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ABSTRACT

Off-axis optical configurations are becoming more and more used in a variety of applications, in particular the
most preferred solution for cameras devoted to Solar System planets and small bodies (i.e. asteroids and cot
Off-axis designs, being devoid of central obstruction, are able to guarantee better PSF and MTF performanc
higher contrast imaging capabilities with respect to classical on-axis designs. In particular they are suitable for
extended targets with intrinsic low contrast features, or scenes where a high dynamical signal range is present.

Classical distortion theory is able to well describe the performance of the on-axis systems, but it has to be adaj
off-axis case.

A proper way to deal with off-axis distortion definition is thus needed together with dedicated techniques to a
measure and hence remove the distortion effects present in the acquired images.

In this paper, a review of the distortion definition for off-axis systems will be given. In particular the method ad«
the authors to deal with the distortion related issues (definition, measure, removal) in some off-axis instrumer
described in detail.

Keywords:. distortion, off-axis systems, calibration, optical simulation

1. INTRODUCTION

Conventional reflecting telescopes, such as Newtonian and Cassegrain, and all the various catadioptrics, such
and Maksutov, have a central obstruction in their light path due to secondary mirror or focal plane assembly
some designs further obstruction is induced by the support structures, such as spiders, necessary to hold th
mirror or FPA in place. The effect on the image due to the obstruction of the incoming light beam is evident ir
and MTF of a system. Increasing the obstruction ratio, the light diffracted in the primary Airy disk decreases
increases in the diffraction rings [1], and the MTF response with respect to object spatial frequency decreas
with increasing obstruction ratio [2]. Thus obscured systems exhibit a resulting contrast loss. This effect is ps
detrimental in imaging extended objects having a low inherent contrast, such as Solar System planets and si
(i.e. asteroids and comets) surfaces, or when very faint details are to be detected near to a bright source, such
dust and gas coma features near a bright nucleus limb.

For all the applications in which a high contrast imaging capability is necessary, an unobscured design has t
into account. To avoid obscuration, off-axis design solutions have to be considered. Unobscured off-axis
designs may be classified basically into three types.

The eccentric pupil class, where an ordinary coaxial design is used with an eccentric stop (see sketch in Figt
the optical elements have a common optical axis and the center of view direction is parallel to the optical
principal (chief) ray of the beam at the center of the FoV is not coincident with the common optical axis but it it
Common design examples for this class are the off-axis paraboloid and off-axis Schmidt telescope.

The off-axis FoV class, where an off-axis FoV portion of an ordinary coaxial design (see sketch in Figure 1b
The center of view direction is tilted with respect to the common optical axis.
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The tilted and decentered component telescope (€48 sketch in Figure 1c), in which each optidalment is
rotationally symmetric about its own optical axikigh may be tilted and/or decentered with respe¢hé optical axis
of the other optical elements. Common TCT desigesiun amateur astronomy are Schiefspiegler and 3l

(@) (b) (©

Figure 1. Common classification for off-axis desig(a) Eccentric pupil. (b) Off-axis FoV. (c) Tite&eomponent telescope.

2. DISTORTION DEFINITION

2.1 Distortion concept

Distortion is usually referred to as the last af five monochromatic aberrations [4] and it is ac@pt more complex
than usually assumed. Distortion is defined asdisplacement, on the focal plane, between the gesition of the
image of an object point and the theoretical Gauseine. It does not affect the quality of the imaggself, i.e. a point
source is still imaged in a point sharply in fodost the image position differs from paraxial theprediction.

This image aberration is associated to a variatibthe optical system magnification with the figddsition. In fact,
considering for the sake of drawing simplicity armdr situation as in Figurza, given an object point height the
paraxial magnification i81,, = y,/y, wherey, is the paraxial image height. If the real imagmheisy’ # y, the real

magnification isM = y'/y # M,.

L

@ (b)

Figure 2. (a) Sketch showing the relation betwegea and image height for a system working atdimonjugate. (b) Sketch
showing the relation between FoV angle and imagghhéor an instrument working with the object afinity.

