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Considering Practical Sensor Restrictions
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Abstract This study discusses motion estimation processes for vehicles by Wide-Field-Integration (WFI) of optic flow.
Optic flow is a vector field of relative motion between the vehicle and environment, and WFI of optic flow is a bioinspired
estimation method to make it robust even for unknown environments. This paper re-examines the form of sensitivity
functions used in the WFI of optic flow, which plays a key role in the robust estimation process. Furthermore, since optic
flow is obtained from real image sensors, the effects of several restrictions of practical sensors are investigated in numerical
simulations. Finally, the effectiveness of the proposed form of sensitivity functions is experimentally verified by using real

sensors boarded on a flying vehicle.
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1. Introduction

Recently the requirements of autonomous navigation
systems for flying vehicles are significantly increasing. One
typical application of such systems is Micro Air Vehicles
(MAVSs). MAVs are being actively researched in various
applications to agriculture, industry, military affairs and so
on. However, most of autonomous flight systems of MAVs
rely on the signals of Global Positioning System (GPS).
Thus, in GPS-unavailable environments such as inside of
buildings, other guidance and navigation system is required
for autonomous flight. One possibility for autonomous
navigation is a laser sensor, but the information obtained is
only the distance of an object being along to the laser beam.
Furthermore, the weight and energy consumption of the
sensor easily become difficulties for MAVs. Although an
ultrasonic sensor is another possibility, the measurable
range of the distance to environments is restricted.

Wide-Field-Integration (WFI) of optic flow is considered
as a promising navigation technique for autonomous flight
of MAVs. That is a motion estimation method inspired by a
biological research on the visual processing systems of
flying insects’ compound eyes. Optic flow is the vector
field of relative velocities to environments, and which is
obtained by photoreceptors on image sensors boarded on a
vehicle [1, 2]. In the WFI of optic flow, integration over a
wide region of optic flow makes the motion estimation
robust to even unknown environments.  This method has
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several preferable features for navigation of MAVSs: the
system can be composed of a small-sized, light-weighted
image sensor and an onboard microprocessor because of
low computational requests [3-7].

In the WFI of optic flow, “sensitivity functions” in the
space integration over a wide region of optic flow play a
key role in the estimation process. However, the physical
meaning of the sensitivity functions is not definite.
Furthermore, the estimation theory for WFI of optic flow
assumes that a whole directional optic flow on a spherical
image surface can be obtained, and all of the obtained optic
flow is integrated to estimate the vehicle’s motion
parameters [8-11]. Since such integration process in real
time is not realistic for an onboard microprocessor, the
author’s group has proposed to replace the integration by a
Riemann sum and shown that the estimation accuracy of the
non-integrated procedure is not deteriorated [12].

This paper, first, re-examined the form of sensitivity
functions used in the WFI of optic flow, considering the
relation of optic flow components and the sensitivity
function. Then, since optic flow is obtained through
computer vision processing for standard camera image
sequences, the practical restrictions of image sensors affect
the estimation accuracy of the WFI of optic flow. Thus, the
effects of integration region, the number, and the
distribution pattern of optic flow are investigated in
numerical simulations. Finally, the effectiveness of the
proposed form of sensitivity functions is experimentally
verified by using real sensors boarded on a flying vehicle.

2. Estimation from WFI of Optic Flow

2.1. Optic Flow
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To describe the motion of a vehicle flying over a terrain,
let define two reference frames; an inertial frame F; fixed to
the terrain and the vehicle fixed frame F, whose origin is
placed at the center of gravity of a vehicle (Figure 1). The
optic flow is the vector field of relative velocities between
the two frames and obtained by photoreceptors in an image
sensor. Let assume that the image surface is a sphere around
the center of gravity of a vehicle, and the spherical imaging
surface is denoted with S?. The position of photoreceptors
on the spherical surface is described with two angles: the
azimuth angle y and the elevation angle A, which are

measured positive from the x,- and z,-axes of the frame Fy,
respectively. Then the line-of-sight vector for each
photoreceptor is denoted as follows:

