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ABSTRACT:

Forward Motion Compensation (FMC) systems have bemsigded to ensure the radiometric quality of motamgjuisition in
airborne cameras. If the radiometric benefits ofG-Nave been acknowledged, what are its effects @gdélometrical properties of
the camera? This paper demonstrates that FMC isignify improves geometrical properties of a caméspects of FMC theory
are discussed, with a focus on the near-losslegteinentation of this technology into digital aer@mera systems. Among
mechanical FMC technologies, the piezoelectric disveroving to excel in dynamic positioning in babcuracy and repeatability.
The patented piezoelectric drive integrated intde©ip aerial camera systems allows for continuows@ecise sensor motion to
ensure exact compensation of the aircraft's forwaation. This paper presents findings that dematestthe validity of this
assertion. The paper also discusses the physitaligdes involved in motion acquisition. Equatioage included that define the
motion effect at image level and illustrate how Fel&s to prevent motion effects. The residual moéffect or compensation error
is formulated and a practical computation appl@the more restrictive camera case. The assessmeciudes that, in the range of
airborne camera utilization, the mechanical FMC néme is free of "visible" error at both human eyed computer assessment
level. Lastly, the paper proceeds to a detailelrtieal discussion of piezoelectric drives and wigythave proven to be so effective
as nanopositioning devices for optical applicatiofise effectiveness of the patented piezoelectiied used to achieve FMC in

Optech cameras is conclusively demonstrated.

1. INTRODUCTION
1.1. The motion effect

Because the scene and sensor are moving relativenéo
another, the sensor perceives the scene as mouiirggdmage
acquisition. This results in a directional blurledlsmear effect
present all over the image and proportional to Hoene
displacement during exposure time. The close weiahip
between radiometry and geometry means that motsm acts
on geometry of an image, leading to the motion-ddpat
geometrical quality of airborne cameras.

The simplest solution for camera manufacturers thesn to
limit the motion effect by reducing the exposumadias much
as possible. But to counterbalance the lack of iregrtight,

this technique also imposes the use of wide apEstresulting
in a loss of radiometric dynamism—contrast—whiclyatavely

impacts the overall image quality. The user theseftnas to
choose between motion blur and low image conttasevery
case, the absence &orward Motion CompensatiorfFMC)

leads to a loss in radiometric quality.

1.2. Thecompensation principle

The solution to the motion effect did not wait the arrival of
digital sensors; it actually shows up very early
photogrammetry. Indeed, to preserve quality in omoti
acquisition, FMC techniques appeared in the mogigrized
film-based cameras that ruled the photogrammetoddnfor
decades, both in terms of radiometry and geomettye
principle was to oppose scene displacement witequvalent
film displacement during the exposure time to teraflp
suppress the relative scene-sensor motion. In atloeds, the
film followed the ramping scene projection throughahe
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acquisition of the image. More and more, film-basadgneras
are being replaced by digital cameras, but the rfeedMC
remains. The following section assesses most comRid@
possibilities with digital cameras.

1.3. Typesof FMC

1.3.1. Camera displacement: The best technique priori
would be to move the whole camera relative to theugd
during exposure time to counter the visual effdathe ground
rushing past the camera’s field-of-view. But to aefi this, the
camera would have to move at the speed of theaftirend in
the opposite direction, over a distance long endogtover the
displacement during exposure time. Aircraft spacestraints
coupled with the destructive effects of quick aecation and
deceleration on the camera’s optical and electrpaits make
such a principle mechanically impossible to implamand
maintain. As the full camera could not physicalgnble such a
technique, compensation would be performed at émsa or
image level where scene meters become image microns

1.3.2. Sensor displacement: Compensation is mechanically
performed at the sensor level through a controffexyement
reflecting the scene motion at scale factor. ThEshhique
allows the motion to be limited only to the senstement(s),
and thus preserves the integrity of the camerasp&ensor

indisplacement presents the capability of performingerfect

compensation as every pixel or part of it could Handled
through a continuous movement identical to the samotion.