If the magnification does not vary with the field,= M, i.e. no distortion is present: the image of thgeot is simply
anM,,-scaled replica of the object (the image maintaiectly the same proportions of the object).

i
;
i
—
;
;
;
i

If the object plane is at infinity (see Figure 2a)ifferent description has to be adopted. Thghieaif the object cannot
be determined and the position of the point inRb¥ is defined by the angl®) that the beam forms with the system
optical axis. The paraxial image height is giverthwy relation:

¥, =ftan & Q)

wheref is the focal length of the system. With respedhtprevious definition used for a system imagingear object,
the object size has to be substituted with anguhtense and the magnification with the focal lbrigj.

In an actual optical system working at finite caggte the transverse magnification may be functibthe off-axis
object distancey), or, for a system working with object at infinitthe focal length may vary with the andglehat the
principal ray forms with the optical axis. For théason, different positions in the system FoV feature different focal
lengths and different magnifications.
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2.2 Distortion description in on-axis axial symmetric systems

When imaged by an ideal optical system, a squadeigjexactly a scaled version of the object (aBigure 3a), and the
image has no distortion aberration. Actually, witmmon axial symmetric optical systems, the gridlloa distorted in a
pincushion way, also called positive distortiorgg$-igure 3b), or in a barrel one, called negaligeortion, (see Figure
30).

Here we are taking into account a system free lothal aberrations except distortion and thus edmjeob point is
considered to be perfectly imaged in an image paimd the center, chosen as the reference poinheofpattern,
corresponds to the image of the object point plarethe system optical axis.

For positive distortion the image points are dispthradially outward from the center, for negatilstortion they are
displaced radially toward the center, with the ndistant point from the center moving the gread@sbunt. Pincushion
distortion corresponds to the case in which themifimgtion of the system increases from the cetdghe edges of the
FoV, while barrel distortion has a decreasing migation from the center outward.

@) (b) (©

Figure 3. Classical distortion description. (a) Wtarted image of a grid pattern object. (b) Pifdos (positive) distortion. (c) Barrel
(negative) distortion.

The amount of distortion for a point in the FoVarcircular symmetric system is described by thega@age of the
displacement between the real and the paraxialémadial position. Ifz, is the real chief ray distance on the image
plane measured with respect to the optical axid,ignis the paraxial one, the distortion on the imaige® positior,.
is:

b % 100 @)

hp

This simple description is well suited for rota@rsymmetric systems but not for asymmetric oneerddver the
distortion in real systems is much more complicatét respect to this simple model.

2.3 Description of thedistortion in off-axis systems

The distortion behaviour in off-axis systems canelbsily grasped if an off-axis FoV portion of anaxis rotational
symmetric system is taken into account. As depiaideigure 4, to a first approximation, a squargeobelement placed
off-axis in the object plane is imaged as a trajEt@®lement in the off-axis distorted image.

For an off-axis system with original on-axis pinkigs distortion, the magnification and the focaldéh are increasing
with the distance from the axis, which results miacrease of the focal length both in x and y diom. The internal

side of the square, i.e. the one nearer to theapixis, is less magnified than the external e (Figure 4b). The
opposite is happening for barrel distortion (segufé 4c), the magnification and the focal length decreasing outward
thus the internal side of the square is longer tharexternal one. This effect is usually callegistene distortion [6].

Looking at the effect more deeply, smile, or bowinijstortion is present since the lines are mapipéal curved
segments, both in x and y directions (see Figure 5)
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Figure 4. Distortion sketches for off-axis systefag.Undistorted image of a square object placédxi§. (b) Pincushion or positive
distortion. (c) Barrel or negative distortion.
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Figure 5. Distortion for off-axis systems. The distd point positionsxX) are plotted against the expected undistorted grid
(a) Pincushion distortion (b) Barrel distortion.

3. DISTORTION MODEL IN OFF-AXISSYSTEMS

3.1 Reference modelsor ideal camera models

As stated in the previous section, the distort®uléfined as the measurement of the shift of theineage of a point
with respect to the nominal reference case, whidssumed to be the paraxial one. For wide angle#raxis systems
it is not always clear what the reference to whiwdh distortion has to be calculated and measurezhs depending on
the applications, in which way the image has tafigistorted to get the optimal imaging [7].

