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Abstract—In this paper, a problem of image motion compensation caused by the camera motion
concerning the photographed surface is considered. The camera is set on a mobile carrier, and
image registration is conducted by a matrix photoreceiver on basis of charge-coupled devices
(CCD) in delay-integration mode. It was shown that together with the traditional electron
compensation of longitudinal motion of image, the compensation of transversal velocity of
image motion is possible.

PACS number: 87.19.Dd
DOI: 10.1134/50005117907030162

1. INTRODUCTION

Charge-coupled devices (CCD) are widely used in modern systems of aerospace photographing.
As is known, to obtain the maximum signal-to-noise ratio and, thus, the high level of resolution, it
is necessary to synchronize the charge-carrier motion with the image motion, which is guaranteed
in the so-called delay-integration mode [1]. This mode of a matrix CCD is characterized by the
fact that the image motion velocity in the lens focal plain must be synchronized with the velocity
of charge packets transfer along the columns of the CCD matrix. In practice, this synchronization
is guaranteed by the two possible methods that can be applied independently:

(1) by the optical elements motion or by the so-called optical-mechanical motion compensation,
or

(2) by the choice of charge packets transfer frequency in the CCD matrix, i.e., by the electron
compensation.

Each of these methods has its own advantages and disadvantages, e.g.: the first one guarantees a
wide dynamic range of compensable velocities but relatively low accuracy and performance because
of large persistence of such moving elements as mirrors, prisms, and lens themselves; the second
method has high accuracy and performance but has a limited dynamic range. Thus, real systems
use both these methods simultaneously which makes it possible to minimize synchronization errors
if we use them the most optimal way. In this paper, we consider a problem of optimal electron
compensation as a problem of discrete-continuous system optimal control. In the following section
we consider a general mathematical model image motion; then we consider a mathematical model
of customary and generalized delay-integration modes and their characterization by its modulation
transfer function. Then we devise an optimal control law of image motion synchronizing and in
the conclusion we consider possible approaches to construction of optimal systems of image motion
compensation.
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2. AN IMAGE MOTION CALCULATION MODEL

We consider a system of image registration that is set on a mobile carrier and is used for pho-
tographing, e.g., an observed surface by remote sensing equipment set on an aviation or space
carrier. At matrix CCD photographing when the camera moves with respect to a photographed
object, to increase the signal-to-noise ratio, the CCD matrix usually works as a photosensitive
elements measure and the camera scans the photographed fragment owing to its motion. With this
photographing method, a sequential summation of signals registered by each elements of the column
of matrix is conducted. The image “runs” across the matrix and creates a considerable data flow
at the output that is stored in memories or is transferred in real time scale. When such systems
projecting, as a rule, a problem of matching the photographing velocity with the camera motion
occurs as an extensively high velocity of the relative motion requires decrease in exposure time
and, thus, considerably decreases a dynamic range of equipment concerning lighting conditions.
At the same time, a lot of modern cameras have a dynamic tracking capability of a photographed
fragment by changing the direction of the sight line for decelerating the image motion velocity along
the columns of the CCD matrix as it is shown in Fig. 1. With such photographing process, the
image motion velocity forms a variable velocity field in the focal plain that depends on the current
orientation of the optical axis defined by the angles (), ¢(t) and the flight altitude H(t). The
general calculation method of the velocity field at arbitrary positional relationship of the camera
and the photographing object is based on application of functional relationships that connect the
coordinates of the point in the lens focal plain (£,7) and the point that is optical-conjugate to
it (x,y) in the plain of the observed object at the current time t. We assume that the coordinate &
corresponds to the transfer along the proper camera motion (e.g., flight direction at air photograph-
ing); and the coordinate 7, to the transversal direction respectively. If the direct relations are given
in the form

93:90(5777775)7 y:fl’(éﬁat)a (1)
then for any t there exists an inverse transformation
fzf(m,y,t), 77:77(%%75)’ (2)

and components of image motion velocity (Vg,V;) in the lens focal plain are computed as follows
[3-5]
or Ox -1 ox
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For concrete dependencies of the functions (x,y) on ¢ and elements of the lens orientation, the
relation (3) can be transformed to the form

Ve(&,m,t) W, : :
V77 (57 777 t) Wy
where D;,i = 1,...,3 are some functions that admit explicit analytic expressions, W, W, are

instantaneous velocities of the relative camera motion and the photographed surface point with
= x(&n,t), y = x(€,n,t), and 0(t),d(t) are instantaneous angular velocities of optical axis
rotation.

