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Abstract

Describes a method to extract aireraft pose from visible-spectrum video of the horizon. Presents an implementation
based on a Field Programmable Gate Array (FPGA). Discusses some methods ol numerically calculating measures
of confidence for the results. Refales the results of real-flight tests comparing performance 1o an altemnative syslemi

that uses infrared light.
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1 Introduction

Vision processing  lechmques  promise to  lend
themselves well to many aulonomous navigation
and control tasks, but the limited payload capacily of
many Unmanned Aircrafl applicatons is al odds with
the high amount of processing that is often needed.
Technological advances and increased sales volumes
continue to shrink the size, weight and cost of such
processors, but stll the cleetrical power and weight
constraints milttate against complex onboard vision
processing systems.  The risk of loss und damage
to the equipment that comes with the nature of the
missions that UAVs may be called upon to perform
also requires a low-cost approach, { especially for PhD
students). Work carried oul by others in this ficld has
often made use of hidireclional radio links to do the
video processing on the ground and send back control
signats. [1, 2]. At least one other research group has
devcloped video horizon measurentent equipment that
is simple enough that it could be implemented 1 a
way that could be airborne, {3}, which uses a thermal
imaging camera or scanned linear array.  Similar
devices sensing in the infra-red specttum, using a
small number of discrete infra-red sensors, are used
in UAV and aerospace applications, [4] [5] [6] for
stabilising aircraft and satellites. There are also devices
such as mechanical, solid-state and optical rate gyros
that are used with great success in inertial guidance
systems in many aircraft. Many of these devices are
tou large, heavy and require teo much power to be
useful in a UAV context, but some low-cost solid-state
inertial measuremients systems are well suiled 1o UAV
applications and are being used for such. {7].

This article discusses a method that 18 different from
the previously discussed methods in that it uses visible

light on & platform lighl enough to be carried by a srnall
LAV, I has been shewn to work with reasonable aceu-
racy i simntation and in open-loop flight. It 1s small,
light and requires tow compulational power and has
been through a number of implementations. In 2004
at ICARA version based on a UMUCAN [8] and a
PIC microcontroller was presented. [9] The subject of
this article is an improved version based on an FPGA
coupled wilh a digital video camera.

Other researchers have also developed lighl-weight,
speciatised visible-light sensors for use with UAVs.
For example [10], discusses a VLSI optic fow
sensor for Micro UAVs (MAVS) and many, including
[L1, 12, 13] discuss systems inspired by insect vision
for use 1n flight stabilisation, ohstacle avoidance and
terrain following.

This article briefly discusses a method to measure the
horizon angle using the visible hight spectrum and a
method that has been developed Lhat calculates a mea-
sure of confidence 1n the result, More detail on the
background to these issues can be found in previous
articles by the authors [ 14], [15], [9] and the Austratian
patent document [16], also by one of the authors, Cor-
nall. The method has been proven in simulation, [ 14},
[15] and more recently in real-Highl and the real-flight
results will be discussed in depth here.

2 Method

For an image of the horizen in a circutar viewporl that
has been segmented into sky and ground classes the
line joining the centroids of the sky and ground classes
will bisect the horizon at a right angle. This is true,
regardless of the roll angle and of the pitch angle, as
long as the horizon makes a straight line in the view,
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Figure 1: The horizon is perpendicular to the line
joining the sky and ground centroids

approxiniating a chord of the arcular viewport. The
proof and development ol this idea is detailed in [14],
[13]. 19] and [ 16]. Figure 1 illustrates the idea, show-
ing the centroids of the classes as small circles joined
by aline, the biscctor. Becausc of the circular viewport,
the average line of the horizon will cut this bisector at
aright angle.

Thix means that we can find the angle of the horizon
simply by measuring the average coordinates of the sky
and ground classes to find the centroids. The method
has no dependence on the position of the horizon within
the view, only on its angle  The measured angle will
not change as the honizon moves with perturbations of
the camera platform that do not cause a change in the
relatve angle between the camera horizontal axis and
the horizon angle. In other words, disturbances o the
pitch and yaw that are not o extreme as 1o move the
horizon out of the view do not have to be explicitly
compensated for in the measurerment. This simplifies
the implementation of the method considerahly.

