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ABSTRACT

We made a flying object with 4 CMOS video cameras
and 4 propellers. The processor consists of visual
processing module, the attitude calculation module and
adaptive module implemented by using neural feedback
network. The visual processing modules, which are
including 3 CMOS cameras, output displacements of
images for each local area using difference between
frames. The attitude calculation module integrates those
displacement values and output rotational velocity of each
axis (yaw, roll, pitch). The last CMOS camera observes
ground, and its processing module output relative position
between the ground and the flying object. The adaptive
module finally calculates motor outputs basically
depending on PID feedback control loop with
reinforcement learning, and the learning method is weight
changes as neural network between derived parameters. A
preliminary manual tuning fixes initial parameters of the
PID control. And on-line learning could tune those
parameters more precisely during actual fright
experiments.

We introduced nonlinear response functions and
switching mechanism of those responses into the adaptive
module. For instance, nonlinear response functions are
followings
1. Reduce feedback gains to cool down oscillation
2. Add offset value to cancel supposed disturbance
3. Stop all motors to avoid fatal damage.

1. INTRODUCTION

Our aim is creating a computer, which mimics a
function of a brain. Especially a flying object reported in
this paper was build up to evaluate functions of motor and
behavior control. We have already presented an
experiment of a small indoor helicopter (ref. [1]), which
was focused on visual processing and motor control
inspired by an insect “fly”.

Essential difference between biological eyes and video
cameras is discontinuity of time because such camera
scans sequentially in certain readout time. To mimic such

biological eye system, analog processing seems to be
essential [Ref.2]. But we had overcome this problem with
digital circuits using proper accumulating technique for
each frame in time domain. In this paper Image
Processing section describes these techniques, which is
actually implemented as electrical circuit on FPGA.

2. IMPLEMENTATION

The flying object made of cross shaped carbon chassis
mounting electronics and 4 motor units. The custom made
carbon chassis's weighted 39.6g and its length is about
53cm. Four electric DC motor (Mabuchi FK180SH)
drives 33cm (diameter) propellers, those two are driven
clockwise and the other two are counter clockwise. Total
weight of the flying object except battery is about 380g. It
flies with DC 7.2V battery or wiring power supply.

The following figure is schematic of the object, which
has 4 CMOS cameras, those controller, attitude
calculation module, adaptive control unit, and motors.
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3. ELECTRONICS
Four CMOS color image sensor “Omni Vision
OV6630” was used to this experiment mounted on a PCB
(Olympus komasa). The following is specs of the CMOS
Sensor.
Array Element: (CIF) 352(H) x 288 (V)
Frame speed: 40 FPS
Scan: Progressive Scan
Field of View: 60degree(H)
Resolution: 0.17degree/pixel (horizontally)
Power supply: 3.3V
Dimension (komasa) : 10mm(W) x 20mm(D) x
6.6mm(H)
Weight (komasa) : 1.0g
Totally 5 FPGA (Field Programmable Gate Array), and
conventional CPU were used to perform this experiment.
Three FPGA (Xilinx XCV100TQ144) were used to do
image processing, which is mounted on each custom made
PCB. A FPGA (Xilinx XCV300PQ240) integrate those
three images processing FPGA's and calculate attitude
values of the flying object. And it is also mounted on a
custom made PCB with motor drive circuit.
The CPU (Hitachi SH4) is mounted on customized
PCB (ALPHA PROJECT Co.,Ltd. AP-SH4-0A), and do
adaptive control using values of the attitude.

4. IMAGE PROCESSING

Four individual processing units perform two kinds of
visual processing. The first kind circuit derives
displacement of surrounding object, which is used for
stabilizing horizontal attitudes of the flying object so as to
be a gyro function. This process was achieved using 3
CMOS cameras heading horizontally. The second kind
processing, which is performed on the fourth camera,

derives positions of known markers on the ground, which
lead absolute location and yaw of the flying object.

4.1. Displacement values of surrounding objects

3 CMOS camera and those processing circuits find
displacement values of surrounding objects as a moving
vector mentioned below. Then those moving vector will
be used to calculate attitudes of yaw, roll and pitch of the
flying object. In this section, we will show you newly way
of finding a moving vector, which is suitable to
implement as hardware and have great advantage to signal
to noise ratio. And this method can have also advantage
for solving problems of discrete sampling time of frames.

