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GUIDELINES FOR PRACTICAL NAVIGATION SYSTEMS BASED ON

WIDE-FIELD-INTEGRATION OF OPTIC FLOW

Naoto Kobayashi, Mai Bando, Shinji Hokamoto and Daisuke Kubo

ABSTRACT

This paper shows some guidelines to improve the estimation accuracy of
a navigation system, which is based on Wide-Field-Integration (WFI) of
optic flow. Optic flow is a vector field of relative velocities obtained by
photoreceptors in image sensors, and WFI of optic flow enables motion
estimation robust by integrating wide range of optic flow. Since the system has
several attractive features (small size, light weight, and low computation), it is
applicable to an autonomous control system of micro air vehicles. However,
due to some restrictions of real systems, WFI of optic flow theory should be
applied while considering sensor arrangement for better estimation. In this
paper, first an adequate number and adequate optical-axes of image sensors are
investigated. Then, a new estimation system combining a gyro sensor with WFI
of optic flow is discussed by numerical simulations. Finally, the essential effect
for the number of cameras are verified in experiments.

KeyWords: State estimation, optic flow, insect vision, micro air vehicle, Wide-

Field-Integration, camera arrangement

I. INTRODUCTION

Recently the demands of autonomous navigation systems
for Micro Air Vehicles (MAVs) has significantly
increased, both in military applications and in commercial
environments. However, most of current autonomous
control systems for MAVs require an external signal
from Global Positioning System (GPS), which gives the
vehicle’s position in high rates. Thus, autonomous flight
in GPS-denied environment (such as inside of buildings)
is still an open problem [} 12, 13]. Major challenges for
MAVs are the limitations for size, payload, performance
of onboard computer, and battery life. A laser sensor is
one possibility, but its weight and energy consumption are
serious drawback for MAVs. On the other hand, although
a stereovision system can be composed of lightweight
cameras, it requires much computational load.
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This study applies Wide-Field-Integration (WFI)
of optic flow to an autonomous navigation system for
MAVs. That is a motion estimation method inspired by
a biological research on the visual processing system of
flying insects’ compound eyes [4} 15]. Optic flow is the
vector field of relative velocities to surrounding objects,
and it is obtained by photoreceptors in image sensors
[[6L[7]]. This method has attractive features for autonomous
navigation systems of MAVs: small-sized and light-
weighted cameras are applicable, and its computational
load is low [18, (9} 110} [11} [12} [13]].

However, WFI of optic flow is hardly applied to
practical flight systems because of some gaps between the
theory and practical systems. Most influential assumption
in the theory is that optic flow is obtained in the whole
direction on a spherical image surface. However, the
field of view of practical image sensors is restricted. To
provide whole directional measurement, applying a whole
directional camera leads large distortion on its image
surface, and combining several image sensors induces a
risk of multiple-counting or vacant area of optic flow and
increases computational load.

This paper shows some guidelines to design a
practical system with better estimation accuracy by using
a few image sensors. In constructing a such navigation
system, the number of sensors and their optical-axis
directions are key design parameters. Our past study
[14] has dealt with one camera case and discussed the
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Fig. 1: Geometry for optic flow on spherical imaging
surface.

effect of its optical-axis direction on estimation accuracy.
Moreover, the study also pointed out that one image
sensor frequently results in wrong estimation, because
some optic flow patterns observed in a limited field
of view may be quite resemble for different motions.
This paper discusses the estimation accuracy of systems
equipped with multiple sensors, and moreover proposes a
new estimation system combining WFI of optic flow and
a gyro sensor (WFI-gyro system). This is based on that
flying vehicles usually equip with a gyro sensor, and the
angular velocities are obtained from it. Thus for a WFI-
gyro system, the number of estimation variables can be
reduced, and this could improve the estimation accuracy.
Finally, some guidelines for better estimation accuracy
derived from numerical simulations are experimentally
verified with practical optic flow sensors mounted on a
flying vehicle.

