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Abstract

The problem of developing a reliable system for
sensing and controlling the hover of a Micro Air
Vehicle (MAV) using visual snapshots is consid-
ered. A new algorithm is proposed that uses a
stored image of the ground, a snapshot taken
of the ground directly under the MAV, as a
visual anchor point. The absolute translation
of the aircraft and its velocity are then calcu-
lated by comparing the subsequent frames with
the stored image and fed into the position con-
troller. For controller design and testing pur-
poses, we analytically derive a complete model
of a small size helicopter with no stabilizing bar
(flybar). The simulation results for 2D and 3D
versions of the snapshot algorithm confirm the
effectiveness of the proposed algorithm.

1 Introduction

The objective of this work is to develop a reliable sys-
tem for sensing and controlling the hover of a Micro Air
Vehicle (MAV). The work will be suited to both rotary
wing and flapping wing implementations. The system
would require only visual and inertial sensing, breaking
the reliance on technologies such as GPS which can be
selectively disabled or jammed and which may be un-
available indoors and in cluttered environments. Range
measuring technologies are required for control of height
in hover but state-of-the-art options for sensing height
such as laser range-finders or radar are simply imprac-
tical for MAVs owing to the physical barriers to minia-
turisation that exist. Additional advantages of visual
guidance are that it is passive, small and low cost.

2 Background

Use of vision for controlling the hover of a rotorcraft has
been demonstrated by a number of researchers. One of
the earliest demonstrations [O.Amidi et al., 1999] used a
combination of image feature tracking and stereo vision

to control the hover of a 67kg Yamaha R-50 helicopter.
However the reliance on stereo vision to find the range
to features makes the miniaturisation of the equipment
for use on a MAV difficult as stereo vision requires a
minimum disparity between cameras.

Structured environments have been used successfully
for hover control (e.g. [L.Mejias et al., 2006; C.S.Sharp
et al., 2001; O.Shakernia et al., 2002]. For example, an
autonomous helicopter was landed on a helipad using vi-
sion and inertial information in [S.Saripalli et al., 2003]
but the system relied on a pattern of polygons painted
on the helipad so that the helicopter could align itself
with the pattern. In this work, we target natural land-
scapes rather than artificially structured ones, so these
techniques are not suitable.

Determination of altitude by visual means for height
control in a hovering rotorcraft is also a challenge. In
[Cherian et al., 2009], altitude estimation is attempted
by analysing the texture in a single downwards look-
ing camera, however this technique was found to be im-
practical in environments of low texture and only works
at low-altitudes. Given ground speed from a non-visual
sensor such as GPS, optic flow can be used to estimate
range. This has been used for the problem of terrain
following [Garratt and Chahl, 2008], centering in a nat-
ural canyon [Griffiths et al., 2006] and obstacle avoid-
ance [Zingg et al., 2010; Beyeler et al., 2007]. However
for control of hover, optic flow cannot be used to con-
trol height as it does not produce range unless there is
significant motion which is counter to the objective of a
near perfect hover.

Optic flow or image motion can been used to estimate
velocity given a measure of range from another sensor
such as stereo vision or a laser rangefinder [Garratt and
Chahl, 2007; Corke, 2004], however, optic flow only pro-
vides a velocity damping effect and horizontal drift will
occur. There is some evidence that bees make use of
a stored 2D snapshot to locate themselves [Cartwright
and Collet, 1992]. Cartwright and Collett [Cartwright
and Collet, 1983] suggest that the direction in which the
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bees move at any moment is governed by the discrepancy
between the snapshot and its current retinal image. A
new algorithm is therefore proposed that uses a stored
image of the ground, a snapshot, so to speak, taken of
the ground directly under the MAV. This is different
to previous approaches involving optic flow, in that, as
well as damping the motion using feedback from optic
flow, we propose feedback of absolute displacement mea-
sured from comparison to a single datum image taken at
our reference location. By comparing subsequent frames
with this snapshot, it should be possible to calculate ab-
solute translation from the datum. A 2D version of the
snapshot algorithm would need to make use of a sec-
ondary means of determining height above the ground,
such as stereo vision. A 3D version of the snapshot hover
should be possible based on calculating the expansion
and contraction of the image as the MAV climbed and
descended.