A moving vector m can be described, as follows under
condition of M (u,v) is minimum, if a present frame is

f (x, y)and a past frame is g(x,y) .
ﬁz(u,v)
M(u,v) =31 F(x ) = g(x+u,y +V)|

We have implemented a circuit to derive values, which
alternate this moving vector, and the circuit has an
advantage for problems of discrete sampling time and
signal to noise ratio.

First we prepared following two data set, those
describes a kind of mean value of each frame Y (x, y,t) .

Y, (%, y.t) = %Z{Yf (% y,1) +Y, (X y,n -1}

V.0 9D =3 SO (00 ,m) +Y, (x y.m =D}

n and m correspond to frame number of scan, and x and y
indicate location in each frame (352(H) x 288 (V)).
ie.

n=0,1,2,3,4,...,t

m=0,2,4,6,...,t

x=1,2,3,...,352

y=1,2,3,...,288

Yi (% y,0)=Ys(x,y,0)=0

The actual values of those function Y;(x,y,t) and

Y (X, y,t) stored in frame memory. A calculation of the

function as actual electric circuit needs only 3 clocks to
read and to write values of frame memory.

Next, five set of subtraction of those two functions are
prepared.

DP() = Vs (X, y -1t = Ys(x, y,1) |
D@ () = Y; (x=1,y,) = Ys (%, V,1) |
DA ) = Y; (X, y,0) = Yo (X, Y, 1) |



D () o Yy (x+1,y,0) = Yo (x, V1) |
DO ) 1Y, (6, y +1L) =Y (x, Y, 1) |

Actual calculation circuit of these D®(t) was

implemented easily using 5 line buffers and also needed
3clocks to accomplish calculations. Then we induced a

threshold level T, to mask values of the functions D (t)
as follows,
sOm =T 1]
, where a mask operator is
TIDY1)]=DV ), (DV(t) >T,)
T ®1=0,(DY ) <Ty).

The latency of this circuit is 1 clock.

We counted number of pixels in a frame, which is

under condition of S®(t) > T, .

cO) =2 us®w]
X,y
ie.
urs®ml=1, sP®=T,)
uEs@m1=0,(sP <T,)
i=012,..5, x=123,.,352, y=123,...,288
This procedure was done at the end of each frame. Thus
we get values of C9(t) accordingly.
By taking a same procedure between Y (x+1,y +1,t)
and YV (x, y,t) as
DW () =Y, (x£1, y £1,t) =Y, (x, y,t) |, i=1,2,4,5
we can getC{P(t), those corresponding to DY (t) . This
value leads edge information of image by averaging as
PG
Egq(t) :iT , where i=1,2,4,5.

These values can induce angular and strength information
of moving vector as follows
CQ@J

_ -1
B(t) =tan {C?Sj)(t)

, Where
i=1(cOt)>cP ),
i=0 (CP M <cPm),
FLCRm=cPw),
=0 (cPm<c ).
And the strength

DY (t)
CEq(D)
Finally we got a moving vector M ¢ (U, V)
Ugs (1) = A(t) - cos(O(t))
Vi, (t) = AQ) -sin(6x(t))

These values are to be used in attitude calculation circuit
to derive yaw, roll, and pitch of the object.

A(t)

4.2. Position of known markers on the ground

The fourth CMOS camera, which is gazing to the
ground, derives two marker's positions on the ground.
These markers positions are to be used to calculate a
position (x,y,z) and absolute yaw value of the flying

object on a x,y,z-cordinate of the ground.

In this experiment, the camera discriminate markers
observing its color and brightness. The two vivid markers
are colored in red and blue, and landed on the ground with
a certain distance each other. A visual processing circuit,
which is implemented in FPGA, derives those positions

ﬁa = (pal’ paZIO)

Py = (Pb1s Po2,0)
at 25msec as frame rate.