II. THEORY OF WIDE-FIELD-INTEGRATION
OF OPTIC FLOW

2.1. Optic flow model

Optic flow is the vector field of relative velocities obtained
by photoreceptors in an image sensor. Describe the total
sensor area with a spherical imaging surface S2, which
is defined around the mass center of a vehicle (Fig. [I).
Each point on the spherical surface is described with two
angles: azimuth angle v and elevation angle 8. Then
the line-of-sight vector of a point on the spherical image
surface is written as follows:

ey

Q= [ sin fcosy sinfBsiny cosf ]T

The fiducial points on the terrain are assumed
stationary relative to the terrain-fixed reference frame.
The motion parallax vector Q is the time derivative of Q
on the spherical image surface, which is generated by a
combination of the vehicle’s translational and rotational
motions. Let v = [u v w]” be the translational velocity

vector and w = [p ¢ r]” be the angular velocity vector.
Then optic flow can be expressed as

Q=-wxQ—puv-(vQ)Q) )

where (x, ) denotes the inner product, and p is the
nearness function defined by the inverse of the distance
from the vehicle’s mass center to a point on the
terrain along the line-of-sight vector. The optic flow

Q (: Qvev + Qge/g) has two components along the

azimuth and elevation directions, where e., and eg are
unit vectors on a local tangential plane as shown in Fig.

M

Q- = pcfey + qefsy —rsfB + p(usy —vey)  (3)
Qg = psy — qcy — p(ucBey + vefsy — wsf) )

where c¢(*) and s(x) mean cos(x) and sin (%),
respectively. Note that optic flow is obtained in two
dimensional image surface and the depth component is
Zero.

2.2. Wide-Field-Integration process

Motion estimation from a few optic flow vectors has
been studied over 50 years. However, the estimation
accuracy is not satisfactory, because optic flow is a
function of unknown vehicle’s motion and the nearness
function p, which means unknown parameters of terrain
roughness are included implicitly. Contrary to that, WFI
of optic flow process utilizes optic flow over a wide area
and virtually assumes a flat plane for motion estimation
relative to the plane. When the terrain is modeled as a flat,
infinite, and horizontal plane, the nearness function p is
given by

—sBcysl + sBsysoch + cBepcd
= 5)

z

where ¢ and 6 are the roll and pitch angles of the vehicle
expressed in 3-2-1 Euler angles, and z is the altitude. It
should be noted that this flat surface assumption does not
restrict environments which WFI of optic flow process is
applicable. Even for unknown real rough terrains, a virtual
flat surface can be defined as an averaged plane for a rough
terrain.

For the integration of optic flow, a “sensitivity”
function is necessary.  When a sensitivity function

F; (: F]ev + Fjﬂ 66) is defined as a square-integrable
function, the jth WFI output is defined as

yi =(Q,F;)= [ Q- F;dQ
= g (QWF] + QﬁFjﬁ) ) 6)
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where d2 = sin $df3 dv is a solid angle on the spherical
image surface. As the sensitivity functions, Fourier series
are typically used for two-dimensional cases. Whereas
for the estimation of three-dimensional motion, this
study uses spherical harmonics as Fj. For the 1st-
Mth sensitivity functions, one can construct an M x 1
measurement vector for WFI of outputs as follows:

y=[w - wn] %)

In general, Egs. (@) and (@) are used in a standard
WFI of optic flow process. However, to separately
evaluate two optic flow components and improve the
estimation accuracy, our past study[15] has proposed to
use the following equations.

. . F 0 _ y"/
Lol alee(y] o

where

Joe @ Fa " )
Jo QsFfpan 1" 10)

= [ fs2 QvaY aq
= [ o QsFY dO2

T
Thus WFI output, y = [y{Y ey yf . yfl} ,is a
2M x 1 measurement vector.

Furthermore, in a standard theory shown in [4} 9l
10], optic flow Q is regarded as a continuous function.
However, in a real system, the optic flow data is obtained
by photoreceptors on an image sensor at discretized
points. Thus, for simple calculations, the integration
process of WFI output is approximated by Riemann sums
as follows:

N
D Qy (v Br) FY (s 1) A
k=1

+ (Y, Br) Fiip (ks Bre) A
(11)

(Vs Br) FY (s, Br) A

|Mzn MZ

Mz

Qs (s Be) Fiy (9, Br) A
1

-
Il

where N is the total number of photoreceptors on the
imaging surface. Note, our past study [16] shows that
this Riemann sum approximation does not lower the
estimation accuracy.