Q =[sinBcosy sinBsiny cosﬂ]T 1)
The fiducial point on the terrain is assumed stationary to

the reference frame. Then, the motion parallax vector Q is

defined as the time derivative of Q on the spherical imaging
surface, which is generated according to the wvehicle’s
translational and rotational motion. Let v = [u v w]" be the
translational velocity vector and e = [p q r]" be the angular
velocity vector. Then optic flow [1] can be expressed as

Q=-0xQ-u{v-(v'Q)Q} 0]

where u is the nearness function defined as the inverse of
the distance to a point on the terrain.
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Figure 1.  Spherical Image Model for WFI of optic flow

The optic flow Q is expressed with two components
along the azimuth and elevation directions, i.e.,
Q=Q%e +Q%, where e, (x=y,/) is a unit vector.
The components are

Q= pcfey +acfsy —rsB+u(usy —vey)  (3)
Q’ = psy—qcy — u(ucpey +veBsy —wspB)  (4)

where c(*) =cos(¥) and s(*)=sin(*) . Note that since
optic flow is measured in the image surface of
two-dimension, the depth component is zero. Furthermore,

when the terrain surface is modelled as a flat, infinite, and

horizontal plane, the nearness function x can be
expressed as follows:
—SCysO+SASysgco + cpcgcd
P pey Bsyse Se ®)

z
where ¢ and @ are the roll and pitch angles of the

vehicle expressed in the 3-2-1 Euler angle sequence. Note
the yaw angle w does not appear in Eq. (5), because the

flat-plane assumption makes no difference on optic flow for
any yaw angle.

2.2. Wide-Field-Integration of Optic Flow

The output of WFI of optic flow is obtained from an
integration of optic flow and “sensitivity function” over the
space S. For the j-th sensitivity function defined as

F =Fe, +Fe, (6)
the corresponding output is calculated from
Y, :J.SzQTFjdQ:LZ(Q"VFj’JrQﬂFjﬁ)dQ @

where dQ=sing-dg-dy is a solid angle on the
spherical image surface. For three-dimensional motion
estimations, spherical harmonics are frequently used as the
sensitivity functions, while Fourier series are often used for
two-dimensional cases.

The concept of sensitivity functions was introduced in
Humbert [3]. However, the meaning of those functions was
not uniquely defined from physical viewpoints of sensors or
vehicles. Furthermore, the space integration shown in Eq.
(7) requires large computational load, and thus it is not
realistic for microprocessors to perform the calculations in a
short time interval. Thus, the method using Riemann sum
was proposed in Ref. [12] instead of the space integration as
a practical evaluation method.

Furthermore, the following should be noted for the WFI
of optic flow. As shown in Eq. (2), optic flow is a function
of the nearness function x to a point on the terrain. This

means that optic flow obtained by onboard sensors is
different according to terrain surface profiles even in a same
vehicle motion. However, when the optic flow is integrated
(or summed) over a wide region, the effect of each nearness
function caused by uneven terrains is averaged in the
integration process. That is, the output y; obtained for
uneven terrains approaches to that for a flat terrain
according to the extent of integration regions, when the
terrains are randomly rough.

2.3. Motion Estimation from WFI of Optic Flow

After the replacement with the Riemann sum, Equation
(7) becomes an algebraic relation. Then, when the attitude
and altitude are measured by other sensors, the output y; can
be evaluated in two ways: one utilizes optic flow obtained
with sensors boarded on a vehicle, while another utilizes
optic flow mathematically evaluated from Egs. (3)-(5)
under the flat-surface assumption for the specified attitude
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and altitude.

Generally, the motion variables of a vehicle are
composed of the vehicle’s position (X, y, z), velocity (u, v,
w), attitude angle (4,60, ), and angular rate (p, q, r).
However, when the WFI of optic flow adopts the
flat-surface assumption, the variables x, y, and y do not
appear in the relation because they do not generate any
difference to optic flow. Furthermore, although the
vehicle’s attitude angles (¢, @) and altitude variables z
appear in nonlinear form in Egs. (3)-(5), the remained
motion variables are linear in these equations.