Thus, image motion velocities form a time-and-space variable field and variations of this field will
be very small at the photographing time of one image element (accumulation of the light flux that
comes from the photographed object domain which corresponds to the size of one photoreceiver
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Fig.1. Positional relationship of the camera and of the photographed element on photographing from the
mobile carrier. The CCD matrix is situated in the lens focal plain, and the location of the sight line changes
during photographing the fragment owing to the camera motion and the change of orientation. The camera
motion is modeled by setting the trajectory of the lens principal point; we assume that the following is set:
the flight altitude H, the lens focal distance, and the time function (6(t), ¢(t)), that define the orientation of
the sight line (e.g., the direction of the lens optical axis) in the space.

element) but they change considerably during photographing the whole fragment. Consequently,
we can single out two different space-time scales in the problem of image motion compensation to
which the following different control mechanisms correspond:

—microscopic that exists within the light flux accumulation time (up to tens of milliseconds)
from the domain size of decomposition element order in the transversal location and respectively
from several decomposition elements (up to hundreds of microns) up to the whole column of the
CCD matrix in the longitudinal location (units of millimeters),

—and macroscopic that corresponds to the photographing time of the whole fragment which
lasts up to several seconds and stretches up to several thousands of CCD matrix elements in the
transversal location, i.e., up to several tens of centimeters.

In the microscopic space-time scale, there functions the control of flux registration parameters
(charge packets transfer frequency and the number of the transfers); in the macroscopic scale,
the control of sight line orientation. The second mechanism is traditional for optical-mechanical
systems; thus, in this paper, we place emphasis on the first mechanism.

3. DESCRIPTION AND CHARACTERISTICS OF THE DELAY-INTEGRATION MODE

CDD functioning in the customary delay-integration mode is sketched in Fig. 2. The light flux
that comes from an element of the photographed object is accumulated by the lens and generates a
charge packet during the accumulation phase which is proportional to the general light flux during
the accumulation time; then during the transfer phase, this packet is transferred to the following
row of the CDD matrix where it is summed with the charge packet, generated in this CDD matrix
element in the following accumulation act. If the longitudinal image motion velocity is equal to the
charge packets transfer velocity, then, as a result of the sequence of transfers and accumulations,
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Fig. 2. Charge packets transfer along the columns of the CDD matrix in the customary delay-integration mode.
On the left are shown image motion velocity components; on the right, the sequence of charge packet transfer
along the columns of the CDD matrix.

the charge packet that corresponds to the registered element will increase so that the wanted signal
will increase proportionally to the number of accumulation phases at passing the whole column
of the CDD matrix. This mode is especially effective in photographing from the mobile carrier
when, on the one hand, the photographed object is “scanned” owing to the carrier motion; on
the other hand, at a very high motion velocity, optical-mechanical elements allow decreasing the
image motion velocity by “stopping” the image or by decreasing the velocity of its motion in the
focal plain up to the value such that the output data flow is sufficiently decreased and can be fixed
in storage devices. Moreover, the wanted signal increase is necessary for achieving the maximum
signal-to-noise ratio as in problems of air/space photographing the image contrast, as rule, is very
low, and the importance of obtaining the picture is great. Readers that have some ideas about air
photographing can find in this mode certain analogues with photographing by a slit aerocamera
where the measure-elongated CDD matrix is an analogue of the slit; however, functional capabilities
that occur on using optic-electronic registers of images are much larger.

The mathematical model of this process is space-time integration of the variable image field
which is described by an equation

U(g, 7, t) - U(g - ‘/étv n— Vnt)a

where in the microscopic scale we can consider the velocities Vg, V,, constant. Thus, the signal
registered by a CDD matrix element (measure) with the number k at the time ¢y is equal to

to+nAT+AL np+ 28 kP4

C(to, k COZ / / / U(& — Vet,n — Vyt)dndédt, (5)

t0+nAT—— nPe— 25 kPy—

where

—N is a number of transfers in the longitudinal direction,

—AT is a period of a unit accumulation-transfer act,

—(Pg, P,) are sizes of the CDD matrix element in the longitudinal and transversal directions
respectively,

—(Ve, V) are image motion velocity components,

—C) is a normalizing constant that depends on the image brightness, CDD light-energy char-
acteristics, and the optical system.
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Modulation transfer function (MTF) that describes the transformation (5) in the spatial-fre-
quency domain (v¢,vy) is equal to

N(V& (VE AT*P&)‘FI/W VnAT)

1 sin Vg Pg v P

. 2 . .
MTF(ve,vy) = N oy 7(ViAT POty VoAT SUINC 5= SINC—o= |, (6)
2
where sinc(x) = sinz/x. From the Eq. (6) it follows that choosing
P
ATOpt == Vé, (7)

we can eliminate the MTF dependence on the velocity in the longitudinal direction; however, the
dependence on the transversal component of the velocity V;, remains and results in a considerable
MTF decrease at large values of N.

4. COMPENSATION OF IMAGE TRANSVERSAL MOTION
ON APPLYING THE GENERALIZED DELAY-INTEGRATION MODE

The idea of the generalized delay-integration mode assumes the organization of a physical or
virtual transfer of charge packets also in the transversal direction. With the physical transfer
method, the CDD matrix can be divided by registers of transversal transfer as it is shown in Fig. 3
that function similarly to registers of transversal transfer used for signal pick up. With the virtual
transfer, the matrix is divided into several matrices separated by registers of transversal transfer,
but the signal from each column is summed with the transversal transfer.