2.3. Estimation of state vector

Vehicle’s motion is defined by 12 variables for its position,
attitude, and their derivatives. Denote x,vy, z, ¢, 0,1 as
the position/attitude variables and u,v,w,p,q,r as the
translational/rotational velocities, all of which are defined
with respect to the terrain-fixed frame. However, from
the flat, infinite and horizontal ground assumption, three
components (z,y and 1)) are meaningless and deleted
from the estimation variables. Thus the state vector is
defined as

woz[zuvwgb@pqr]T (12)

Furthermore, Egs. (@) and (@) indicate that the optic
flow components are liner with respect to the vehicle’s
translational and angular velocities. Thus, when the state
variables is defined as

sc:[uvaqr]T (13)

the WFI output y can be expressed in a linear form as

=C(¢,0,2)x (14)
where
C(¢,0,2) =
purs e FY —pey FY 0
N o B 0
Z HESVet v p HECYEL 3 p
pt —pncBrewFY  —pncBrsw Y pnsBLFY
B FE i cBsm P b
L —urcBrevelyy  —pncBrsvlyy  pusBely,
cBrewFy  cBrsyF]  —sBrF] T
cBrewFy  cBrswFy  —sBrFy, AQ
s%Flﬁ —cwcFlB 0 4§
ska]\B/[ —ckaff 0 ]
(15)

C'is an observation matrix of 2M x 6, whose components
include three variables (¢, 6, z). Thus, when these three
variables are measured, the WFI sensor output vector y
and the state variables a are linear relations. (There
are researches trying to estimate the position and attitude
of a vehicle from onboard optical image sensors, e.g.,
[L7, 18 119]. However, to clearly discuss the effect of
the number and directions of image sensors, this paper
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assumes these three variables are measured by other
sensors and focuses on the estimation of translational and
rotational velocities.)

Then, the state vector x is estimated through the
pseudo-inverse matrix of C' as follows:

x=C"(¢,0,2)y (16)
where
ci=(c’c)”'c” (17)
2.4. Estimation errors

Let 1 be the error included in the WFI of optic flow
output due to the observation noise and the roughness of
unknown real terrain. Then estimated state vector & in the
WFI of optic flow is written as follows:

E=Cl(y+n)=x+C'y (18)

where the term of C'7 indicates the estimation errors
of the motion variables. Note that the errors can be
decreased by increasing the number of photoreceptors
or by expanding the integrated area, because optic flow
noises at photoreceptor positions are canceled each other
through the integration process. Furthermore, since the
observation matrix C' is a function of (8, ), the optical
axis of an image sensor affects the estimation accuracy of
motion variables.

III. EFFECT OF CAMERAS ON ESTIMATION
ACCURACY

It is known that image sensors with a wide field of view
and high resolution are desirable for WFI of optic flow
[15]. However, composing such preferable images by
several high resolution sensors results in increasing both
the total weight of sensor systems and the computational
load. Thus, at the beginning for discussions of estimation
accuracy, this section examines in numerical simulations
how estimation accuracy changes according to the number
of cameras. The results give a guideline to decide the
number of image sensors in design phase, considering
realistic restrictions for cameras.

As an example, flight condition of a vehicle is set
as shown in Table 1. Let us explain that optic flow
is essentially obtained by a moving camera. However,
when white noises are added to ideal optic flow to
express roughness of terrain surface and measuring
noises, optic flow is obtained by a stationary camera.
Furthermore, from our several preliminary simulations,
motion estimation obtained for a stationary condition has
the same features as for moving conditions. Thus as
shown in Table 1, a vehicle is assumed to be hovering,

Table 1: Flight conditions of a vehicle.

altitude [m] 1
attitude [deg] =0, =0, v=0
velocity [m/s] ur =0, vy =0, w =0
angular velocity [deg/s] p=0, ¢g=0, r=0

simulation time 0.1 s interval during O s to 10 s

Table 2: Optical axes of the cameras used in simulations.

CameraID [ [deg] -y [deg]
1 135 45
2 135 135
3 135 225
4 135 315

and white noises with zero-mean-value and 0.3 rad/s-
standard-deviation are added to ideal optic flow. From
optic flow patterns obtained in 0.1 second interval, the
vehicle’s motion variables are estimated. Note that since
the state variables are estimated around their true values
by applying WFI of optic flow process, in the simulations
below only the standard deviations of the estimated values
are shown and they indicate the estimation accuracy.