One of the limitations of a snapshot hover, would be
that a measure of scale is still required to bootstrap the
algorithm. With a 2D hover, the height is assumed to be
known by some other means. With a 3D snapshot algo-
rithm, this will not be the case. A number of suggestions
for bootstrapping are proposed. Firstly, for hover after
a vertical take off, it should be possible to integrate the
vertical velocity to obtain an initial height estimate to
start the snapshot working. The vertical velocity may
be estimated from the inertial sensors, optic loom and
from the open loop vertical dynamics of the MAV. A
transition to hover from forward flight may also provide
the means to obtain an initial estimate of scale using the
height known from optic flow during the transition to
hover. For a practical implementation, sufficient overlap
between the snapshot and the current image is neces-
sary. This means that the MAV could not stray more
than about 20 percent of the MAV height away from
where the snapshot was taken.

In [Blosch et al., 2010] and [Ahrens et al., 2009], vi-
sual based SLAM algorithms for a quadrotor with a sin-
gle camera are demonstrated which give impressive re-
sults for hover and exploratory flight. However, these
techniques are computationally expensive and currently
rely on external processing to support the computational
load. In our case, we do not use feature tracking, but
rather we use the Image Interpolation Algorithm (12A)
[Srinivasan, 1994]. We have demonstrated (I2A) working
on a 1024 x 768 pixel image to calculate average transla-
tory flow and image loom at 50 frames per second using
an FPGA [Garratt et al., 2009]. The FPGA solution
allows for a single chip processing unit with associated
low-weight, making it highly suitable for integration into
a MAV. Our preliminary design efforts confirm that the
same FPGA could be used to simultaneously calculate
optic flow, optic loom, and snapshot displacement from

a stored image.

3 MAYV Simulation and Control

This section describes our simulation test-bed which is
used to examine the feasibility of using visual snapshot
to control the position of a small helicopter. A closed
loop micro helicopter simulation has been developed to
test this, which is based on a radio-controlled “Revolu-
tor H-610" helicopter [Keyence Corporation, 2011]. The
H-610 helicopter has a small body, weighing only 0.1kg
and measuring 0.29m in length. A two blade main rotor
produces the thrust force and a small tail rotor is used to
counteract the main rotor torque and provide yaw con-
trol. A hinge-less hub is used to connect the blades of
the main rotor to their pivot. It does not have a sta-
biliser bar (fly-bar), which is one of the main reasons for
choosing the H-610 as our subject, since the delayed re-
sponse caused by the fly-bar makes precise control of the
helicopter more difficult as the bandwidth of the plant
is reduced.

Since the helicopter model is too small to have a struc-
ture to change collective pitch and control the thrust
force, it uses the main rotor angular velocity for con-
trolling the thrust and changing the altitude. Cyclic
variation of blade pitch is required to make the main ro-
tor thrust vector tilt so that control of pitching, rolling
and horizontal force can be achieved. Cyclic pitch is
achieved by making rapid and once per revolution vari-
ations to the driving torque applied to the main rotor.
The system uses the combination of an encoder disk that
rotates with the shaft and a matching photo sensor to
detect the azimuth angle of the rotor blades (i.e. the
rotation angle measured clockwise relative to the neg-
ative longitudinal axis of the helicopter). In order to
change the blade pitch, the motor power output is in-
creased/decreased when the rotor blades come to a cer-
tain position as viewed from the body using the signal
provided by the photo sensor. This change in torque
is transmitted to the rotor blade through a connecting
rod which is offset from the center of rotation. As the
torque changes, the connection rod deforms and imparts
a change in pitch in the rotor blade by twisting the blade
along its length. Using this technique, cyclic pitch con-
trol is applied to the helicopter [Keyence Corporation,
2011].

Table 1 summarizes some of the main physical parame-
ters for the Revolutor H-610 used in our simulations. For
this helicopter, the body mass, fuselage dimensions and
the main and tail rotors diameters are the only available
parameters. Hence, other necessary parameters such as
the moments of inertia: I, Iy, I, are approximated
from basic engineering principles using the published
specifications and the available geometry shown in Fig.
1.
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Figure 1: Revolutor H-610 helicopter model

Table 1: Helicopter physical parameters

[ Parameters Description

m = 0.1 kg

In =162 x 1075 kg. m?
I, =8x107° kg. m?