The imaging geometry of most cameras can be destab a two-stage process: projection of the 3Ddwanto a unit
sphere (theviewing sphere) followed by a projection of the sphere onto theage plane. There are many reasonable
choices for projection onto the image plane [8]ehere mention two of them which are relevant fotr@somical
applications. Theerspective projection:

y' =k tan?d 3)
which corresponds to the nominal paraxial caseyhich the projection is function of the incominggéad, and the
equidistant projection:

y' =k9, 4

wherek is a scaling constant, equal to the focal lengthobject at infinity. For narrow angle imagingettwo models
are very similar, but they can be extremely différfar from the optical axis.
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Obviously an image corrected for perspective orefpuidistant projection will appear different. Tiederence model for
a camera has to be chosen having in mind the apiplicfor which the instrument has been developed.

The perspective projection, also called F-Tan(Thgteeserves the straightness of the lines. Itosmally used for
extended scenes, but if the FoV is rather largestime object viewed either at the center or agdiges of the FoV will
have different sizes and will be perceived as deéat. Equidistant projection, also called F-Theta,useful in
applications where angular positions are to be oreds such as astrometry, or in laser scannin@ss{9]. As for the
applications presented in this paper only the pathpe projection will be considered.

3.2 From on-axisto off-axis description

The first method which can be thought of to deahwdistortion in an off-axis system is simply tosdebe it as the
distortion of the off-axis portion of an originah@xis system; thus the input angles are refewetid original optical
axis of the instrument and the on-axis focal lengtlthe reference. In this way the object planedssidered to be
orthogonal to the original optical axis of the gystand the reference focal length is chosen inimt pdhich is outside
the real FoV.

An alternative approach is to define a new tiltefirence axis, which can coincide with the bordsiftthe instrument,
or with the chief ray of the center of the FoV with the chief ray of the beam impinging on theteef the detector or
on a specified selected pixel, etc. In this waydhgect plane is selected to be orthogonal to the reference axis, and
also the incidence angles are measured with redpetttis reference axis. Usually this new refereages is also
assumed to be the z axis of the reference system.

When doing this, i.e. changing the reference system on-axis to off-axis choosing some field paastthe reference
axis, distortion must be re-evaluated. It is profedefine tangential and sagittal distortions, twe being mutually
perpendicular. Points above and below the centew@l as left to right in a system which is offiin both x and y
direction) are not symmetrical about the centethef FoV. To a first approximation, a circular oltjeentered on the
new reference axis will be re-imaged as an ellipisk its axes proportional to the tangential anglittal focal lengths at
the center of the image.

To better describe the system in this case, itegepable to disentangle the tangential and sagi#aes, introducing a
reference system with x and y directions relatedagittal and tangential planes. This allows teetako account the
anamorphic effects in which the tangential andttaldbcal lengths, or magnifications, are diffetren
The position on the image plane can be definedsystems working at finite conjugate, as:

X = Mg x,

Vi =My,

wherex; andy; are the image coordinates on the image plap@ndy, are those of the object in the object plane and
M, andM, are respectively the magnification in the sagitta) and tangential (yz) planes.

®)

For systems working with object at infinity it cae written:
x; = fstan 9,
y; = f;tan 9,

with f; andf, the focal lengths respectively in the sagittal dmel tangential planes, amg andd, the angles of the
incoming chief rays in the sagittal and the tangéplanes. More generally we can write:

(6)

x; = ks tand,
yi = k¢ tand, @)

where the object point, no matter how it is attéror infinity, is described by the angles of thedming chief rays and
thek are scaling constants.

In order to describe more complicated systemsfal@ving model can be taken into account:

X\ _[A By tand,
(}/i>_ C D (tanﬁy) (8
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where the elements of the matrix, ABCD, can be expressed as polynomial expressions as a function of eithel
coordinates or the incoming angles.

