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Abstract

This document describes a FPGA implementation of an
optical flow correlation based detection method which is
very fast (with low accuracy) and allows near real time
applications (6 frames/second) on standard computing
hardware. It manages the motion estimation problem with
a speed restriction, obtained from an image down sample
process, that yields image speeds less than one pixel per
frame. Then a patch correlation image method is applied
and a temporal search can be made at a lineal time versus
the spatial search at a quadratic time of other classic mat-
ching methods. The method fulfils all the requirements of a
robotic vision system, being robust, fast and accurate
enough for real time applications like time to contact detec-
tion and robot navigation tasks and like the global active
vision system that is being developed, which operates from
the two dimensional images coming from a CCD camera
and a frame buffer, makes the logarithm-polar transform,
the optical flow calculation and the image invariants ex-
traction

The objective of this job is to evaluate the skills of this al-
gorithm for obtaining optical flow at high speed, to allow
real time image processing. The result is a realisation on a
FPGA of ALTERA that allows the processing of the optical
flow on 100x100 pixels images in real time (25 images/
second).

1. Introduction

The first part of this document describes the theoretical
study of an optical flow agorithm, which is a part of a vi-
sua processing system, fixed in a global active vision sys-
tem. In the second part, the hardware system design, which
makes thistask at real time, is also described.

Firgt of al, the environment where this application has to
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work is described, with the vision system and the frame-
grabber used. In the following section, the theoretical bases
of the optical flow agorithm are explained, as well as their
characteristics, properties, advantages, troubles and possi-
ble applications.

The next part contains the experimental description of a
hardware application (with an Altera FPGA), that has been
designed and simulated.

Finaly, in section 4 the results and conclusions are presen-
ted.

1.1. Vision system

The active vision system can be divided in the following
blocks (Figure 1):

- CCD camera: it contains the CCD sensor that provides
monochrome images of 480 x 500 pixels.

- Frame grabber: This block makes the analog to digital
conversion of the sensor ‘s signals to a data collection
(three frames on three dua port memories).

- Log-Polar: it carries out a transformation on the image,
that imitates the human vision system, to reduce its size
(and process time) without the lose of properties.

- Optical flow: It calculates the optica flow (with amini-
mum of two consecutive images).

- Actions calculus: It processes the received data and de-
cides where to focus the camera.

- Control camera: It carries out the necessary motions to
focus the camerain a concrete point.
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Some implementations of these blocks are descri-
bedin[1],[2]

2. Theoretical bases

2.1. Optical flow obtaining techniques

Optical flow is a concept with many definitions: the ap-
parent motion that an observer notices in an image, a two
dimensional vector that indicates the motion of objects, or
features, in a sequence of images, etc. The definition is lees
important that the fact that it is the best option to calculate
three-dimensiona properties of the environment, and to
obtain other useful motion information, starting from the
luminance changes of the image plane points.

The optica flow algorithms have many applications, where
stands out the autonomous mobile robot navigation in an
unknown environment. These techniques are detailed in [3]
and are generally very difficult to support real-time perfor-
mance (only with strong restrictions on the environment).
They can be divided on four types:

A Differentia techniques.

A Matching or regions correlation.

A Frequency based methods (based on energy signal).

A Phase based methods.

Many of this agorithms are not suitable for practical
applications actualy, due to the hardware requirements
(paralle computers, or ASIC's) of real time applications,
or to the excessive duration (hours) of other approaches
with high precision, on aworkstation.

The agorithm that will be described next uses correla
tion (matching) regions techniques, but it modifies them in
two aspects to avoid the huge amount of time used in the
homologous search at successive images, seeking that the
time used in the process doesn't grow in a quadratic way
with the size of the search areain the image. The first mo-
dification implies the use of atime variable sampling of the
image that allows to exchange the space with the time and
it drives to an agorithm that is lineal a worst case and
constant at the best, with the size looked for, or otherwise,
with the objects in motion speed inside the image. This
technique detects even the fastest motion in an image. So, it
is focused for robotics applications like objects pursuit,
where the most important thing for the robot is usualy to
detect the objects that move faster in its near environment
(possihility to avoid them, to catch them, etc.). The second
modification alows to extend the application of the algo-
rithm to create a flow field with multiple speeds that allow
to transform the quadratic space searches in other lineal in
time steps. This space-time inversion has the effect of sear-
ching for faster moving objects in each image instead of
looking for the dlower motion ones that only are searched
when it is necessary. The theoretical ideas, base of the pre-
sent article and its hardware implementation, have been

progressively developed in [4], [5], [6], [7], [8], [9], [10]
and [11].