Thus, when the attitude angles (¢,6) and the altitude z
are measured with other sensors in the standard WFI of
optic flow procedure, the output of WFI of optic flow, Eqg.
(7), has a linear relation with the following 6-state
variables:

x=[u vwpaqgr| (8)

Thus, by using the optic flow obtained at discrete
photoreceptors, the output vector corresponding up to the
M-th sensitivity functions can be expressed as follows:

y=[y, ¥, - yuI =Cx 9)
where

=z

Yi =

‘ 1{Q7(7k’ﬂk)Fi7 (yk'ﬂk)

+Qﬂ<7k’ﬁk)Fiﬁ(7k'ﬂk)}AQ

N indicates the total number of photoreceptors, and C is
the coefficients matrix of the 6-state variables. The
elements of the matrix C can be mathematically calculated
from Egs. (3)-(5) and (10). Note that since the number of
photoreceptors is sufficiently larger than 6 of the estimated

(10)

state variables, the matrix C should have full rank obviously.

Thus, by using the pseudo inverse matrix C', the state
variables x can be estimated as follows.

x=C'ly (11)

3. Effect on Estimation Accuracy

This section first discusses the accuracy of the motion
estimation considering the relation of optic flow
components and the sensitivity function shown in Eq. (6).
Then, the effects of the restrictions of real image sensors on
the estimation accuracy are examined to improve the
accuracy in the WFI of optic flow processing.

3.1. Sensitivity Functions

This paper reconsiders the expression and its meaning of
the sensitivity functions used in the Refs. [8-10]. For the
vector form sensitivity function shown in Eq. (6), the output

is expressed as Eq. (7) for rigours space integration or as Eq.

(10) for discretised form. These expressions, however,
indicate that the azimuth and elevation components are

treated equivalently and combined. As such, only a
combined signal is used for the states estimation, although
they are two different signals.

Hence, to deal with each component as a different signal,
the following form of sensitivity should be used instead of

Eqg. (6).
F —{ij ° } (12)
i 0 Fjﬂ
Then Eq. (7) is replaced with

AT I52 Qijy dQ
IsZQ FydQ= = (13)

j LQ/F/dQ

S

Consequently, the WFI of optic flow outputs having
2M components for up to the M-th sensitivity functions
are expressed by using the Riemann sum as follows:

kz_le (7k’ﬂk)F1y (Vk,ﬁk)AQ

Q (7B ) i (77, B ) AQ
=Cx (14)

M= TV

Qﬁ(?/kaﬁk)FlﬂO/k'ﬂk)AQ

=
]

1

N
kleﬁ(yk’ﬂk)Fl\ﬁ(ykiﬂk>AQ

To examine the effect of the new form of the sensitivity
functions, computer simulations have been conducted by
using a level flight shown in Table 1 as an example. Since
the estimation accuracy of WFI of optic flow is also
dependent on other parameters of the image sensor, the
following conditions are used in the simulation: A camera is
facing -z, -axis, its field of view is defined as

140< #<180[deg] , and the photoreceptors are placed

every two degrees in both the azimuth and elevation
directions (i.e., the number of photoreceptors N is 3,600).
Furthermore, as a model of sensor noises for optic flow, it is
assumed that each component of optic flow is contaminated
with white noise with zero mean value and standard
deviation of 0.3 [rad/s], while the altitude of a vehicle is
assumed to be accurate. (The errors of attitude sensors are
explained in the next subsection).

The estimated results are shown in Figure 2. The red line
indicate the result by using the proposed form of the
sensitivity functions, the blue one is by using the
conventional form of sensitivity functions, and the black
line shows true variable. The standard deviations of the
estimated motion variables are compared in Figure 3. These
results clearly indicate the superiority of the proposed form
of sensitivity functions, Eq. (12). Especially, the estimation
accuracy of w and r is highly improved. This is because that
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these variables are included in one component of optic flow
as shown in Egs. (3) and (4). Thus in the proposed form,
another equation is free from the noises of these variables.