As a practical image sensor, the field of view is set as
30 and 40 degrees in its elevation and azimuth directions,
respectively. In image surface, optic flow is assumed
to be obtained at every 1-degree in both directions. In
addition, the optical-axes of image sensors are directed as
shown in Table 2: from the results in [[14], the elevation
direction is fixed to 135 degrees for better estimation. The
camera ID indicates the cameras used in the simulations:
for example, if the number of cameras is one, the camera
of ID 1 is used, and the cameras of ID 1, 2, and 3 are used
for three cameras.

Figure compares the standard deviations of
estimated errors when the number of cameras is changed
from one to four. Each color of the bars indicates the
number of cameras. The result shows that the standard
deviations of estimated errors are reduced as the number
of cameras increases. From this simulation, roughly three
are adequate for the number of cameras from considering
benefits and disadvantages, because the improvement for
adding fourth camera is limited.

IV. EFFECT OF CAMERAS DIRECTIONS

Effects on estimation accuracy of the optical-axis in
one camera case have already been investigated in our
previous work [[14]. It also indicates that when the field of
view is limited, one image sensor frequently encounters
difficulty to distinguish optic flow patterns of different
motions. This section discusses adequate optical axes
of multiple cameras for WFI of optic flow. The flight
condition of a vehicle is the same as Table 1, and the
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Fig. 2: Comparison of the standard deviations of estimated errors for each number of cameras.

specifications of cameras and sensor noises are also the
same as the previous simulation.

4.1. Single camera

First, the effect of an optical axis direction for one camera
is reexamined for reference: the effect of the elevation
angle is examined in Case 1, and that of the azimuth angle
is examined in Case 2. In Case 1, the azimuth direction
of the camera’s optical-axis is fixed to 0 degree, and
the elevation direction is changed with 15-degree interval
from 105 to 165 degrees (90-degree means horizontal
direction in this flight condition). While in Case 2, the
azimuth direction is changed with 15-degree interval from
0 to 345 degrees, while the elevation direction is fixed to
135 degrees.

Figures 3l and M show the standard deviations of the
estimated errors in Case 1 and Case 2, respectively. Figure
[l indicates that as the elevation direction of the optical
axis approaches to a horizontal direction (8 = 90 deg),
the estimation accuracy of almost all motion variables
becomes better. However, since optic flow cannot be
obtained in its upper hemisphere, this result implies that
the optical-axes of cameras should be decided considering
the field of view of cameras and vehicle’s expected
attitude change.  Figure Ml indicates that estimation
accuracies of each motion variables become periodic for
the azimuth angle . This tendency comes from the
symmetry of the spherical image surface. In addition,
the result implies that, for translational velocities, better
estimation accuracy is obtained from a camera facing to
the moving direction: v = 0 deg or 180 deg for u, and
v = 90 deg or 270 deg for v. Thus, the result implies
that the azimuth direction of camera’s optical-axis should
be decided according to the vehicle’s expected moving
direction. For example, if the vehicle is a fixed-wing

aircraft, since its moving direction is fixed, the optical axis
should be faced to the moving direction. On the other
hand, if the vehicle is a multirotor vehicle which moves
to any direction, the optical axis should be decided such
that the lowest estimation accuracy is allowable for every
directional movement.

4.2. Multiple cameras

Based on the results in Sec. 4.1, this subsection focuses
on how to arrange the azimuth directions of multiple
cameras. In below, a vehicle is assumed to be a multirotor
vehicle, and the camera directions should be arranged so
that the lowest estimation accuracy becomes better.

4.2.1. Two cameras

The effect of the azimuth directions of two cameras is
examined in Case 3. In this case, the elevation directions
of optical-axes of two cameras are fixed at 135 degrees.
Furthermore, the azimuth direction of the optical-axis of
one camera is fixed at O degree, and that of another camera
is changed with 15-degree interval from 30 to 330 degrees.