2.2. Robust correlation_based matching method

An object moving in the three-dimensional space has a
speed vector field W(x, y, z) associated, which is projected
on an observer ‘s retina to form a two-dimensiona field
W,(x. y). The retina readlly observes changes in the image
points intensity values, for a discreet interval of time. The
optical flow is a vector field that describes this change, by
the indication of the motion of characteristic points from
one image to another. It is assumed that the maximum pos-
sible displacement for any pixel is limited to a value £ in
any address, being this vaue related to the expected
speeds. In general some restrictions are required to calcula
te the optical flow field in a correct way starting from two
successive image frames, but if the flow belongs to rigid
bodied objects, the problem becomes well posed and it can
be solved in a satisfactory way in most of the cases. In this
Stuation, it is usualy acceptable that a certain pixel has the
same speed that the one in its neighbours. Supposing that
these pixels are grouped in a squared neighbourhood (or
window), of a size v, centred on a certain pixel, the pixel
motion at (x, y) is defined as the same of a window with of
a<x<sdze centredin (x, y), out of (2*+1).( 2*+1) poss-
ble displacements.

The referred method determines also the correct motion of
the pixels group by simulating it with each possible displa
cement of (x, y) and calculating a measure of coincidence
for each displacement. In Figure 2 we can see in an intuiti-
ve way, how the area correlation calculation process will
take place in its original position with all its possible situa-
tions in the following image. We have one case with very
low similarities and another with avery high correlation.

Correlation for
Displacement (1,1)

Figure 2

Correlation for
Displacement (2,-1)

Image 1 Image 2

The measure of likeness for the displacements, or error
function (N), obtains a proportional value to the matching
of two characteristics in the image. The coincidence degree
M(x, y; u, w) and a displacement (u, w) can by calculated
for a point, by means of the sum of N values between each
pixel in the displaced region in the first image (search area,
P.) and the corresponding pixel in the current region on the
second image (reference image):
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The following step is the election of the error function (N),
between the different available options. The most often



used, due to the simplicity of its calculation process, is the
absolute value of the differences between the values of
both pixels luminance. Another possibility for (N) is the
squared difference of their luminance values. In this two
cases that differs dightly, low values of f imply a better
likeness, being the precision and calculation process com-
plexity greater in the one mentioned in the second place. It
is aso possible to measure the coincidence between two
images using other primitive different to the values of the
intensity. For instance characteristic in the image, as the
borders, could be searched; and additional similarity cues
could also be decided based on the intensity gradient in its
borders, for example with the dope of the zero crosses of
the Laplacian operator on the image.

In an ideal situation, with only front or parallel motion, no
noise in the process, constant environment illumination and
a trandation of a integer number of pixels (inside a given
range), we can expect that the pixels of both areas will
match perfectly, being the motion of the pixel the one out
(2*+1) x (2*+1) possible displacements, with the maximal
coincidence degree. If the size of the neighbourhood is lar-
ge, ties are rare and it is possible to decide one arbitrarily
(loca errors could take place). If the chosen displacement
isthe right one, &l pixel values will match and the differen-
ce between both regions will be minimal and it will produ-
ce the maximal coincidence degree. This process is repea
ted for al the pixels of the image, regardless of the other
pixels, with the exception that motion is not calculated in a
* +< border, since the process would have to use pixels
that don't exist in the image. The algorithm produces a den-
se and smooth output, which does not require an additional
smoothing or interpolation stege.

Parallel implementations [12], [5] are possible due to the
fact that the displacements chosen for a pixel are indepen-
dent of the rest of the pixels. It is aso possible to perform
the calculation process in dedicated chips (ASIC's) or pro-
grammable logical devices (FPGA'Ss), like in the applica-
tion developed in this work. If no one of these techniquesis
used, it is possible to use conventional serial computers,
due to the search based nature of the algorithm, described
in the following sections.

2.3. Problems

Firgt of all, the reference regions will have different size
(Table 1) depending on the search ratio (v = 24 +1).