Table 1. Level Flight Condition of a \ehicle used in Simulations

altitude 1[m]
attitude ¢=10 , =10 , w=0 [deg]
velocity =2, V=0, w=0 [m/s]
angular rate p=0 , q=0 , r=0 [deg/s]
simulation time 0s~50swith 0.1s interval

This superiority can be analytically explained as follows
by considering noises included in optic flow. Optic flow
data contaminated with the noises are expressed as

é/ =Q.{ (7k1ﬂk)+77f (7/k7ﬂk) (t=7.p8)

T .
where '7/ :|:’7, (711:31): 77/ (721:32)1 "':77[ (7N ' By )] IS a
random noise vector in the azimuth or elevation directions,
respectively. Assume the noises’ mean values are zero, and

their variances are af and oé respectively. Then, for the

conventional form of sensitivity functions, the observation
noise included in the WFI of optic flow output is expressed
as

(15)

where <**> denotes the inner product including the effect
of space integration for discretized data, and I“}:

[F (4B (o) (B0

(i,j)-component of the covariance matrix is

Then, the

[R], ={o?(r7.sr))+o} (1! sry ) apsy  (17)

where S =diag(sin 3,,sin B,,---,sin S ). When spherical
harmonics are used as sensitivity functions, since
I’=r’ »r,, the (i,j)- component is evaluated as
follows.

[R], =(07 + 05 )(I,SI';) ApAY

U]

(18)

On the other hand, for the proposed form of sensitivity
functions, the observation noise aligned as the sensor output
(15) is expressed as

)
(n.10) (M+1<i<2M)

(I<i<Mm)
W.,=

(19)

Then the (i,j)-component of the 2M x2M covariance
matrix is

ol (I, 8r7)ApAy  (1<i, j<M)

R = (20)
— (7 4 B B [ i ..
W, —<'I T >+<’I T > (16) ! a;<riﬂ,srjﬂ>AﬂAy (M+1<i,j<2M)
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Figure 2.  Motion variables estimated by different sensitivity functions (— proposed one, — conventional one, — true value)
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Figure 3.

Note that since noises are no correlation, [R’]ij =0 for

1<i<M and M+1<j<2M or vice versa. Equations

(17) and (20) indicate that the proposed form has larger data
number and smaller covariance of noises than those of
conventional form. Thus, the effect of sensor noises
becomes smaller in the proposed form than the conventional
one.

3.2. Effects of Practical Restrictions of Image Sensors

In the standard WFI of optic flow theory used in [8-11],
photoreceptors are assumed to be placed on a whole
spherical surface and measure optic flow. However, in
practical systems, optic flow is obtained through computer
vision processing for standard camera images. This implies
that optic flow obtained by real sensors has restrictions for
its region and number / distribution of photoreceptors.

In this subsection, the effects of the practical restrictions
are examined in numerical simulations considering optic
flow noises. Furthermore, although two types of sensor
signals (attitude and altitude information) are appeared in
Egs. (3)-(5), here only the effect of the attitude sensor

noises is investigated due to the following reason. From Eqgs.

(2) and (5), when all of the vehicle’s angular rates are
closed to zero, the altitude sensor error linearly changes the
optic flow. Thus, the effect of altitude sensor noises can be
roughly anticipated from the effect of optic flow noises,
while attitude sensor errors influence to optic flow
nonlinearly.

In the simulations shown below, as an example, white
noises with zero mean value and 4 degrees of standard
deviation are added to the optic flow and the attitude sensor
output. Furthermore, to specify the effect of vehicle’s flight
modes, this paper shows the result for a vertical descent
condition shown in Table 2 as well as the level flight in
Table 1.

(a) Effect of optic flow region

For simplicity, the optic flow region to be integrated is
characterized as follows. A standard image sensor facing to

Standard deviation [deg/s]

motion variables

(b) Standard deviations of the estimated angular rates

Comparison of the standard deviations of the estimated motion variables for different sensitivity functions

-z, -axis is used and its field of view is specified with the
elevation angle g although a camera’s field of view is

usually defined as a rectangle. In the evaluations, three
regions of optic flow are compared: 90< <180 [deg],

140< <180 [deg], and 160< <180 [deg]. To unify

other parameters, the number of optic flow is set as
N =3,600, and their distribution is assumed to be uniform

in both the elevation and azimuth directions.