I, = 1.86 x 107° kg. m?

helicopter mass

rolling moment of inertia
pitching moment of inertia
blade moment of inertia

b=2 number of blades
R=0.175m main rotor radius
c=0.021'm main rotor blade chord
a=5rad? main rotor lift curve slope
hmr = 0.068 m vertical location of main rotor

3.1 Helicopter Model

The simulation of the H-610 couples full 6DOF rigid
body dynamics equation with a first order model of the
main rotor flapping dynamics. The simulation is based
on a similar model for an electrically propelled 8kg heli-
copter at [Garratt, 2007] with modifications to account
for the different pitch control scheme and the lack of a
flybar. The model includes nonlinear rigid body dynam-
ics, main rotor and tail rotor flapping, controller and
servo dynamics. A simplified block diagram of the sys-
tem is shown in Fig. 2. In this model (z,y,2) denotes
the position of the helicopter center of gravity, (p,q,r)
and (u,v,w) are the helicopter angular and linear veloc-
ities in body frame, respectively. Helicopter attitude is
expressed by the Euler angles (¢, 6, ) for roll, pitch and
yaw respectively. In the following section, we provide a
brief description of the simulation model.

3.2 Rigid-body equations

The helicopter dynamics is described by conventional six
degrees of freedom rigid body equation of motion, in
which the forces and moments that are generated by
the rotor and other aerodynamically generated forces
are considered as external forces/moments and expressed
relative to the body center of gravity. Due to the limit
of space, the representation of rigid body equations of
motion is omitted here, see e.g. [Garratt, 2007].

8o Otat* Dol
Servo

Sped Dynamics le——{ Controller

Tail Rotor .
il K g/l
2 Helicopter [ ¢ ¢
Dy i

Main Rotor M
Tmr, a,b

Figure 2: Block diagram of the controlled helicopter dy-
namics.

3.3 Main and Tail Rotors Forces and
Moments

For rotor flapping representation, we consider the tip-
path-plane (TPP) model, which is the path described
by the helicopter blade tips during their rotation. In
this representation, the lateral and longitudinal flapping
dynamics can be expressed by first order equations:

a 1
a= —q — + (Auu + Alonélon)
Tmr Tmr
. b
b= —p— + o (B’L)v + Blatélat)v (1)

where a and b are the rotor flapping in the longitudi-
nal and lateral directions, respectively. The parameter
Tme 1S the main rotor flapping time-constant, d;,, and
d1qt are the lateral and longitudinal cyclic control in-
puts (pilot stick or control system outputs) and A,
and By, are effective steady-state lateral and longitudi-
nal gains from the cyclic inputs to the main rotor flap-
ping angles. In (1), 4, = % and B, = % are con-
stants and represent the lateral and longitudinal dihe-
dral derivatives. The dihedral effect is the change of
TPP tilt due to lateral and longitudinal velocities (this
makes the helicopter roll away from sideslip) [Padfield,
2007]. In our study, due to their importance, these
two parameters are augmented to the original equa-
tions of flapping dynamics presented in [Mettler, 2003;
Garratt, 2007]. Since the rotor is symmetric, we consider
A, = —B,.

In order to include the effects of rotor flapping on the
fuselage rigid body dynamics, we express the forces and
moments produced by the rotor in terms of the rotor
flapping. The forces and moments generated by the main
and tail rotors, in complete form, are represented by
[Prouty, 1990):

X —Tmra
Y | = | Torb+ T 2)
Z 7Tm7’
L Yhmr + Ttr~htr
M| = X Py G
N X~ymr + Y-lmr + Tt~lt7' + er
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where, (X,Y, Z, L, M, N) are the external forces and mo-
ments and the torque @, is the aerodynamic drag due
to the rotation of the main rotor. In (3), Q. is approx-
imated as the sum of the induced torque due to gener-
ated thrust, and the torque due to the profile drag on
the blades [Padfield, 2007].

3.4 Servo Actuator Dynamics

Servo dynamics set constraints in designing controllers
due to delay and rate limitation. The servo model con-
sidered is a simple first order transfer function with a
pure time delay T}, expressed as:

edeS

Gy = ——, 4
foas+1 (%)
where 7, is the actuator time constant representing the
speed limits and the bandwidth of the actuator model.
In our simulation, the overall pure time delay, including
the servo, computational and sensor delays, is considered
as T; = 40ms in the control loop, which is simulated as
transport delay in Simulink model. Furthermore, the

servo time constant is set to 7, = 0.029s.

