of MATLAB simulations on a number of theo-
retical and real targets has been carried out to examine
the proposed algorithm accuracy. The results show that
the proposed system enables achieving a high precision
COM output even for very large theoretical and real
targets.

Future plans include full system implementation
and research on applying other DEM methods in such
systems.
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