5.ATTITUDE CALCULATION
Attitude calculation module, which consists of a FPGA,

derives a location (p{”, p{”, p{®) attitude
(Yaw, Roll, Pitch) of the flying object. Derived locations
of markers above are expressed as P, = (Pa, Pa2.0) and
Py = (Pp1s Py2,0) . If a assumption that the object's
attitude remains horizontally, easy translation gives us the
location p{®,p{” , which is in xyz-coordinate on the
ground, as follows

©_1

{ 2(|0al+ Poy)

1
93(,0) :E(paz + pr)'

A height p{? of the flying object can be expressed as
©_cos0 1 - =
z sin6 2 | pb pa |
, where 6 is a FOV (field of view) corresponding a
distance

1, . N
E'lpb_pal-

As for a value of a height of the object, we used an
abbreviated value

P, :lﬁb_ﬁal



instead of p{”). Via this crude abbreviation, we can get a
related value of actual height for controlling the object
with only one camera. The efficiency of this value p, is
already tested at a previous experiment of Ref.[1]. Thus a
location value (p,, p, p,) was had over to next stage as
adaptive control unit, where notations are slightly changed

for convenience below as p, = pio), Py = P§O)-

The vector p, and P, can also derive an absolute
value of yaw as
Yaw,, = tanl(uj .
Po1 = Par

This value is also handed over to the next control unit.
The values (py,py) is actually calculated in FPGA at

40FPS, and p, and Yaw,,, were derived by taking data

tables inside FPGA, which size is 2048 word as 32x32
matrix for each values.
Moving vectors M (U, V) and number of edges

(Yaw, Roll, Pitch)
according to following treatment. Yaw has more precise

time resolution than Yaw,, , so the Yaw is used to

stabilize yaw motion as derivative value in gyro control
and Yaw,, is used for attitude control.

Moving vector M (ug,Vs) represent moving of

E4 () mentioned above create

whole area of images, which means the notation x and y is
x=1..,352, y=1..,288.

Each image of CMOS camera is divided into 9 areas that

is,

Horizontally: x =1,...,117 : 118,...,234,235,...,352

Vertically: y=1,...,96:97,...,192,193,...,288 .

So the moving vector is also expressed as matrix bellow
UO —P1,vO -~ )
i=123,k=123,1=123
, Where i is a notation of camera number, k and | are
notations of areas in frames. For example, U® =[u{] is

expanded as
uf uf uf
VY=o uf
ui) uf ug
In the same manner, edges E « (t) is also expressed as
matrix
EO =[ef].

We induced a threshold level Ty, as certainty value of

the area, Yaw can be finally calculated from the moving
vector of horizontal direction U @ as below
D ui -sgne?)

Yaw = K

K-l-i
i.e.
sgn(x) =1 (X =Teyq)
sgn(x) =0 (X <Teqq) -
Roll and Pitch is also derived from vertical moving
vectors V ¥ and the edges E® as follows.

Roll = Max[sgn(e{?) - v{) @ sgn(e{?) -v®]
,where the operator @ is
a®b=0 (a-b=0)
ad®b=a+b (a-b=0).
And the combination of k,I,m,n are limited as
(k,1,m,n) =(11,3,3),(1,2,3,2),(1,3,31),(21,2,3),(2,2,2,2),

(2,3.2,),(311,3),(3,212),(3,311)
The operator Max[a;] finds maximum value a;

comparing in its absolute value | a;; |.

The last value Pitch is expressed in equation
Pitch = Max[sgn(e?) - v{V] .
Thus finally attitude values
(Pys Pys P,) . Yawy, , (Yaw, Roll, Pitch)
were derived and to be passed over to adaptive control
network.
6. MOTOR CONTROL

The flying object has four propellers and those motors.
If the motor were labeled as counter clockwise manner
( Mot;, Mot,, Mot;, Mot, ), ( Mot; , Mot; ) runs clockwise
and (Mot,, Mot, ) runs counter clockwise. Each power
supplied to each motor are expressed

P=(R.PP;Py)
For controlling derivatives of attitude and height of the

object with these powers, we should give powers like
following manners.