The principle itself is by definition, powerful, bthe challenge
lies in its real-life implementation which demandwth

accuracy and repeatability. This paper will furtidetail those
points in the following sections which will coveroth

theoretical aspects and real-life implementatiooameras.
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1.3.3. Image displacement: Here scene displacement is
compensated by an electronic shifting of the
synchronized with the scene motion. The approachrismonly

referred to as Time Delay Integration or TDI. Thésmade
possible by shifting each electrical light measwratrby row at
the sensor level. This technique has the advardghgequiring

no mechanical movement from any part. But the corsgiim

principle is, by definition, limited because it ef6 a discrete
correction as opposed to a continuous effect. Batwhvo

electronic shifts, the scene keeps moving and ndiomo
compensation occurs. The acquisition sequencesorpetl

between shifts are made without compensation bringiotion

blur in each sequence. The resulting image compo$edte

addition of the acquisition sequences shows motibar

equivalent to the one exhibited by the acquisiti@guences.
The image displacement technique could therefotesmopress
all of the motion effect but keeps it at sub-pixelel. The

visual benefits of such technique are evident kadngetrical

consequences of uncorrected motion blur can remain.

2. PHYSICAL PRINCIPLE ERROR

This section identifies the compensation error iiehein the
FMC technique used by Optech, and based on contnuo
mechanical sensor displacement. The following eacthen
describes how such a technique has been implemanted
Optech cameras.

2.1. Theprojection principle

211 Static acquisition projection: All lenses create
geometrical distortion in the projected image ofat that a
simple pinhole camera approach is not sufficientemnvh
considering scene point projection. Basically, thare two
types of distortion: radial and tangential. Whileosn radial
distortion is inherent in the optical design of tlems, the
tangential
mounting variability of lens and camera.

In this paper, we consider the assembly as peféectiose to
perfect) so that the tangential component is absenégligible.
Assuming that all constitutive elements are pelfjeatigned,
the symmetry center of radial distortion fits withe image
center. The distortion affecting each point pragctof such a
defined camera could be represented by the foligwtandard
polynomial model [1]:

r'=r4+dr(r)

With dr(r) = K;r® + K,r5+ Kyr7 .o = ) K3+t

i=1

@

imageadisplacement vector affecting the point with

The distortion effect could therefore be considerasl a
themea
orientation as the radius vector pointing towasddtcation, and
with a magnitude and direction dependent on theiusad
dimension.

The radial distortion effect could also be re-fotated in a
Cartesian coordinate system defined with its oraithe image
center with the x axis parallel to the flight ditiea. The
Cartesian formulation brings a cosines-sinus sprefidhe
distortion effect between the two coordinates:

()

With &r(r) =

)+ Gine) 40 = () () or

n
dr(r .
r() = E K;r* and r*= x*+y?
i=1

@

Where &,)) are the distortion-free coordinates of the point,
(x',y) are coordinates with a distortion effect, anid the angle
between radius vector and (positive) x axis.

2.1.2. Motion acquisition projection: The equations in the
previous section assume a static projection patiethe points

all along the acquisition—in other words, a statinage
acquisition. With motion acquisition, the scenenpeiobserved
by the lens are moving during the acquisition. Pinejection
performed by the lens on each point is therefomakle and
time dependent as well as the distortion applieit. tquations
(1) and (2) should therefore be considered as atéflg the
projection at time of the acquisition, and not as an answer for
the whole acquisition window.

2.2. Error model

2.2.1. Error definition: Aside from motion effect, the quality

component appears Wwith manufacturing anghss at acquisition level is not created by theadi®n of the

projection but by the variation of this distortiaalong the
acquisition time. With still image acquisition, teeene remains
still during acquisition leading to distorted buatic projection
pattern making image geometrically distorted
radiometrically sharp. With motion acquisition, tip®int is
moving during the acquisition, and so the radiustoe
associated with the point changes in magnitudeoaiastation,
affecting accordingly, the magnitude and orientatiof the
distortion effect. The projected point is thereformving a)
because of the aircraft's motion, and b) becausbeflistortion
effect variation. This results in pixel dilution ireighbor pixels
creating smear effect radiometrically visible arebetrically
damageable.

but

Most of the time, the impact of the distortion effgariation is
set aside because point motion consequence isipattid as

Wherer' andr represent the radial distance from the distortionbeing far more critical. In our case, the removiathe motion

center to the image point respectively, with andhaut
distortion effect, dr(r) the radial distortion andK; the
coefficients of the polynomial equation. It is geally accepted
to limit the equation size to three or four elemseit] to
accurately map the distortion. Note that the abeyeation
refers to the characteristic distortion representime physical
lens distortion pattern, not the calibrated disortprovided
with camera calibration results.

Intrinsically defined in equation (1), radial digion fits with

radius orientation, inward or outward, to or frolne tdistortion
center according to its negative or positive valegpectively.
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effect by FMC makes this side effect the only onagsess. The
compensation error assessed in this section chelefore be
defined as the amount of uncorrected motion effestilting of

the distortion effect variation along exposure tirtNew stated,

let us compute and assess what is usually considerebe

negligible.