3.5 Controller Design

The importance of a reliable and effective control strat-
egy is the same as an accurate positioning estimation
system. Helicopters are highly nonlinear and have open-
loop unstable dynamics as well as significant cross-
coupling between their control channels which makes
their control a challenging task. Despite this, the classi-
cal PID controllers can be quite effective for stable hov-
ering or low-speed flight conditions [Mettler et al., 2000;
Castillo et al., 2005; Amidi, 1996).

In order to stabilize and control the helicopter system,
high bandwidth low latency attitude data, provided by
inertial measurements, are used in attitude control loop,
which is also known as inner-loop. The high bandwidth
attitude information will improve the controller perfor-
mance against high latency, unstable and highly coupled
properties of helicopter. The desired helicopter attitude
signals are assigned by the position control loop (outer-
loop), which uses the helicopter position and velocity
information from the vision system as the feedback and
generates the necessary roll and pitch angles in order for
the helicopter to follow a trajectory or control its posi-
tion. To design the controllers, the helicopter dynam-
ics is linearized, using the small perturbation theory, by
considering the aircraft dynamical motion as small devi-
ations about a steady equilibrium flight condition (trim
condition). In trim condition none of the state variables
change with time and there is no translational or rota-
tional acceleration. We assume the perturbations around
the equilibrium point are small, therefore, the simplified
results are not applicable to large amplitude motions

such as spinning or where highly nonlinear effects are
involved such as stall.

3.6 The State-space Model of the
Helicopter

Having derived the linearized six degrees of freedom rigid
body equations of motion, and considering TPP equa-
tions of motion (1) and the forces and moments produced
by the main and tail rotors ((2) and (3)), the simplified
parameterized state space model for decoupled lateral
and longitudinal dynamics are obtained

@ Xu Xq -9 Xa u 0
g | | Mu M, 0 M, q 0 |
9' = 0 1 0 9 + 0 lon
a TAu -1 0 7—_1 a élon
(5)
[ YU Yp g Yb v 0
1? _ Lv Lp 0 Lb p 0 5
6= 0 1 0 o0 e | T| 0o |0t
b TB‘U ~1 0 7—71 b flat
(6)
where, X, = + %ff, M, = %%—M .. are the force and

moment derlvatlves normalized by the mass of the air-
craft or the respective moment of inertia. Using (2) and
(3) and the helicopter parameters given in Table 1, the
numerical representation of longitudinal and lateral dy-
namics (5) and (6) is derived as

U 0 0 —-9.81 -—-9.81 u
q . 0 0 0 834 q
0 o 0 1 0 0
a 0.468 —1 0 71224 a
(7)
0
8 ]61071
122.4
v 0 0 9.81 981 v
I? . 0 0 0 4117 p
o | 0 1 0 ©
b —0.468 -1 0 —1224 b
(8)
0
+ 8 6lat7
122.4

which contain unstable complex poles. We use the classi-
cal PID controllers to stabilize the helicopter dynamics in
lateral and longitudinal channels. The PID controllers’
gains are tuned automatically to minimize the Integral of
Time Absolute Error (ITAE) performance index, which
is mathematically given by ITAE = fooot\e| dt where, t is
the time and e is the error which is calculated as the dif-
ference between the desired and measured outputs when
the system is excited by a step input. A Simulink block
diagram can be established as shown in Fig. 3 for the
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Figure 3: Optimal gain tuning of attitude and position
PID controllers for lateral dynamics.

lateral channel, where the ITAE criterion can be eval-
uated as shown (a similar model is established for the
longitudinal channel, as well). A function of Matlab op-
timization toolbox (fminsearch) is called to calculate the
minimum of the objective function.

4 Simulation of Visual Snapshot

OpenGL software is used to rapidly draw the simulated
view from a downwards looking camera onboard the
UAV. Figure 4 shows the top level view of the complete
version of our guidance simulator, involving the vision
subsystems, implemented in Simulink. The vision sub-
systems contain blocks for generating the simulated view
from a downwards looking camera. The image stream
from each simulated view is fed into optic flow process-
ing block which calculates a vector flow field for each
image frame. The OpenGL code is written in C++ and
compiled to provide a dynamic link library executable
(.d1l) file that will run under the Windows operating sys-
tem. The .dll library routines are called from inside the
Simulink program. The routines are called every 0.02
seconds of simulation time to simulate a camera speed
of 50 frames per second, noting we have already been
able to demonstrate 50 frames per second computation
of optic flow on an FPGA based image processing engine
[Garratt et al., 2009]. The .dll function calls are passed
input variables corresponding to the UAV position and
attitude calculated in the simulation. The OpenGL exe-
cutable program outputs the images as a 400x400 pixel
24-bit color image. The color image is converted into an
array of 8-bit intensity values by averaging the intensi-
ties from the red, green and blue color channels. The
images are displayed as the simulation proceeds.