Figure shows the standard deviations of the
estimated errors in Case 3. The result indicates that the
second camera should be faced to around v = 60 ~ 90
or v = 270 ~ 300 degree, in order to reduce the
worst estimation error. Considering this result and the
symmetry of the spherical image surface, two cameras
should be arranged such that their optical-axes are roughly
orthogonal to each other. This guideline is consistent
with Fig. B} when a camera is fixed at v = 0 degree,
the estimation accuracies of u, ¢ are good and those of
v, p are poor. Thus, to improve the estimation accuracies
of v, p, the second camera should be mounted around
v = 90 degree.
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Fig. 4: Standard deviations of estimated errors in Case 2.

4.2.2. Three cameras

Finally, the effect of azimuth angles for three cameras
are examined in Case 4. To simplify the discussion, two
cameras’ azimuth angles are fixed at O and 90 degrees,
and the third camera direction is changed with 15-degree
interval from 30 to 330 degrees. Meanwhile, the elevation
angles of the all cameras are fixed at 135 degrees.

Figure 6] indicates the standard deviations of the
estimated errors in Case 4. The figure shows that for better
estimation, the third camera should be faced to around
v = 225 degrees. This implies the following guideline in
azimuth directions: when two cameras are already fixed,
the azimuth angle of the third camera should be faced
to the center direction for the wider angle defined by
other two cameras. Note that the estimation accuracies
are not periodic for the azimuth angle as shown in Fig.
6l : the third camera facing to v = 45 degrees gives

much poorer estimation result than the third camera facing
to v = 225 degrees. This implies that the estimation
accuracy cannot be improved when a newly added camera
gives information for near area already measured by other
cameras. That is, since optic flow measured in near areas
are usually resemble, the third camera cannot give useful
new information to distinguish motion variables.

4.2.3. Guideline for multiple camera directions

Subsections 4.2.1 and 4.2.2 imply a guideline for
better azimuth directions of multi-cameras; i.e., camera
directions should be specified by considering the
following two points.

* Each camera direction should be separated as much
as possible.

* A camera placed with v = 180 deg from one of
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other cameras gives less improvement for variable
estimations due to independent optic flow.

From the guideline in above, one proper azimuth
directions of three cameras is v = (0, 120, 240) deg.
Indeed, this camera placement improves the estimation
accuracy 0 ~ 10 % according to the motion variables
compared with the placement of v = (0, 90, 225) deg
treated in Subsection 4.2.2.

V. WFI-GYRO SYSTEM

As described in Sec. 1, flying vehicles usually equip
with gyro sensors to measure their angular velocities.
This section discusses the effect for estimating only
translational velocities from WFI of optic flow.

5.1. Translational velocity estimation

For the WFI-gyro system, Eq. (I4) is rewritten as follows:

y = Av + Bw (19)
where A and B are 2M x 3 measurement matrices. When
w is measured by a gyro sensor, the translational velocity
vector v is estimated through the pseudo inverse matrix of
A as follows:

v=A"(y — Bw) (20)

In practical systems, sensor noises are included in a
gyro sensor output as well as optic flow outputs 7. Let
dw be the gyro sensor noise, then the velocity vector
estimated from the WFI-gyro system is written as follows:
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v=AM{y+n- B(w+w)}
=v+ Al (n - Béw) 1)

where the term of AT ( — Bdw) indicates the estimation
errors in this WFI-gyro system, and the matrices A and
B are the functions of (3, «y). Comparing Eqgs. (I8) and
1D, it is obvious that the estimation error of WFI-gyro
system is different function from WFI optic flow. Thus,
the adequate sensor arrangement in WFI-gyro system may
be different when WFI of optic flow estimates six motion
variables.

5.2. Numerical simulations

Note, if accurate angular velocities are obtained from a
gyro sensor, better estimation accuracies for translational
velocities are expected from a WFI-gyro system. This is
based on that the size of AT in Eq. @I)) is smaller than
CT in Eq. (I8) and its components are less contaminated
by noises. However, since the output of a real gyro
sensor includes noise, the estimation accuracy of a WFI-
gyro system depends on two noises and this makes
the analytical discussion complicated. Thus, instead of
comparing the estimation accuracies between a WFI-gyro
system and a standard WFI of optic flow system, this
paper focuses on an adequate optical-axis direction of a
camera in the WFI-gyro system.