Obviously, the model can be inverted to determine the input angles or coordinates from the image position coo
tandy\ 1A By '
(tan z9y) - [C D (yl-) ©)

4. DISTORTION CALCULATION EXAMPLES

4.1 Introduction

In this work we describe the method adopted for the distortion analysis for two specific off-axis configurations.
case considered is a wide angle camera designed for the imaging system OSIRIS [10] on board the ESA Rose
the second one a stereo camera (STC-SIMBIOSYS [11]) conceived for the 3D reconstruction of the planet
surface in the framework of the ESA-JAXA BepiColombo mission.

4.2 Distortion analysisfor the WAC on board the Rosetta ESA mission
The Wide Angle Camera (WAC) on board the Rosetta mission is one of the two cameras of the OSIRIS
instrument, which aims to study the evolution of a comet surface and its activity during part of its orbit around tf

The WAC has been specifically designed to image the nucleus of the comet and the dust and gas environme
[12]. To be able to see the weak coma features near the bright nucleus, a high contrast ratio is needed; the ch
design is an all-reflective, two-mirror, 20° off-axis, unobstructed and unvignetted one (see)igure

Figure 6. WAC optical layout. The axes directions (XYZ) of the original optical axis reference system and the ones (xyz)
boresight reference system are indicated.

This camera is a typical example of an off-axis FoV design: both the primary (M1) and the secondary mirror (N
the same optical axis, but the useful FoV is centered around a direction tilted by 20° with respect to this axi
only an off-axis portion is used, while the secondary mirror (M2), which is the system aperture stop, is centi
design is a kind of a Schmidt camera with a reflective corrector (M1).

The simplest camera model that can be taken into account is the so called “simplified pinhole model”, which co
to an ABCD model withA=D=f and B=C=0, (the skew coefficient is null for the considered application). I
distortion is calculated with respect to the original optical axis and focal length, i.e. 140 mm, a -10.5% n
distortion is found (see Figure 7a). But, as already mentioned, this method has no practical significance
reference on-axis point is not inside the useful FoV of the system.
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Figure 7. (a) WAC distortion defined in the referersystem of the original optical axis (the bold eipgquare indicates the portion of
the useful FoV). (b) WAC distortion defined in thefarence system centered on the 20° off-axis Ho&'wthole useful FoV has been
depicted and anamorphic distortion has been subttathe real positions<j are superimposed on the reference non distortdd.g

% B b x e X X X > b b w0 %

Figure 8. WAC distortion defined in the referencstsyn of the boresight direction. The grid corresjsoo the ideal non-distorted
image; the crossex] represent the distorted images of the vertexéiseofirid. Note that the differences between théaerd ideal
positions have been multiplied by a factor of Brimke the distortion effect more evident.

As a first step, we can move the reference poitthénFoV to the 20° off-axis boresight directiohid is simply done
considering the following equation:

Xi _[A B tan 9,
(Yi - }’20) “ e D] <tar1 ¥, — tan 20°> (10)

wherey,, corresponds to thg image position coordinate of tifé, v,) = (0°,20°) incoming beam. The reference object
plane is still orthogonal to the original referemmatical axis. To account for anamorphic distorfitie sagittal and
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tangential focal lengths are respectivély= 116 mm andD = 131.5 mm. A maximum distortion of -6% is present (see
Figure7b).

A further step, after having changed the positibthe center of the reference system, is to rdteeaeference system to
consider the line of sight as the reference axigrafore the reference object plane will be ortmagdo the line of
sight, that is the preferred solution in most aggilons. In the rotated reference system, the anglitections of the
reference grid are different from the previous samed the pattern of the distortion is actuallyngead (see Figure 8). In
this picture the effects of the distortion haverbeuultiplied by a factor of 5 in order to be clgavisible. The maximum
distortion is now -1.5%, if referred to an anamacpmodel with 140 mm and 131.4 mm sagittal and ¢amigl focal

lengths respectively. If compared to a simplifiesdhple model with 140 mm focal length, the maximdistortion
is -6.5%.