2.2.2. Mathematical formulation: If the error in each point is
defined by the straight distance the point travdlsring
acquisition time, the Cartesian components of thiatperror
could be expressed as below:
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provided with CS-10000 cameras but previous sectlmse
demonstrated small distortion changes would not imiar
error creation. Based on the characteristic distortturves
reported in Figure 1 and corresponding to equat{p
definition, the 50mm lens used with CS-10000 canhaibeen

WhereAx and4y are the Cartesian components of image poinselected to illustrate the more discriminating qasssible.

displacement equivalent to scene displacemexitandAy' are
the effective image point displacement componenith w
distortion effect, "0" and "1" indices defining petively the
value of indexed variables at the beginning and efdhe
acquisition time.

The first member of the equation solution represéhé strict
motion effect translation from scene to sensor with
projection "deformation". The second member dessrithe
error added by the presence of distortion in thejeggtion
equation. The positioning and distortion factorniifying the
acquisition time are established respectively urierfirst and
second components of this second member.

Assuming the main effect of the motion occurs alahg
aircraft's forward directionAy = 0), and considering the action
of the FMC at the projection levelX = 0 under the projection
component), the expression (3) becomes:

(3 ) (ore)

This formulation corresponds to the compensatiororeor
motion effect the FMC technique is unable to handlee
Cartesian formulation has been made for practiqgaées when
considering the motion effect aligned with Cartesiarage
axes. Now completed, let us come back to the atesartror
definition represented by its only dimension legveside the
effect orientation (angle) and sign (direction):

|Ar'| = /Ax’z + Ay

The removal of the error sign in the computatioimiposed by
the observation that positive or negative, thereaftects point
quality identically while the sign presence couldhimize the
assessment indices employed in the following sectio

- Xo

)_ (x0+Ax
“Yo

Yo C))

©)

2.3. Numerical error computation

231 Error computation: From previous equations
established at the point level, the error compomatould be
generalized to the image level using numerical yaigl by
discrete computation. The method handles the sarfac
compute not as an infinite sum of points, but agid of very
small squares of identical surface, inside of whidhpoints
present the same behavior. As each small areargapioints
acting in the same way, the computation could betéd to
only the center point to represent behavior in shell area.
Utilizing such a computation method is relevanteégard to the
very slow variation of distortion curves.

The error computation has been applied to CS-10@0@eas
equipped with 80Mp sensor providing an image siz&00328
by 7,760 pixels presenting a 5.2 by 5.2um metrivetision.
The camera has been considered in its standardguocation
with longest image dimension across flight directiorhe
computation could have been made for each posséle
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Figure 1 - Radial distortion of CS-10000 cameradsns
(50, 70, 120 and 210mm focal length)

2.3.2. Error assessment: A first error assessment at image level
has been made through the computation of the cosagien
error mean as an overall motion blur quantity estiom. A
second approach has been performed by assessingtatie
projection inaccuracy through computation of the RbfShe
error. As the assessed values already represemtritheitself,
RMS has been preferred over RMSE to avoid artificial
minimization of the error estimation. The compuiatiresults
are presented in Table 2.

Compensation Compensation Error

amount [pxl] Mean [pxl] RMS [pxI]
1 0.8% 0.9%
2 1.5% 1.7%
3 2.3% 2.6%
4 3.0% 3.5%
5 3.8% 4.3%
6 4.5% 5.2%
7 5.3% 6.0%
8 6.0% 6.9%
9 6.8% 7.8%
10 7.5% 8.6%

Table 2 - Mean and RMS of compensation error for G300
camera mounted with 50mm lens

While difficult to establish, the maximum image tityalevel
"visible" by computer through point correlation afghms is
barely better than 1/5 to 1/6 pixel size—15% in best case.
Below that value, it is the software itself, or acf the sub-pixel
point extraction principle, that is creating theoer On the
radiometric aspect, the human eye’s ability to idigtish
sharpness difference does not fit easily with cowmgmn
formula as people-dependent, but is quite suretybetter than
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15%, leading to the consideration that, below thikie, point
dilution is virtually equivalent to zero.

From Table 2, it appears that 0.9% of pixel RMS ris@added
for each compensated pixel. The visible lineargyeen cause
and effect confirms the very slow distortion vaoat of the

3.2. Nanopositioning piezoelectric drive

3.2.1. Definition: The piezoelectric effect is converted in
positioning mechanism by using piezoactuators tuetstrain
the piezoelectric material to work predictably atang a single
axis. These actuators allow the conversion of tlasv r

lens. Under normal acquisition conditions and planepiezoelectric property in a fully controlled positing device

configuration, the compensation rarely exceedsxBlpiso that
the RMS error is not bigger than 4.3% of the pixelextreme
specific conditions, we can raise the compensatadlD pixels,
but this still leads to only 8.6%. To exceed theethreshold
of 15% and so become "visible", the compensationldvbave
to reach 17.4 pixels.