%(Roll): P+R, R=(0,r,0,-r), r: signed value
%(PitCh) : P+T , T =(t,0,-t,0), t: signed value
%(Yaw) P+Y , Y= (y,—Y,Y,—Y) y: signed value

%(pz): P+A, A=(aa,aa), a: signed value

These power modification vectors are not generally
independent. For example, Roll and Height has slight



cross talk because a rolling motion decreases its lift force.
This kind of cross talk is one of the hardest problems for
controlling flying objects generally. If those parameters
including the cross talk have ideal value, the kinetic
equation can be solved analytically. So as to say, it is
predictable. However there is some ambiguity caused by
variances, for example, friction of motor unit, distortion
of body and so on, the system can not be predictable with
parameters mentioned above. So this kind of problem
should be solved in adaptive control neural network
mentioned below section.

7. ADAPTIVE CONTROL

Adaptive control unit will finally give motor output
according to values derived above. Calculation of this
section was performed on conventional CPU (Hitachi
SH4) using software description. The control method is
basically based on PID control, but some nonlinear
functions are induced. To overcome the problems about
cross talk, a neural network with back-propagation
method is used.

Parameters of describe present situation are as follows,
those are derived above sections.
Roll

Pitch
Yaw

v

I

>
=
g

=[si]

, Where
Yawd,, = Yawds — Yaw,,.

(YawS :objective value of Ya Wi )

obs

px =Px — P

,( p™ :objective value of p,)
py = po™ - p,

.(pS™ :objective value of p,)
Py =P — P,

,( p2* :objective value of p,).
This vector should transform as
s® — A®z
Here the A® is expressed below.

O Wiu W, Wz g 0 0
Wy O3 Wp Wy 0 g O
W3 Wz O3 Oz O 0 0
Ao 0 0 g, 0O 0 O
0 0 0 0 0 0 0
0 0 0 0 0 0 0

(W1 W Wz W W5 Wi Q7 |

gj; are gains of each parameter, and expanded as
g =9\ +g{,i=12347, j=1.23.
gy are initial gains, those are settled by manually, and

g,l) are additional gains those change automatically

according to error function mentioned below.
Offsets operator should also added as
5@ _ A 5@

where A® is
AP =1d© +d®], k=123,..7,1=1,2,3,...7.
d{ are initial fixed values and d{ are changeable

values with a learning.
W =[w,] is a weight matrix as cross talk neural network

between each element of vector S . This weight matrix
changes randomly and fixes when corresponding error

elements &”  (mentioned below) should be under a
condition &£ <t, , where t, is an initially fixed
threshold level. In the same manner, gains g,l) and
offsets d’ change randomly. And W , g? , d’ should
be zero at condition of
1ED [>T pero OF S 2 Thero s

, where T, is a threshold level for learning. The absolute
value | w,, |is limited under T,,.

. Each T, and Ty is under 10% of

|g$ | and | d{ |are also
limited under Tyq

maximum value of |s; |.

Error vectors £ are expressed as follows.

F0 =50 _5-[£9] m=1,23,..7

£0 = j s(t)dt =[2 ]
t-t,

, Where a ty is a proper integration time (fixed value).

An emergency operator was added to above
transformation as

Emg[s®]
, Where
Emg[a] =4 (| g S Temg or |§s|< Temg )



Emg[a]=0,(|® [ Typg O |52 Tepg )-
Temg is @ threshold value of emergency to avoid bigger

damage to body.
Finally input parameters § was transformed to

§@ = Emg[A® + AW5] = Emg[A®@]+ Emg[AYS]
p=Emg[A®]=[p]

G = Emg[AYS] = [q;]
The output values for four motors are

R
_ | P _ L L
P= ; =p+qR+q,T +q®Y +q,A
3
PA
, Where
9% =q,,lq,<Tq,
q® =q,,lq, 2 Tq,

1 1 1
|1l o]~ |-1] - |1
R= T = Y = JA=[T.

0 -1 1 1
-1 0 -1 1

Tq is a threshold level of yaw movement.

8. CONCLUSION

In this paper, a flying object with 4 CMOS camera and
4 propellers on cross-shaped carbon chassis was used to
study an original image processing and the kinetic control
method. Two types of image processing was actually
implemented on FPGA and verified with a attitude
calculation module, which is also implemented on a
FPGA. The method is new and useful for this kind of
control experiment. It has overcome a problem lies
between sampling time and motions, which is essentially
important to mimic biological eyes.

The kinetic control method as adaptive learning control
is still now tested in various types. We presented one of
them in this paper.
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