Table 2. Vertical Descent Motion used in Simulations

altitude from5[m] to 1 [m]
attitude ¢=5 , =5, w=0 [deg]
velocity u,=0 , v,=0 , w=04 [m/fs]
angular rate p=0 , q=0 , r=0 [degls]
simulation time 0s~50swith 0.1 s interval

The results are shown in Figures 4-7. In each figure, (a)
indicates the standard deviations for the estimated
translation velocities, while (b) is those for the angular rates.
The red, blue, and green bars correspond to the large
(90< 8<180 [deq]), the medium (140< B <180 [deg]),

and the small (160< <180 [deg]) ranges, respectively.

Figures 4 and 5 are results considering the optic flow noises
specified above, and Figures 6 and 7 are for the attitude
sensor noises. Furthermore, Figures 4 and 6 indicate the
results in the level flight, while the results of the vertical
descent are shown in Figures 5 and 7.

From Figures 4 and 5, for optical sensor noises, the
superiority of the large integration region is obvious even
when the number of optic flow vectors is same, regardless
the flight modes. Since optic flow noises are inevitable, this
result suggests that an image sensor with a wider field of
view is desirable. However, for attitude sensor noises,
apparent tendency for integrated regions are not seen in
Figures 6 and 7. Thus, attitude sensors with better
accuracies are desirable in the application of WFI of optic
flow. Furthermore, the comparison between Figures 6 and 7
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indicates the relations between vehicle’s moving directions
and estimation accuracy. In the level flight (u=2 [m/s],
v=w=0 [m/s]), Figure 6 shows that the estimation
accuracies of the variables relating to x,- and y,-axes
become better than that to z,-axis, whereas Figure 7 for the
vertical descent clearly indicates better estimation accuracy
for zy-axis related variables.

(b) Effect of the number of optic flow

Figures 8 to 11 indicate the estimation accuracy for the
number of optic flow integrated in the estimation process
under a specified field of view. The same as above, in each
figure, (a) and (b) indicate the standard deviations for the
estimated translational and rotational velocities. The red,
blue, and green bars correspond to the large number of optic
flow (N=14,400), the medium one (N=3,600), and the small
one (N=900), respectively for the same region defined by
0< B <40 [deg]. Since the optic flow is assumed to be

obtained in same intervals in the elevation and azimuth
directions, the red, blue, and green mean to use optic flow
obtained for Ag=Ay =1 [deg], AB=Ay=2 [deg], and
AB=Ay=4 [deg], respectively. Figures 8 and 9 are

0.2

o
"

Standard deviation [m/s]
(=1

o
o
S

-

u

dl

motion variables

(a) Standard deviations of translational velocities

results considering the optic flow noises, and Figures 10
and 11 are for the attitude sensor noises. Figures 8 and 10
indicate the results in the level flight, while the results of
the vertical descent are shown in Figures 9 and 11.

For the case of optical sensor noises, Figures 8 and 9
imply that the denser optic flow integration clearly gives
much better estimation accuracy in any flight modes.
However, for altitude sensor noises, the number of optic
flow has no effect on the estimation accuracy as shown in
Figures 10 and 11. The dependency between a vehicle’s
moving direction and the estimation accuracy are still seen
in Figure 11, but it is less clear in Figure 10.

(c) Effect of the distribution pattern of optic flow

Here, three distribution pattern of optic flow is examined
under the following conditions; the optic flow region for
integration is specified by 140< <180 [deg], and the

number of optic flow is set as N=3,600. In the first pattern,
optic flow is assumed to be obtained at Ay = Af =2[deq];

the second and third patterns use Ay =4[deg] ,
Ap =1[deg]and Ay =1[deg], AS =4[deg], respectively.

Standard deviation [deg/s]

)

ey

motion variables

(b) Standard deviations of angular rates

Figure 4. Comparison of the standard deviations of the estimated motion variables for different integration regions w.r.t.

optic flow noises in a level flight. (Il 90 < £ <180[deg] , M 140 < 8 <180[ded],
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Figure 5.  Comparison of the standard deviations of the estimated motion variables for different integration regions w.r.t.

optic flow noises in a vertical descent. (Il 90< £ <180[deg] , W 140< 5 <180[deq],

160 < £ <180[deq] )