421 WAC distortion measurements

WAC distortion has been measured in laboratory\anrified in-flight using known star fields [13]. llaboratory [14]
[15], the camera has been mounted on an ad haorotage in order to scan the FoV. The Azimuth)(@and Elevation
(El) angles of the WAC boresight with respect te thput collimated beam have been measured ondao§ri2 x 12

points covering the whole FoV of the camera. Fahe@z, El) position, the corresponding image ceidticoordinates
on the detector have been determined and the gositimpared with the expected results.

In order to describe the system behavior, an dpticalel of the camera can be constructed wheredoh impinging
direction(¥,, 9,) the corresponding pixel position is associatea Gdefficients of the ABCD matrix can be determined
using both the measured data, and those predigtedrhy-tracing code simulation. Then, using atlegsare fit, the
data can be interpolated with polynomial fitting agunction of the entrance angles or pixel posgjothe model so
realized is able to simulate the behavior of theea to within a tenth of a pixel with & 8legree polynomial.

4.3 Distortion for STC on board the Bepicolombo ESA mission

The Stereo Imaging Channel STC of the SIMBIOSY $esan board the Bepicolombo ESA-JAXA mission to Mey
is a single detector planetary stereocamera. ST& deuble wide angle camera designed to imageqgpartof the

Mercury surface from two different perspectivegviding the panchromatic stereo image pairs redquioe generating
the Digital Terrain Model of the planet surface][16

The STC optical configuration (see Figure 9) isaiginal design, which can be thought to be comgolsg two
independent elements: a fore-optics, consistingvof folding mirrors per each sub-channel, and aroom telescope
unit, which is an off-axis portion of a modified8unidt design.

o APS
\ Detector
Filters
Folding mirrors .

A g Sub-chl : _

ML A == ;
\ ‘ 4 N " == :
AlOl’lg \'i " o Cross I I I

Track External baffles Elja‘:k ]
Direction vanes irection

|
|
]
i
i
iy
il
e

\ Telescope o O !
Folding mirrors / / X

Sub-ch2 External baffles Telescope
l_ 3 vanes z

(@) (b)

Figure 9.Final overall STC optical layout. In (a) the configtion is viewed in the plane defined by the altnagk and nadir
directions; in (b) the projection in the orthogopkne, the one including across track and nadictons, is given. In the inset, an
enlarged view of the focal plane region helps tidodollow the rays which are focalized on the AiRSector.

Proc. of SPIE Vol. 9626 962634-8

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 25 Feb 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



The couple of folding mirrors redirects the +20°itbwrespect to nadir) incoming beam chief rays tocin smaller
+3.75° ones. The aperture stops of the two subfwlanare separated and are located off-axis wisheret to the
telescope primary mirror optical axis both in x andirections, shifted respectively by 33.5 mm ai@ mm. Therefore
the design can essentially be described as an teiccpapil one. A detail analysis of the Seidel mbgons for an off-
centered pupil optical design and, in particuldithe distortion behavior is given in [17].

The design is such that the two sub-channels anengjrical with respect to the xz plane (see Figuier a definition of
the xyz reference system). The two sub-channelesha same detector but they will observe the sag®n on the
planet in different moments taking advantage ofgpacecraft orbiting around the planet. Thereftren the point of

view of the acquisition, the two sub-channels carctnsidered as two independent cameras. The meéeexis for each
sub-channel is the boresight of the sub-chanraf.its

In Figure 10, the distortion of the two sub-chasrielshown on the detector plane. The dots repiesea theoretical
positions on the detector determined with a singdifpinhole model having 95 mm focal length cerdeom the
boresight of the sub-channel and with a referemgect plane orthogonal to the boresight axis. Thosses represent the
corresponding calculated, via ray-tracing softwaesl image displacements, multiplied by a factbrt@ have the
distortion effect visible. The effect of the offiaxdisplacement of the optical design along botand y direction is

evident in each sub-channel, as an asymmetricd¢ sfiect. The maximum distortion on the two paichatic filters is
less than 0.2%.