For the purposes of this work, a planar grass environ-
ment is simulated. Photographs of a real grass field were
taken with a digital camera and then converted into a
6x6 grid of bitmap texture tiles, with each tile consist-
ing of 256x256 pixels. By mirroring the 36 tiles in both

state State
>
Display

Velocity,
Displacement

OpenGL » Snhay
Vision Calculation

L

Desired|
Controller

-
L

MAY
state Dynamics

Servo
Commands

Figure 4: SIMULINK Simulation of Closed Loop MAV
with Visual Feedback.

Figure 5: Simulated Image from Downwards Looking
Camera.

x and y directions, an endless grass environment was
generated which does not have visible boundaries where
the tile pattern repeats. Figure 5 shows the view from a
downwards looking cameras when the helicopter is flying
above the grass tiles.

4.1 Image Processing

The stream of pixel data from the OpenGL graphics
blocks passes to a subsystem that calculates the image
motion and image displacement. Both image processing
tasks are completed using the Image Interpolation Al-
gorithm (I2A) [Srinivasan, 1994] to compute optic flow.
Various versions of the I?A exist for combinations of
rotations, shear and translation. However, for small ro-
tations between frames, it is possible to only treat the
cases of translation as the other image transformations
can be reconstructed based on the distribution of vec-
tors in the flow field. A detailed derivation of the I2A
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algorithms can be found in [Srinivasan, 1994].

The simple I2A algorithm involving only lateral and
longitudinal translations is implemented in the C lan-
guage and called by Simulink using an s-function. A
graphical mask is applied to the Simulink s-function
which allows the size of patches and the reference shifts
to be varied. Flow estimates are calculated at every pixel
in the image.

Simulink blocks have also been developed to pre-filter
the images passed to the blocks which calculate image
motion. These blocks also have graphical masks that
allow the filter parameters to be conveniently changed.
Additional blocks to subsample the optic flow results and
to calculate average translations and image loom have
also been created.

The snapshot calculations are carried out using a mod-
ified I?A block that allows an arbitrary stored frame to
be used as the reference image. For snapshot calcula-
tions, a large 128x128 pixel patch with a 32 pixel refer-
ence shift was found to be most suitable. The image was
heavily pre-filtered using a 32x32 boxcar filter prior to
the snapshot calculation being used. The output of the
snapshot was subsampled to 16x16 vectors which were
then averaged to give the translatory displacements.

5 2D Snapshot Simulation

The scenario chosen to test the closed loop hover was a
transition from low speed forward flight to hover. The
H-610 was setup with an initial velocity of 2m/s at an
altitude of 1m. The height is controlled using a PID
controller and an unspecified height sensor (e.g. sonar
as used to control height in the AR Drone quadrocopter
[Bills and Yosinski, 2010]). Yaw is controlled by an-
other PID controller with feedback from an unspecified
heading sensor such as a magnetometer. No attempt is
made to simulate height or yaw sensor errors for the 2D
snapshot simulation, as this is not the focus of the 2D
snapshot. After t=0 seconds, optic flow damping [Gar-
ratt and Chahl, 2007] is activated to slow the horizontal
speed of the helicopter. This damping is implemented
as velocity feedback with no position feedback. After 3
seconds, once the speed has been substantially arrested,
a trigger on the snapshot block is set which causes a
single snapshot reference image to be taken. From this
point onwards, the snapshot block outputs translatory
displacement in pixels based on the shift between the
reference snapshot and the current image. The trans-
latory displacement is used for position feedback from
this point onwards whilst the velocity feedback (optic
flow damping) continues. The simulation continues for
10 seconds.

Once the simulation begins, the height sensor is not
used to set the scale of the optic flow. Rather a fixed
scale corresponding to the initial altitude of 1m is used.