The measurement task imposcs a relatively low com-
putational burden on the vision processing system and,
most importantly, does not require a lrame bufler as all
the operations of classifying the pixels and accumulat-
ing the average coordinales are focal operations. Even
the task ol applying a circular mask o the image can be
done with no frame biffer. The advantage of this is thal
a relatively simple vision archilecture can achieve the
task, and il can be done at a [ast rute using algorithms
ol O(N} where N ix the number of pixels in the image.

3 Segmentation and Validity

It must be emphasised that any method that assumes
that the pixcl values can be classilied into two classes
may produce [alse results when zpplied 0 an image
that does in fact not contain a horizon. Also, there will
he situations where even though a horizon is present,
olther circumstlances, such as dark clouds, or bright
ground cover, will preduce false results.  Whatever
segmentation method 18 uxed, a measure thal can
be used 1o rehably detect unreliabie segmentation is
needed.

3.1 Otsu’s Histogram Analysis

Otsu's algonithm [17] works on a one-dimensional his-
togram to produce a threshold value thal segments the
histogram values into Lwo classes in a manner that can
be shown 0 be optimal (in a mean squared error sense)
for class scparation. For each *hin’ in the histogram
it calcutates the value of a meltric 0‘5 {equation 1) that
would be generated if that level was used as o threshold
W segment the image into (wo classes,

of = (—u)* (@ ) (n

Selecting the threshold value that gives the best value of
of isameans of segmenting the image into two classes.
For image segmentation, this method can be applied to
a vatue that ts dependent upon the pixel values of the
image in order o segment them into Lwo classes. [nthe
casc of this thesis, segmentation into sky and ground
classes is desired. Tnequation 1 4y and #y are the mean
values of the measured variable for each class where @
and @y are the number of pixels in or the probabilily
ol belonging o the respeclive class.  The first lerm
in the righthand side of | maximises class separalion
and the second temm lends (o equalise the size of the
classes because s a maximum when @y = . The
melric 0’§ 15 a measure of the vanance between the
classes [17]. Over all, maximising 07 maximises the
difference belween the values of the pixels belonging 1o
the different classes [17]. The threshold that generates
the greatest value of @7 is the level that creates classes
with the largest inlerelass vaniance f17]. In general, the
highes the value of 67, the better the segmentation is
for the purposes of discerning sky and ground. (This is
not an absolute rule however, as false honzons can also
generate a high value)) By observing the segmented
video and corresponding values of 6f, the author has
determined that a low value of of is 4 good indicator
of unreliable segmentation. [ 14}

Unfortunately, as obscrved during testing, and as dis-
cussed in 714}, there are cases of Tailed classification
that are not well indicated by the . This indicates
that the o metric by itsell is nol an adequate indicator
of reliability. This is not surprising, as the metric does
not take the spatial grouping of the pixels into acceunt
at all, merely (helr blue value, so in marginal cases
misclassification will oceur undetected.

3.2 Metric2.5

A new metric has been developed by one ol the authors
{Cornall} to measure lhe success of a segmentation of
aitimage into sky and ground. Metric2.3 (or M2pS) is
measured using Lhe statistics of the classificd pixels in a
manner similar to Otsu’'s 0'_,} but operating on their spa-
tal coordinales, not their pixel values. It combings the
mean spalfal coordinates iy and iz of Lhe Iwo classes
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(rather than the mean histogram value as per Otsu) with
the populations ) and n, of cach class and the radius #
of the circular viewport. The [ormula for metric2.5 is
very similar 1o that used by Owsu’s algorithm and the
methed could be seen as an extension of that work.
The major differcuces are that it is applied to a two-
dimensional variable. the spatial coordinate, and that
the praduct of population terms 1s de-emphasised:

2 1,3
Hy — U» Hnpn

In Eqn. 2 the exponent of 1/3 applicd to the product
of the pepulations is to reduce its werght compared 1o
the separation of the classes given by {4, — ;)2 The
3R2 in the denominator is a normalising factor to bring
the value down o near 1. The eftect of the population
product is o increase the metric in favour of classes
that have similar sized populations as the product #y1m
1¢ a maximum when the populations are Lhe same, be-
cause 1) + nz 15 a constart that depends on the radius of
the viewport. The term {1¢; — 2} conlaining the class
average coordinates, or centrotds, 1y and ua, inercases
as the class scparation increases, which favours seg-
mentations that have the sky and ground classes well
separated in spacc, which is clearly desirable because
any segmenlation wherein the sky contains ground is
likely to be suspect. This term could favor segmen-
lalwons where Lhere is one large class with a centrally
located average coordinate and one small class with its
average eoordinate right on the circumference, bul the
term my#; containing the populations discourages this
by decreasing as the class sizes become dissimilar. For
aconstanl viewport size, the 3R*ix a constant. Again, il
is possible 1o find frames where misclassified pixels are
notindicated by a low value for metric2. 3. It can be that
the segmented classes are distinet and similarly sized
s0 metrne2.3 has a relatively high value, even though
the pixels classified as ground are in fact duc to dark
clouds, for example. Note however that in this case
¢, could have a relatively low value, although this is
not guaranteed. The combined use of these two melrics
will be belter than either alone.

3.3 Other Measures

Both metrics, & and M2p3, can inform ubout the gual-
ity of the partitien into sky and ground and the validity
of the straight-line horizon model. Thresholds can be
set thal define acceplable limits for the metrics which
trials have shown are adequate {or a wide range of light-
tng conditions.

Another two measurements that can be of use in de-
ciding if an image or parl of an image is suilable for
the purpose ol delecting the horizon. These are the
average brightness of the image, and the average con-
trast of the image. It would also be possible to usc the

average brightness of the ground class and the average
brightness of the sky class, as well as contrast measures
applied to these parts of the image. In a way, the 7
and M2p3 metnes do take these aspects into dccounl,
but the author sees merit in considering overall image
brightness and contrast explicily as a means of being
able to accepl or reject the results of the image segmen-
lation.

The difficulty arises when trying to decide what the
thresholds for acceptability should be.  An absolule
threshold can be reasonably applied 10 67 and to
M2p5 on the basis that below a certain absolute level
these measures indicate that the image is unsuitable
for segmentation into two dislincl classes based on
Otsu’s histogram analysis method, or that the result of
that partitioning does not produce a binary image (hat
conforms Lo the straghl-line model of the horizon.

Brightness, on the other hand, depend strongly on
the lighting condilions and the camera settings and
orientation that prevall &l lhe time the image is
captured. A level of brightness measured dircetly {rom
the image will be affected by the camera auto-gain
and auto-exposure seltings, for example, if they are
enabled.  Disabling these adaptive aspects of the
camera s not [easible, because it restricts the ability
of the caniera to cope with the condittons of lighting
that will routinely be met, resulung in the image
being too dark, or too overexposed al times.  This
means thal we nced a measure of brightness that
takes the camera sellings inlo account. The brightness
metne ig measured by reading the camera’s Automatic
Exposure Contral (AEC) and Automatic Gain Control
(AGC) settings. It wuay Tound (hal a useable measure
of brightness of the image can be formulated by
mulliptying the average brightness 382 /(R + G + B) as
measured from the image by 1 /{AGC*2 + AEC | 1)

IT this measure of brightness 1s very low, it indicates
that the amount of ambient light is insutficient for the
image to be useful. Furthermore, by deciding appro-
priale ranges of brightness, a crude delermination of
whether the ground only 15 1n view, or whether the im-
age is bright encugh to contain at least part of the sky.
This is very useful in being able 1o reject image par-
tittons that can produce false horizons {rom features
on the ground. The brightness measure may also be
suitable to determine if the camera is pointing only al
the sky, but given the propensity for the high clear sky
o drop 1n brightness it may be difficult to tell the dif-
ference between ground and sky In sonte cases.