Reference region
size (v, xv)
5x5
X7
9x9
11x 11

Search ratio (r)

GO wWN

Table 1
Moreover, if d isthe maximal pixel displacement, the size
of the search area size will be: v, = v, + 2d, and the number
of possible situations at this region is: (24+1)°.

Maximal pixel Possible situations Search zone size

displacement @ in search region v, (pixels)
1 9 v, +2
2 25 v, +4
5 121 v, +10
10 441 v, + 20

Table 2
The search and reference zone sizes are shown (d=1) in
next figure (Figure 3)
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Figure 3

One limitation to this algorithm is that its complexity time
grows in a quadratic way with the maximum possible dis-
placement allowed for the pixel (Figure 4). Intuitively, as
the tracked object speed doubles, the time used for its mo-
tion search quadruples, because the search areais equal to a
circle centred at the pixel, with a radius equal to the maxi-
mal speed.

Search zone Search zone area Explore time

A= phr? ta

B=pi(2r)’= 4A t=dht,

Figure 4
The search circleis usualy approached by a square array of
pixels of (2A- +1) side, for search radiusr. If the image rate
is)¢t, both imagesin each motion to be tracked are taken
a ¢ and t+)¢, and atwo pixels radio search would need a
5x5 search zone and 25 evaluations. If we had the chance
to take an additional frame in between the both origina
ones (at the time ¢+ D #/2), the original search would break



down in two consecutive searches of one pixel, one from
the first image in the time ¢ to the second in #++D #2 and
another from this to the third image in ¢+)¢. In thisway a
single 2-pixel search (the eguivalent of four 1-pixel sear-
ches in search area) is reduced to two 1-pixel search. In a
similar way, a search on an area of 3 pixels (9 times 1-pixel
search) could decrease to three successive searches of 1
pixel, if extra images were available. It seems a good op-
tion to do the searches in a large number of smal
displacements (using multiple images, one for each search),
rather than in a smaller number of large displacement sear-
ches. If this reasoning were taken to the limit, it would
imply that the multiple combination of one pixel search is
the best election, in terms of calculation process. Using this
technique, the search for a given speed v requires a number
of k pixels searches (being k a constant, usually 1) linear in
v, in an opposite way to the original matching agorithm
which requires a single, quadratic time v pixel search. This
fact reduces the problem from a quadratic time to a lineal
time.

In spite of every problems seems to be solved, the
previoudy exposed is not the only problem. When a
matching method is used to obtain the optica flow, as op-
posed to a gradient method [12], the smallest displacement
that can be searched for is a single pixel, and usudly is ne-
cessary to down sample the input image to a coarser resolu-
tion to be able to processit in real time. This means that the
minimal distance that can be searched for is a single pixd,
but with arelatively large size. Thus small motions can be
omitted, and a large motion can aso be missed if it was
composed of many small displacements, each less than a
pixel.

If the variable d is fixed to the value of a pixdl and the
search of the speed motion is necessary, the only option is
to alow the ¢ variable to change. Thus, instead of searching
over distances to calculate the speed, with afixed )¢, it will
be necessary to search over time to discover the actual
speed of the pixel, asit is shown at next section.

2.4. Tracking applications solution

In a basic approach, optical flow is calculated on a sequen-
ce of images as the one shown in the figure 5.

0 1 2 3
fast----|----fast--|---fast---|--fast
Figure 5

There is not any explicit delay between the images of the
sequence (only the time needed to capture an image, which
is a fixed quantity) and the motion detected, if any, it will
correspond to a very fast motion. The noted image as “0”

corresponds to the last one being acquired, “1” correspond
to the previous one and so on. Since the search agorithm
only operates on a fixed distance of a pixel, with this ap-
proach avery small range of speeds will be detected (either
zero or apixel/frame). Thisrange of detection can be extent
to other wider, varying the parameter ).

Therefore, the fastest motion that can be detected would be
of one pixel in the plane image, between each images pair.
If this motion is not limited and an object is moving faster
than one pixe/frame, taken at 25 frames/seg (video rate),
then it would be necessary to search for motion greater that
one pixel/frame. However, this step is not necessary, for
most practical applications, since the image is usualy sub
sampled to a coarser level for faster processing, and under
these conditions each pixel is larger and it would corres-
pond to avery fast motion at video rate.