Flight conditions in the numerical simulations are
the same as the ones shown in Table 1. The directions
of the optical axis in each simulation are summarized in
Table 3. In Case 5, the effect of the elevation direction
of optical axis in the WFI-gyro system is examined,
while in Case 6, the effect of the azimuth direction is
investigated. In each case the direction of the optical-axis
is changed with 15-degree interval. The specifications of
an image sensor are the same as the previous simulations.
Sensor noises included in the optic flow is assumed to be
white noises, whose mean-value is zero and its standard-
deviation is 0.3 rad/s. For a gyro sensor, white noises
with zero-mean-value and 5 deg/s-standard-deviations of
are used to emphasize the effect of gyro sensor noises.

Figures [7] and [§] show the standard deviations of
the estimated translational velocity errors in Cases 5 and
6, respectively. The result of Fig. [/ indicates that
the estimation accuracy of the translational velocities
become worse as the elevation direction of the optical
axis approaches to horizontal direction. Note that this
tendency is opposite to Fig. [Bla) for a standard WFI of
optic flow system, and it implies that image sensors should
be faced to the vehicle’s bottom direction. For the effect of
the azimuth direction of a camera in the WFI-gyro system,
Fig. [ indicates an apparent difference is shown in w
compared with Fig. B{a). Thus, the arrangement of image
sensors should be decided according to whether a gyro

Table 3: Direction of optical axis used in simulations for
WFI-gyro system.
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Case5 105~ 165 0
Case 6 135 0 ~ 345
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Fig. 7: Standard deviations of estimated errors in Case 5.

sensor is used or not.
V1. EXPERIMENTS

This section verifies the effects of the number of cameras
on the estimation accuracy in experiments. Figure [
shows the optic flow sensor (OpticalFlow-Z made by ZMP
Corp.) used in the experiments. For this sensor, optic flow
of (79 x 59) is obtained at each grid point for the field of
view (45.1 deg x 34.6 deg) at every 0.1 second.

One or two optic flow sensors are used for the
verification experiments. These optic flow sensors are
mounted on a quad-rotor vehicle flying in a room by
manual control, and random textures are placed on the
floor to make optic flow detection easier. In the sensors,
optic flow patterns are obtained with 30 frames/s based on
pixel intensities, and the motion variables of the vehicle
are estimated by the WFI of optic flow process described
in this paper. The direction of one camera is fixed at
(y =0, B = 135) degrees, and another camera is facing
to (v =90, B = 135) degrees direction; these directions
are decided from the numerical simulations in the Sec.
IV. For the comparison with the estimation results of WFI
optic flow, a motion capture system (VICON T-10S) with
high resolutions is used to measure the vehicle’s motion
variables.

Figure [10l shows the time histories of the estimated
motion variables. Each line indicates the estimated values
with one or two cameras, as well as the results measured
by the motion capture system. By assuming the result
of the motion capture system is correct, the standard
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deviations of the errors estimated from the WFI of optic
flow sensor are shown in Fig. [[1l This result indicates
that the standard deviations of the estimated errors can be
reduced by increasing the number of cameras from one to
two, except for u. For the estimation of u, the estimation
accuracies are almost same; this is because the accuracy
of u obtained by one camera is already sufficiently good.
Figure [[1] is consistent to the results of the numerical
simulations.

VII. CONCLUSIONS

This paper has discussed several design guidelines to
improve the estimation accuracy of a system based on
Wide-Field-Integration of optic flow, considering the
restrictions in real systems. Especially, the adequate
number and the optical-axis directions of cameras have
been investigated. The results show that the standard
deviations of the estimation errors are reduced as the
number of cameras is increased. In addition, the directions
of image sensors should be arranged considering the
vehicle’s expected motion. Furthermore, a new system
combining a gyro sensor with WFI of optic flow sensors
has been proposed in this paper. And for this system, the
effect on an optical-axis direction of a camera is opposite
to that for a standard WFI of optic flow system. Finally,

the effect of camera number has been verified with the
experiments, and the obtained result is consistent with the
result obtained in the numerical simulations.

The design guidelines obtained in this study make
WFI of optic flow practical, and they will enhance the
research on autonomous vehicles.
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