Practically, with an aircraft speed of 200 knotsl anground
sample distance of 0.10m, the exposure time woale: o last
longer than 1/57 (17.5 ms) before the compensattarts to
create a geometrically visible error. In comparisimnkeep the
error below the same 15% limit, the exposure timthout
FMC could not exceed 1/6800 (0.15ms). Any longgrosxire
time would generate geometrically visible error. pital
exposure of 1/2000 (0.50ms) and 1/4000 (0.25mshkeady
off considerations while 1/8000 (0.13ms) keeps awotblur
below visible level but makes radiometric image lgqygoor
because of short exposure time.

responding accurately to a voltage command. Actaatan be
combined in many types of piezoelectric drives wttupled or
independent displacement to enable response toiphault
application needs in terms of both position andesgSpecific
flexure system ensures near-exact straightnesdlaimess of
the drive motion along the desired axis.

3.2.2. Material properties: The strengths of piezoactuators and

their various drive-mounts are many, but their maiaperties

can be summarized as follows [2]:

- Sub-nanometer positioning precision with unlimited
theoretical resolution

- Fastresponse

- High force production allowing high payload motion

- Long life cycle due to absence of mechanical parts

- No generation of magnetic fields nor susceptibility
external ones

- Absence of lubricants or coating ensures compditiin
clean environments

Additionally, mechanical FMC by continuous sensor-  Wide operating temperature

displacement not only improves image geometry gudbut it
also keeps it identical among all projects. As fheage
geometry is not impacted by motion, the camerandafh does
not change between projects as it is not affected bariable
blur amount. The image quality and through it, temera
definition quality, remain identically accurate Wween projects.
The quality of the camera manufacturer's definitisnalso
preserved between projects as acquisition conditidn not
impact image quality and geometry.

In conclusion, at the sensibility levels establihigy both
human and machine actors in the image chain, tineiple of
FMC by continuous sensor displacement has been derated
as being free of visible compensation error.

3. PRACTICAL IMPLEMENTATION
This section details how the FMC principle describedhe
previous section was implemented in Optech camaatsonly
with respect to principle requirements, but alsotfe practical
needs of aerial photography.

3.1. Piezoelectricity

Piezoelectricity is the property of certain matisrieo generate

As seen above, the unconstrained properties ofogieetric
materials and the complete freedom of piezoactuator
configuration and combination allow for unlimitedepoelectric
drive properties.

3.2.3. Aspects of dynamics: Aside from their material aspects,
the limits of piezoelectric drives can be classifiender three
phenomena: hysteresis, drift and resonance. Becaise
hysteresis, displacement imperfectly follows thétage curve
provided to the drive, which leads to non-linearfigtween
command and displacement. Following a change dfiposthe
drift creates an additional small displacement dfe t
piezoelectric platform without any modification irhe
command applied. Lastly, dynamic behavior couldnbeacted
by the resonance effect of the piezoelectric ditinag could limit
the system response. The resonant frequency thaaathrizes
the drive should therefore be considered with respe the
mass and dimensions of the mobile object.

3.24. Open loop: With a classic open loop control, the
execution of the command is not controlled and theee
dynamic effects listed above are free to appear. &s
consequence, some piezoelectric drive performaemgeined by
the application may be affected. Depending on #dfic
properties, the effects may have limiting, small oo

an electrical charge when submitted to a mechanicatonsequences on the application. Each specific icaioin

deformation. The phenomenon works in both direstisa the
inverse property is also ensured: when these raigedre
submitted to an electrical field, they react witk@responding
mechanical deformation. The phenomenon originatesha

atomic level of the piezoelectric material. Naturalterials with
piezoelectric characteristics (e.g., quartz) existi here the
magnitude of the effect is very slight. Industaramics have
been developed to maximize piezoelectric effectmfran

extremely small amount of material. Minimizing tamount of
material allows for a finer level of predictabilignd therefore,
deep control of the material’s behavior when usegrecision
applications.
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therefore has to be assessed to confirm that thectse
piezoelectric drive can be used efficiently in apew loop
configuration.