Image motion

velocity components CCD matrix elements
LT £
|
v
Direction
A 4
of the charge
\ 4 packets
v transfer
A 4
v
A\ Register of transversal
transfer
v
|
v

Fig.3. Charge packets transfer along the columns of the CDD matrix with the generalized delay-integration
mode. The basic motion in the longitudinal direction is shown as well as the physical and virtual transfers of
charge packets in the transversal direction.
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Both these mechanisms are equivalent regarding the influence on the quality of the picked up
signal and are described by the following analogue of the Eq. (5)

P, P,
Nym to+nAT+EL nPet—= (k+nm)Py+ =5t

C(to, k) = Cy Z > / / / U(& — Vet,n — Vyt)dndédt, (8)

m=1 N- 1)+1
n=Nim-1)+ t0+nATf% nng% (k+77m)Pn_%

where

—M is a number of possible transfers in the transversal direction,

—)m 18 a quantity of the transversal transfer in the mth period, m = 1,..., M, ie., An,, €
{_17 07 1}7
—MN; = N.
The expression for the modulation transfer function has the form
MTF W [Pynm —Vy AT (N1 (m—1)+1)]
(V§7 VT] ‘M Z €
. Nl(Vg(VgAT—PE)-i-V Vi AT)
1 sin 2 — sinc vele sinc vnl 9)
N, sin ve (Ve AT—Pe)+vy Vy AT 2 2 ’
2

5. OPTIMAL CONTROL AT THE TRANSVERSAL TRANSFER COMPENSATION

We point out that as in case of the customary delay-integration mode, the choice of the rela-
tion (7) guarantees a complete image motion compensation in the longitudinal direction, and for
a compensation of transversal transfer we should maximize the first cofactor in the Eq. (9) by
choosing the piecewise constant function 7,,. We point out that with small values of indices, the
module of the sum of exponents sum admits decomposition of the form “unity minus half of the
sum of squared indices,”; thus, the maximization problem of the corresponding MTF cofactor is
reduced to the minimization problem of the sum of squared indices or to the problem of finding
the best in the mean-square sense approximation of the linear function. This allows choosing the
optimal (suboptimal) control 7,,, that depends on the velocity V;. The optimal function 7,,, that
minimizes the mean-square deviation from the linear function V, AT (Ni(m —1)+1) is equal to (we
assume that V,, > 0)

m = 07

. P, 10

T hm—1, if |Pn"7m71 — VnAT(Nl(m — 1) + 1)| < 777 ( )
Nm = Nm—1 + 1, otherwise.

Results of the numerical analysis are shown in Fig. 4 where is given the dependence of MT'F on
normalized values of the variables

P,
vy Py € [0, 2] Yete o 1,
T
Ve P
LN =8, =1
v, ! P,

P,
“£(1+k), k=0,0.001, 0.003, 0.005, 0.01.

AT =
Ve
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Fig.4. The value of the modulation transfer function (MTF) that corresponds to the optimal compensation
of longitudinal and transversal components. The terms with sinc functions that are specified by space inte-
gration of the light flux over the area of the CDD matrix element are rejected so that we single out only the
compensation component.

The chosen values of the parameters are critical to some extent since the normalized value
of spatial frequency, equal to 1, corresponds to the Nyquist frequency; the relation of velocities,
equal to Ny, corresponds to the maximum value of transversal velocity which can be compensated;
different curves correspond to possible synchronization errors expressed in terms of the parameter

AT — ATy,
k= ——"+.
ATy

6. CONCLUSIONS

As it follows from the results of the numerical analysis, the correct selection of control parame-
ters AT, 1, m = 1... M makes it possible to compensate the image motion within certain limits
by electron compensation methods. At the same time, it is necessary to point out that on changing
the synchronization accuracy from 0.1% to 1%, the MTF value decrease is very considerable and
together with it the system resolution decrease as a whole. Moreover, even within the limits of
one photographed fragment, the parameters that guarantee a high level of resolution can change
considerably. This determines the necessity for the construction of control system of image mo-
tion compensation which can be related to the class of problems of optimal stochastic control of
discrete-continuous systems with incomplete data. The general approach to solving such problems
includes two stages:

—estimation of current velocity of image motion taking into consideration carrier dynamics and
the position of the sight line;

—calculation of optimal parameters of control and their application in fragment photographing.

First stage problems are solved on basis of standard estimation methods of motion parameters
of dynamic systems and the following direct calculation of image motion velocities. However, the
accuracy of such estimates can be insufficient for achieving the high level of the signal-to-noise ratio;
then the necessity for the definition of velocities directly by the registered image occurs. Systems
of this type belong to the class of correlation-extremal follow-up systems [2] and are based on
the dynamic coincidence of the sequence of registered images. Application of nonlinear estimation
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Fig. 5. Control system of image motion compensation.

methods allows achieving a very high level of accuracy of coincidence which gives hope that the
definition accuracy of uncompensated remaining velocities is high. The general structural scheme
of control system is shown in Fig. 5.

The research on precision characteristics of such control systems is a very urgent problem, whose
solution is necessary for the construction of high resolution systems. Specialists in projection of
photographing systems from mobile objects know very well the stabilization problem when excellent
optical systems with a large focal distance and, respectively, a high level of resolution cannot achieve
their potential capabilities because of the resolution decrease due to the blurred picture. Electron
compensation methods proposed in this paper suggest some of possible approaches to solving this
problem.
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