Journal of Mechanical Engineering and Automation 2017, 7(2): 53-62

0.08 4
0.07 35
= I
I 0.06 iﬁ) 3
§ 00 = 2.5
g 2
£ 0.04 g 3
it =
E 003 15
[ E
o»n 0.02 EA 1
0.01 0.5
0 0
u v w P q r
motion variables motion variables
(a) Standard deviations of translational velocities (b) Standard deviations of angular rates

Figure 6. Comparison of the standard deviations of the estimated motion variables for different integration regions w.r.t.

attitude sensor noises in a level flight. (l 90< 5 <180[deg] , M 140< £ <180[deg], M 160< $<180[deq])
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Figure 7. Comparison of the standard deviations of the estimated motion variables for different integration regions w.r.t.

attitude sensor noises in a vertical descent. (Il 90< $<180[deg] , M 140< #<180[deg], ™ 160< B <180[deg])
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Figure 8. Comparison of the standard deviations of the estimated motion variables for different resolutions w.r.t. optic
flow noises in a level flight. (140 < 3 <180[deg] ; MN=14,400, HIN=3,600, M N=900)
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Figure 9. Comparison of the standard deviations of the estimated motion variables for different resolutions w.r.t. optic
flow noises in a vertical descent. (140 < 5 <180[deg] ; MN=14,400, EN=3,600, M N=900)
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Figure 10. Comparison of the standard deviations of the estimated motion variables for different resolutions w.r.t. attitude
sensor noises in a level flight. (140< 8<180[deg] ; MN=14,400, HN=3,600, M N=900)

0.025 0.7
0.6
0.02 -
2 905
2 0.
= =
g 0.015 B
g0 204
g 2
=l
T 00l =03
S 3
=
E £ 02
0.005 @
0.1

=

motion variables motion variables
(a) Standard deviations of translational velocities (b) Standard deviations of angular rates
Figure 11. Comparison of the standard deviations of the estimated motion variables for different resolutions w.r.t. attitude
sensor noises in a vertical descent. (140 < 3 <180[deg] ; MN=14,400, HN=3,600, M N=900)
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Figure 13. Optic flow sensor used in experiments
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Figure 15. Comparison of the standard deviations for the proposed and standard form of sensitivity functions in
experiments. (Il proposed form of sensitivity functions, B standard form of sensitivity functions)

The standard deviations are shown in Figure 12 for a case Through the three examinations shown above, the
with optic flow noises in the level flight shown in Table 1.  desirable features of real sensors used in WFI of optic flow
This result indicates the distribution pattern of optic flow can be summarized as follows: Image sensors with a wide
has little effect on the estimation accuracy. field of view and high resolution are desirable. When such
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desirable image sensors are applicable, the errors of altitude
sensor outputs are not so critical because the effect can be
alleviated. While for attitude sensors, high accuracy sensors
are strictly desirable for better motion estimation.

4. Verification in Experiments

To verify the effectiveness of the proposed form of
sensitivity functions shown in Eq. (12), experiments have
been conducted for several conditions. Figure 13 shows the
optic flow sensor used in the experiments. The sensor is
OpticalFlow-Z made by ZMP Inc., and its processing
algorithm has been improved to generate 79 x 59 optic flow
vectors for the field of view 45.1 [deg] x 34.6 [deg] with a
frame rate of 10 [fps].

Figure 14 shows a typical result for an estimated velocity
component: red line indicates the result by the proposed
form of sensitivity functions, while blue one is the
estimation by the conventional form. To verify the
reliability of the results, the associated velocity component
calculated from the data of a motion capture sensor with
millimeter-accuracy in 50 Hz is also shown in black.
Apparently, the proposed form of sensitivity functions
shows much better coincidence with the motion capture
result. Assuming the motion capture result is true, the
standard deviations of the proposed and standard form of
sensitivity functions are compared in Figure 15. These
results indicate the effectiveness of the proposed form, Eq.
(12).

5. Conclusions

This paper, first, has re-examined the form of sensitivity
functions used in the WFI of optic flow, considering the
relation of optic flow components and the sensitivity
function. Then, considering the application of WFI of optic
flow with a practical image sensor, the effects of the
restrictions (the integration region, the number, and the
distribution pattern of optic flow) have been examined in
numerical simulations. Finally, through some experiments,
the effectiveness of the proposed form of sensitivity
functions has been verified.
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