The optic flow is converted from pixels per frame to ra-
dians per second based on the known geometry of the
camera. This optic flow is then converted into a veloc-
ity estimate by multiplying by the assumed height. For
the purposes of this simulation, no attempt is made to
compensate the optic flow measurements to remove the
effect of pitch rate and roll rate, although this could
be done in the future assuming the presence of inertial
sensors. The displacement in pixels from the snapshot
block is also converted into a displacement in meters by
multiplying by the assumed height. No attempt is made
to compensate the displacement measurement by sub-
tracting the effect of attitude changes (pitch and roll).
The effects of yaw and loom are also not compensated
for. The raw optic flow and snapshot displacement are
used as the only feedback signals in a position outer loop
controlling the helicopter position. An attitude control
inner loop is used to stabilise the helicopter and receives
attitude commands from the outer loop as per the con-
trol paradigm described in section 1.

Atmospheric gusts and turbulence corresponding to 5
m/s mean wind speed at ground height are simulated
using a Dryden wind gust profile. Prior to generation
of the OpenGL imagery, the state of the helicopter is
augmented with motions equivalent to 2g horizontal and
3g vertical vibration acting at the main rotor speed (294
RPM).

Figures 6 shows the optic flow and snapshot displace-
ment estimated during the simulation. The position and
velocity of the helicopter during the simulation, are de-
picted in Fig. 7. Figures 8 and 9 show a comparison
between the visual results and the exact results corre-
sponding to the state of the helicopter. The discrepan-
cies between the results can be attributed to the lack
of compensation for the attitudinal changes of the he-
licopter, effects of changing altitude and errors arising
from calculation of the optic flow using the I?A. Over-
all, the correlation between the visual results and the
state of the helicopter are very good, given that the dis-
placements are very small, in the order of only a few
centimeters.

The effect of the optic flow damping results in a very
rapid arrest of velocity which brings the helicopter from
2m/s to less than 1m/s in the first 1 second. The he-
licopter fluctuates vertically by about 10cm during the
entire manoeuvre and about 2cm during the snapshot
phase. The heading of the helicopter varies less than 4
degrees during the 10 second simulation.

6 3D Snapshot Hover Simulation

For the 3D snapshot simulation, the height of the heli-
copter is also determined from the output of the snap-
shot block. In this case, the loom of the image is used to
calculate the vertical displacement. Image loom corre-

Page 6 of 10



Proceedings of Australasian Conference on Robotics and Automation, 7-9 Dec 2011, Monash University, Melbourne Australia.

10 5

X Drift (Pixels)
Y Drift (Pixels)

5 10 0 5 10
Time (sec) Time (sec)

05¢

Longitudinal Flow (rad/s)
o
Lateral Flow (rad/s)
o
o = [

-0.5 -0.1
0 5
Time (sec)

N
o
[S)
(4]
=
5]

Time (sec)

Figure 6: 2D Snapshot Hover: Optic flow and Snapshot
Displacement (displacement measured from snapshot ac-
tivation at ¢t = 3sec).

Figure 7: 2D Snapshot Hover: Position and Velocity
Results.
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Figure 8: 2D Snapshot Hover: Comparison of actual he-
licopter position with estimated displacement from snap-
shot.
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Figure 9: 2D Snapshot Hover: Comparison of actual
helicopter velocity with estimate from optic flow.

sponds to image expansion or contraction due to motion
perpendicular to the image plane of the camera. We have
implemented a method for extracting the loom value by
subtracting the sum of the flow vectors on the left-hand
side of the image from the sum of the flow vectors on the
right-hand side of the image. This is done by making use
of equation (9), which is derived in [Garratt and Cheung,
2009], to calculate the image loom from the measured op-
tic flow field. The loom term L = Z/Z represents the
time to contact.

-1

L:g: ZQu(xvy)_ZQu(x,y) X 2ZU

left right right

where @, (z,y) are the horizontal components of the
optic flow field defined at corresponding horizontal loca-
tions (U, V) in the image plane.

Given a previous range estimate (Z), the loom calcu-
lated by comparing consecutive frames can be used to
estimate the vertical velocity w = LZ. The estimate of
w can then be used to damp out vertical motions of the
helicopter and provide stable control of height. If the
height of the helicopter is known when the snapshot is
taken, the loom between the snapshot frame and current
frame (Lgpqp) can also be used to estimate the change
in height using equation 10.