If there is no problem to determine the fastest motion, it
can be considered how to find smaller motions, using lon-
ger delays ()¢) between images. If no motion is detected
between frame “0” and “1”, the calculation process would
be made between the frames “0” and “2” (previoudy sto-
red in memory); if in this scale motion is detected, the trac-
king operation will be done an if it is not, the process
would be repested on frames“0” and “3”, “0” and “4”, etc.,
up to some limit for the search of the dowest speed.

It is necessary to mention that the motion detected at a do-
wer scale could be motivated by a sudden, rapid accelera
tion, or more generaly by any motion faster than the one
that is currently being examined. This temporary aliasing
can be detected proving that the slowest component in the
motion is significant. For example, a search in the follo-
wing scale (dower) to the mentioned scale doesn't indicate
any motion. In this case, when a temporary aliasing or ot-
herwise is not detected in that scale, the origina slow mo-
tion is red. It can be useful for practical applications, to
ignore this aliasing confirmation, since any fast motion will
be determined correctly immediately later, when the algo-
rithm looks for the fastest motion again, before the arrival
of the following image.

This technique produces the effect of a better find of the
objects that move faster and as these objects are the most
interesting for arobot (for example to detect obstacles), this
is an improvement on previous movement search algo-
rithms.

The method is optimised to detect and track the fastest mo-
tion in the image, but it can also operate on a wide range of
speeds. A pyramida technique [4], [13], can be used to
Separate the smaller motion components from the faster
motion. However, these techniques are only useful up to a
point, because at the highest levelsin the analysis the pixels
are quite large, implying that there is a significant quantifi-
cation error for both angular and magnitude resolution.

To generate a full optical flow field, not only for tracking
applications, it would be necessary to search for various
speeds, but it is not the propose of this physical implemen-
tation that searches for maximum speed.



3. Experimental description

It has been implemented in this job the initia version of the
referred algorithm for searching the maximum speed at the
image. It makes the following stages, to determine this
speed, or displacement of a pixel, between a number of
(2d+1)’ possible displacements where d is an integer value
that depends on the speed:

1. Displacement: this stage obtains the pixel values of the
displaced regions in the searched image (last one). The
number of regions obtained is equal to the number of
possible pixel displacements.

2. Comparison: the subtraction of the pixel values in the
displaced regions from the reference image patch is
mede here.

3. Excitement: This stage is implemented with a " box-
filter", which is an operator that performs a mean value
of the comparison stage.

4. Election: The most resemblance displaced region with
the reference one will correspond with that with sma:
ller excitement stage values. Therefore this stage will
find the smallest value of the excitement one.

3.1. FPGA implementation

Next figure (Figure 6) describes the logica design of the
FPGA that implements the algorithm of optical flow calcu-
lation. The meaning of its blocks is as follows:

- The two RAMDP_8kb blocks are double port RAM me-
mories (8 KB), used to store the data images temporally.
They are necessary, since the frame grabber gives the infor-
mation of the images in a sequential way and loading it is
necessary to store some linesto carry out the process. Their
sizeisof 16 lines of 96 pixels, out of 480 possible ones, for
the temporal restriction of the time of calculation (see point
4). The device chosen for it isthe CY 7C09159V.
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- The RAMDP block (32 KB) is the dual port RAM me-
mory where the optical flow calculated vectors are stored
on. The used integrated circuit isa CY7C09079V.

- The used FPGA contains all the necessary modules requi-
red for the optical flow calculation. They have been dismis-
sed a figure 7 and they are the following ones:
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Figure 7

A Address generator of the positions where the values of
the pixels are stored on (of the current and previous ima
ges), for the processor to be able to read them (displace-
ment Stage).

Processing units in charge of carrying out al the
operations required by the agorithm, to obtain the coeffi-
cient of likeness (comparison and excitement stages). This
block actives a signa to indicate other units when it has
finished its job, to alow another line processing. It is for-
med by 9 blocks of elementary processors that calculate the
error coefficients of the displaced regions. They are 9,
coinciding with the number of possible positions that a pi-
xel can be placed on with a 7x7 pixels reference block
(2r+1 = 7) with maxima possible displacement of one pi-
xel a every directions (d=t1 pixel). They are placed this
way in order to the input data from the reference block can
be carried over them while those of the search block arrive
simultaneoudly to all of them.