4 Horizon Sensor Hardware

An ALTERA  Cyclone 1 EPIC6TIHACE  field
pregrammable gate array (FPGA) was used (o
implement a “soft” embedded NIOS 1T microcontroller
from Altera and an interface to the digital camera. See
figure 2 for a photo of the circuit-boards developed by
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the authors. (The side shown carries the FPGA and the
other side earries a video /0 circuit). The ‘firmware’
design is a mixture of VHDL and C soflware. The size
and weight of the FPGA version is compatible with
small JAVs, as required, (Weight of 100z mcluding
camera, size of 1G0x50x30mun.} The horizon angle
measurements are carried oul in soltware wrilten for
the microcontroller (CPUY in the FPGA. The CPU
passes the resulls of the measurements via a veral
porl lo telemetry systems in [light or to software
running on a PC during simulations. During closed-
foop simulation lesls software running on the PC
can also implement a PID contreller to send contrel
adjustments o a fhght simulator. The reason for
using the I'PGA o interface 0 the camera rather than
the CMUCAM was primarily to make it possible to
access Lhe processed video so that it can be transmitted
during real flight by a video telemetry link, which was
somnething that the CMUCAM based system couldn™t
easily be modified to do at a fast enough frame rate.
This leature is deemced imperative by the authors as
a means o monitor the success or othenvise of the
algorithm.  The output video can be displayed as a
binary image showing the ground and sky classes,
or the raw image can be left and the determined
horizon angle indicated.  Even real-ime advice can
be given i the form ol directional arrows showing
the pilot the direction 1o move the control sticks in to
restore honzontal fhight. {See figure 4 for example.)
The outpul video makes it possible to tell when the
classification mcthod is not successful and to provide
evidence for why such Failures occurred and what
clfect parameter adjustments have on the success rate.
Stalistics and frame number can also be supenmposed
on the video, making synchronisation of data o video
simple.  The use of the FPGA also enables us te
increase the frame transfer and processing rate and
give access to raw image data rather than relying
on the built-in Tunctionality of the CMUCAM to do
the image processing. The use of the FPGA meant
that the camera interface and image masking can be
donc in hardware implemented outside the CPU (but
still in the FPGA)Y and so doesn’t have any negative
irnpact o the processing. Also the frame transler to
the CPU memory space 15 implemented using DNA
technigues in real-iime and g0 there 1s shorter delay
belore the frame processing takes place. Eventually
the time taken by the CPU Tor frame processing was
reduced 1o 200 ms giving a rate of five frames per
sccond. This is stili not completely satisfactory and
the authors have plans to improve it to the poinl where
the processing can run at 20 ms per frame, which 15 as
{ast as the camera can detiver them. This will be done
by doing the image processing using a pipelined series
of hardware processing stages described using VHDLL
and implemented on a larger FPGA, allowing image
processing stages lo run concurrently 1n hardware

instead of sequentially in software.  The current
versicn of the FPGA used does nol have capacity
encugh to implement both the CPU and the pipelined
image processing hardware, which is why this laster
implementation has notl already been carried oul.
(90 of the Cyclone FPGA logic resources and 70%
of s memory elements were used in implementing
the CPU plus camera inlerface.) Use of a CPU in
conjunction with the image processing pipeline is still
considered the most flexible way to act on hie resulls
of the image processing, as well as for supervisory
and configurational tasks, such as setling up the digital
video camera, communicating results or control signals
1o other parts of the system and se on. Work described
1n [ 18} explains how the irnage processing pipeline can
be implemented.

The system was also used to compare the video hari-
70Tt sensor neasuremetils o those of an infrared sensor
similar to that described in [6], which has been used
successfully by its developer, Professor Greg Egan, [or
autonomous flight of UAVs at Monash Uni. The results
of these measurements are discussed in the section 5.

Figure 2: Flonzon sensor hased on digital video
module and I'PGA.