3.25. Closed loop: By linking execution to command, the
closed loop configuration is able to correct andnielate
unwanted dynamic behavior. To allow for those adioms,
motion sensors that ensure direct metrology arslgsi the
executed displacement and position servo-contehacessary.
Having corrected for dynamic effects, high linegrit
repeatability and accuracy in the executed disphace are
ensured. Nevertheless, by introducing sensors armtreo-
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controller, electronic noise is added to the cdntiecision
which usually leads to a reduction in drive resolut

As stated, the capabilities of a piezoelectric rare not only
related to its material properties, but also to ¢bhatrol mode
used to operate it.
advantages, making one preferable to the other einaio
applications. Therefore, selecting the control malenade in
accordance with the performance required by théicgin.

3.3. Sensor displacement implementation

left to an upcoming paper. Nevertheless, the aliieemation
provides a solid estimation of the range of valpesvided by
piezoelectric drive positioning. Considering the -sub
micrometric range of FMC compensation error (seelel'al,
the error added by piezoelectric drive appearsgimficant

Both control modes present fpeci validating piezoelectric drive selection for eféot continuous

FMC implementation.

4. CONCLUSIONS

Although FMC is known for its beneficial impact on

3.3.1. Needs: To implement continuous sensor displacementradiometric image quality, the benefits of FMC aret @ms

FMC, a high degree of linearity, repeatability armdaacy in
dynamic performance were the key features. Accuracg
repeatability ensure the geometrical accuracy oCRMhile the
linearity of the correction is imposed by the asptiom that the
aircraft motion is constant during image acquisitio

Due to its location inside of camera body, the dewlso had to
be small enough to fit and be compatible with aawcle
environment and generate no wear particles. Inectmmtact
with the sensor, electric or magnetic interactiomsre not
allowed. A long life cycle under full performancenditions
was necessary to ensure uninterrupted operatioctalities.
Lastly, the device had to offer full performancedabe
compatible in an aerial acquisition environmenthwét travel
range sufficient to meet large compensation needs.

3.3.2. Non-piezoeletric solution: To implement the FMC
technique, various displacement devices (motorpoing, for
instance) were assessed, but the advantages of
nanopositioning linear piezoelectric drive soondmee obvious.
Indeed, face to high resolution sensor and rangaimfaft
speed, a range of displacement at nanometer lea®Irequired
to prevent significant error addition. The propertf
piezoelectric nanopositioning drive to fulfill thiquirement
was clear in regard to any electromechanical matonsioving
devices. Other limitations of non-piezoelectric ideg are due
to the presence of mechanical parts affected bystdoted
movement, friction as well as wear and tear. Peréorce level
and durability would be compromised by maintenaneeds
that negatively impact quality and longevity in
corresponding FMC. Therefore, a piezoelectric sotutivas
required.

3.3.3. Piezodlectric solution: The dynamic capabilities of the

piezoelectric drive have been optimized by the ciiele of a
closed loop control that ensures the necessary raogu
repeatability and linearity that FMC demands.
hysteresis and drift effects are nullified by secemtrol. The
closed loop configuration offers higher executiehability and
allows for assembly resonance handling. If resoeas@resent
but ignored during compensation the result wouldniygerfect
and variable with each changing compensation reéques

To allow for evolving capabilities with future semsupgrades,
the piezoelectric drive has been selected to extieedurrent
technical needs with a resolution within a sub-maeier range
[2] and repeatability within a nanometer range [dhe
displacement range has also been selected to &loexcess
compensation capabilities, leaving the user freeséb any
necessary combination of aperture and exposurensure
image quality in any lighting conditions.

A complete numerical demonstration of the piezddledrive
positioning error does not fit with the scope abtpaper and is
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obvious when it comes to the geometry of imagery.

By considering the physical principles that conité to
distortion in aerial image acquisition, it has belamonstrated
that FMC significantly improves the geometrical pedjes of
the camera. Mathematical modeling and practicabsssaent
demonstrate that any visible compensation errobearemoved
from data acquisition with the use of a FMC mecharés long
as it allows for continuous sensor displacement.

Making the reader aware of such error was theifitsnt of this
study, introducing a practical solution to ensumntmuous
sensor displacement was the second objective ptper.

Among mechanical FMC technologies, the piezoeledittiie is
proving to excel in dynamic positioning both in awrcy and
repeatability. It makes it, by far, the most adequand efficient
solution to compensate for motion effects leadimgutrivaled
radiometric and geometric solution.

Looking towards the future, piezoelectric drive ariis
nanopositioning superiority offers Optech numereousy/s for
enhancement ensuring a continuous efficiency foarsety of
sensor types and sizes.
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