First of al, the pixels placed at lines 1 to 9 are addressed
and when the process of calculating minima error for a
pixel ends, next one will be taken and the same process will
be repeated. When the first line is completed, the address
generator points to the following one, being then the ad-
dressed block formed by lines 2 to 10 and the line 1 remain
free for new data. When the second line is completed, the
addressed block isformed by lines 3to 11, etc.

With this approach, the data of line 17 will be hold at line
1, the line 18 at line 2 and so on, being the read and write
process over the dual port memory simultaneous. When the
last data on line 16 is being addressed on, the following
lines are hold at the upper part of the memory, and the ad-



dress mode is made at a continually way, asit is shown a
the following table.

ADDRESSED LINES | FREE LINES
9-10-11-12-13-14-15-16-1 | 8
10-11-12-13-14-15-16-1-2 | 8and 9
11-12-13-14-15-16-1-2-3 | From 81to 10
12-13-14-15-16-1-2-3-4 From8to 11
13-14-15-16-1-2-3-4-5 From 8to 12
14-15-16-1-2-3-4-5-6 From 8to0 13

| 15-16-1-2-3-4-5-6-7 From8to 14
16-1-2-3-4-5-6-7-8 From 8to 15

Table 3

Error compare unit that analyses all the coefficients of
likeness of a region, detects the smaller from them and ge-
nerates the optical flow vector for each pixel (election Sta-

ge).

The FPGA that has been used for the design is an ALTE-
RA EPF10K50RC240-3, using 37 inputs and 75 outputs
fromit.

Two clocks are used in the system. One, named
"CLKWRITE", is given by the interface with the camera
CCD and has a 10 MHz frequency. The other one,
"CLKREAD", is generated internaly and its value is of
15.384615 MHz (or the maxima possible for the correct
operation of all the processing units).

The output of the system is placed on the right port pins of
the of the dual port memory RAMDP (32 KB) that holds
the optical flow vectors that have been obtained, together
with the three necessary enable signals (“out 1", “out 2"
and “out 3") that are used by the later prosecution stages to
read safely from this memory without writing interference.
The optical flow of three images is stored, and the enable
signas indicate if the memory is ready for being read
(“outl” enable the reading of the image 1, and so on.). The
format of the flow of each pixel is a byte that holds the (1,
v) coordinated (flow in x-direction and y-direction, respecti-
vely), with a two complement format number of 4 bits, that
expresses the possible results (+1, 0, -1) in each address.

4. Results and Conclusions

This process has been implemented physically on a FPGA,
with the following results:

A An interface with a digital camera that stores two or more
monochrome 480x480 pixel images (two in the beginning)
is used. More frame memories should be included in order
to implement the detection of several speeds. The access to
these memories is sequential, beginning for the first pixe
of the image. A protocol has been used to prevent the rea-
ding of an area that is being updated for the acquisition
system.

A Looking for real time operation of the algorithm, the ini-

tial size of the images has decreased in a relationship 5:1
(Figure 8). In a practical system this approach can be sol-
ved with a image sub sample (with the log-polar transfor-
mation for instance) or with parallel process of several opti-
cal flow operators in each region of the image, or with the
positioning of the camera, on the part of an active vision
system, in the area where motion presence has been detec-
ted previoudy, to improve the details.

26
¢ i 480

Figure 8

A The logica programmable device used (Altera FPGA) can
work with a 65 nseg clock. (15,384615 MHz) that isable to
operate on images of the size mentioned before up to a of
22,56 frames/seg frequency, very near the 25 imperative
frames/seg of a rea time application. Light modifications
on the implementation architecture (or the use of a faster
FPGA) are pretended, to be able to arrive to that frequency,
without many problems.

Some results of flow fields generated at red time, will be
shown very soon, when a development vision system, that
is actually been in congtruction, was finished. This system
has a hardware structure very similar to the exposed in this
work, with memory blocks at input and output and a FPGA
to hold the calculus. The reasons to use this hardware ele-
ments are two, first the speed of the process, bigger than
the one produce for a DSP solution (and of course for a
software implementations.) and second for the flexibility of
the FPGA system, that can be programmed iteratively at an
easy way to abtain the correct results.
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