5 Flight Measurements

Simulation resalts have been carried out, and reported
in [13], showing that this system ix capable of redatively
accurate measurements (3% error} of the roll and pitch
angle. More recently, tesls were conducted durtng real
flight to compare the horizon scnsor with a commer-
cially available infrared sensor [4]. Nole that both the
horizon sensor and the infrared sensor were calculat-
ing the angles onboard during Might. The results are
nol from post-processing or processing of video at the
ground-station, The resuits of one such lest are shown
in figure 3. 1t was late in a winker aflernoon, with an
overcast day, just helore a storm, so condilions were
nol ideal. Nole however the high correlation of 0.9
between the lwo sels of data. Note also that there is
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substantal disagreement in places, such as near sample
nurtbes 629 where the inlrared sensor result disagrees
wilh the —46™ measurement of the horizon sensor. The
data shown arc enly for when the hotizen segmentation
metrics indicate a ugh confidence in the result so the
discrepancy is not due to poor view of the horizon.
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Figure 3: Horizon sensor v infrared sensor for rol
angle.

Investigation of the video lelemelry, one ltame of
which 1s shown in fgure 4 showed that the horizon
angle does in lact reach —46° al sample number
629 which indicales that the horizon sensor is in fact
substantially correct for that section. It appears that the
infranred sensor is giving a low roll reading at that point
m the flight. It is thought that some environmental
feature such as a dark cloud might have caused the
anomalous infrared reading.  Ancedotal reports front
other vsers ol the infrared sensor indicate that this sort
of clTect has been noticed before.

Figure 4: Snapshot of frame 629 showing correct
horizon sensor reading.

Another observation came from the flight 1esis that is
cncouraging, and that is that the M2P3 confidence met-

ric worked well 1o eliminate false readings due to ob-
Jects on the ground thal were “sky-coloured’. In parlic-
ular, there was a medium-sized freshwater dam in the
view ala number of times, and it was reflecting the sky.
Dunng those frames, M2P35 was below the acceptable
threshold of 200 because the segmentation resultled ina
ground class with alarge arca of “sky” embedded within
it and these frames were consistendy rejected.

Yet another observation, nol so cncouraging, was that
in the launch or landing approaches during some trials
when the hortzon was oul of view and only ground
was visible, ‘Talse positive” results were given when
horizons were erroncously detected in ground feattures.
The efforts, using M2P5 and ¢ and brightness and
contrast measures 1o defeat Hus problem were not com-
pletely sufficient. Although this did only happen in 2
out of the approximately 1000 frames of the trial that
produced figure 5 for example, nonctheless, control ac-
tions baxed on these erronecus results would proba-
bly have resulted in crashes. This emphasises the no-
tion that the output ol the horizon sensor must be fur-
ther processed to check it for confarmity with previous
measurements before action is laken.

Figure 5: False positive on launch.

The discussion has focussed on roll measurements,
partly because of space concerns, bul also because
during tests it became noliceable that the pilch angle
varies considerably faster than the roll angle. It also
seems that the 200ms sampling rale is oo slow for
the pilch variaion as in many cases there are only
as few as five measurements helween peaks in the
pitch. A rule of thumb mentioned in [19] is that
the zampling frequency for a digital control sysiem
should be 30 limes faster or more than the highest
frequency present in the output of the controlled plant.
It 15 clear that 200ms sampling rate is nol adequate
for the longitudinal {pitch) characteristics of this
aircrafl. Nonetheless, measurements of the pitch angle
carrelates very well in more slowly varying tesls done
on the ground and 1n simulaton and it is expeeted that
a 20ms frame rate wil! enable adequate performance in



3rd Intemational Conference on Autonomous Robots and Agents (ICARA 2006)

12-14 December 2006, Palmerston North, New Zealand

both the the pitch and roll conttrol of future closed-loop
experiments.

6 Conclusions and Future Work

[t ix the authors™ contention that it will be impossible
to reject all false horizons on the basis of the visual
appearance of the image, because il will always be pos-
sible to get images lhat look like horizons even when
they are nol, no malter what segmentatton melhod is
used. It1s clear, however, [tom images such as 5 that
the relatively simple method of segmentation used in
this work can be improved, and in fact more complex
methods have been reporied that appear 1o work very
well. Nonetheless, there 1s a place lor simple methods
that work adeguately, especially if there are also mea-
surable values such as the M2P5 and o metrics that
cun be used to qualify the results. Fulure directions, as
mentioned earlier, will be to increase Lhe frame rale o
the maximurn possible and to use temporal filtering to
reject those false measured angles due {0 the few lalse
horizons that do 2et past the confidence melrics.
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