AZ = ZLonap (10)

The scenario for this simulation was hover at 1m
height above ground. The helicopter is assumed to have
zero velocity at the start of the simulation. A snapshot
is taken at t=0.04 seconds and all consecutive frames
are compared with this datum frame to provide abso-
lute displacement. The initial height of the helicopter at
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t=0sec, (Zp) is used to provide the scale for all future
position and velocity estimates. Horizontal (X and Y)
displacement is controlled in the same manner as for the
2D snapshot simulation. Vertical displacement is con-
trolled using the AZ estimate from equation 10 and the
w computed using a combination of loom and vertical
acceleration. The frame-to-frame loom measurement is
quite noisy and use of integrated accelerometers assists
with smoothing out the noise.

A state prediction and correction cycle is used to es-
timate the height above terrain Z and vertical velocity
w. First, at each inertial sensor sample time AT, the
relative vertical velocity estimate is updated using the
vertical accelerometer measurement a, as per Equation
(11). A measurement of the vertical speed is determined
from the loom calculation. The height estimate is up-
dated using the relative vertical velocity estimate and
corrected using the range from snapshot loom (Lspap)-
The prediction and correction cycle is outlined below.

Predicting the relative vertical velocity estimate w,
where g is the acceleration due to gravity:

W, =i, + (as + g)AT (11)

Updating the height estimate Z from the velocity esti-
mate w:

Zy = Z} |+, AT (12)

Calculating the loom range R from the snapshot loom
Lsnap and the initial height of the helicopter Zy when the
snapshot was taken:

Ri = ZoLsnap (13)

Conditioning the relative velocity estimate from the
frame-to-frame loom where the constant « is a filtering
parameter between 0 and 1:

W = (1—a)i, | +alZ (14)

Conditioning the height estimate from the loom range
where the constant B is a filtering parameter between 0
and 1:

ZF=01-B)Z}  + PRk (15)

The filter gains « and 3 were chosen as a compromise
between correcting drift in the velocity and position es-
timates, and smoothing out the noise introduced by the
loom measurement. Values of 0.1 were found to be suit-
able for both in simulation. Figure 10 shows the height
and vertical velocity estimates during the 3D snapshot
hover.
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Figure 10: H610 3D Snapshot Hover: Height and vertical
velocity estimates.
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Figure 11: H-610 3D Snapshot Hover: Horizontal Posi-
tion.
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Figure 12: Bootstrapped take-off:Height and velocity es-
timates.

7 Bootstrapped take-off and Snapshot
Hover Simulation

All of the snapshot schemes require an initial estimate
of height from some source when the snapshot is taken.
In this simulation, an attempt is made to bootstrap the
height estimate from integrated optic flow loom infor-
mation during the take-off phase. Given that the height
of the camera is known when the helicopter is on the
ground, the change in height at each frame can be cal-
culated using equation 10. By integrating the change in
height over time, an estimate of the total height can be
provided. As the integration proceeds, the error between
the actual height and the calculated height will increase
due to accumulated offsets, however, provided the use of
this estimate is only used for a short time, the height
estimate may be satisfactory. At the end of the take-
off manoeuver, a snapshot is taken, and the integrated
z-estimate at that instant is used from that point on as
the scaling factor in all future displacement and velocity
calculations.

8 Conclusion

We have shown that for both small and medium sized
unmanned helicopters, the use of visual snapshot tech-
niques should allow the control of take-off, hover and
the transition from low speed forward flight to hover.
Through the use of 3D snapshot, it should be possible
to control a small hovering vehicle visually without a
separate height sensor or the use of bulky stereo vision.

9 Future Work

In future work, we intend to test the snapshot in flight
using our Vario XLC gas-turbine helicopter. This he-
licopter has been instrumented with a laser-rangefinder
for determining height (useful for benchmarking results

Snap Est.
-0.05¢ Actual i
g -0.1F
X -0.15}
-0.2F
-0.25 L
0 5 10 15 20
0.1 T T T T
Snap Est.
0 Actual H
£ 01
>
02 4
T —|
~03 . . . .
2 4 6 8 10

Time (sec)
Figure 13: Bootstrapped take-off: Horizontal Position.

and testing the 2D version of the algorithm), differential
GPS and a PC104 flight computer with frame grabber
for computing the snapshot parameters in real-time.
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