1500 4 x N X KKK %% ¥ ¥ B EE K&K %% 4 1 % %
xxgwxm&&%¥¥¥ >S¥¥xa<a<m»>.,,x
X KK HXDD6%% ¥ ¥ ¥ & BXE ¥ KX ammere
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;;(g(**xxbﬁﬁﬁ‘)‘?‘ &&&msx;.,**§§§
;&***g«xxxﬂé‘ &&&x**””***if
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px

Figure 10. Distortion of the two STC sub-channelstd¥) represent the theoretical reference model impgsgions; crosses)
represent the displacements, multiplied by a faot@O, of the real images positions.

The distortion of the STC system has been measumegtound during the instrument calibration aciigtusing a lens
collimator and a 45° degree folding mirror to seach sub-channel FoV [18].

5.DISTORTION REMOVAL

Distortion effects can be corrected if the distdrinage points can be relocated to their corresipgndndistorted
points. That is why accurate distortion models pratticable calibration methods are needed [19].

There are different distortion mapping methods [#@t can be chosen depending on the applicatien;distortion
mapping process connects distorted image coordinateghe chosen undistorted ones and vice-versan Tistortion
removal is done warping the image from the realgeneoordinates to the nominal not distorted imagedinates.

To define the distortion mapping, firstly a setditorted image coordinates;(y;) has to be known either from
theoretical calculations or measurements donebiarigory or in-flight, as we have discussed inghevious paragraph.
Secondly a not distorted reference model has tadesidered (for example the pinhole model) to deitee the
corresponding set of perfect input coordinatgs, §,, )-
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A simple way to connect a known sample xf, (y,,, ) undistorted coordinates to their relafagl, y; ) real coordinates is
a polynomial fitting of the form:

— Jal
Xm = Zj.l Kxﬂ X Vi

: (11)
Ym = Xj Kyﬂ xi]}’il

Using a least squares estimation, the coeffici&’g}; andeﬂ of the polynomial functions can be determined.

Then an acquired image with pixel coordinates (y;,) can be unwarped to determine the undistorted sporeding
image coordinateg; ', y;_ ).

1 _ N N Jal
Xi, = Xj=o Xi=0 Kx jy X, Vi,

. 12

yi,a_ = Z?’:o Z{V:O Kyﬂ xﬁi)’i; 12
Finally, since the undistorted image has to beldjsu, it has to be resampled on a regular grig. ifiterpolation can be
done using nearest neighbour or bilinear convatutibhe bilinear interpolation is a common methodnbprove the
image quality during scaling or rotation proces3dw algorithm of bilinear interpolation determirthe intensity values
of the undistorted pixel by taking a weighted sufrith® intensity values of four nearest neighbouraunding the
calculated pixel position.

5.1 Distortion removal example

As an example of the distortion removal, an imafgelars obtained by the WAC before and after theéadteon removal
is depicted in Figure 11. This image has been takeing the Rosetta Mars fly-by in February 20Q7cdn be clearly
seen that the original distorted image has ananorgistortion as the planet is imaged as an ellipgeile after
distortion removal it is circular.

A 135.7 mm focal length, which is the mean betwinsagittal and tangential focal lengths on thee&ight direction,
has been chosen as reference. So the final undigtonages will look like as acquired by an idedabX mm focal
length instrument with the projection plane orthogiao the line of sight.

() (b)

Figure 11. Distortion removal example for the WAMage of the planet Mars before (a) and after {&pdion removal.
(Copyright ESA/Rosetta/MPS for OSIRIS Team MPS/UPD/LMA/SSO/INTA/UPM/DASP/IDA)
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6. CONCLUSIONS

In this paper we have reviewed the classical dafmiof the distortion aberration given for simg@&ial symmetric
systems; then the concept has been extended txigffron-symmetrical optical designs nowadays deapéd in a
variety of optical applications, especially for rasiomical imaging of extended objects like planetsteroids and
comets.

In a real optical system, the distortion has tortmelelled, measured and removed. To model distortieans to be able
to map incoming rays, i.e. points in the FoV, itheir positions on the focal plane. This can beedtreoretically

starting from the ray-tracing of the optical configtion considered. The model can be verified afthed through

measurements done in laboratory, during on-groatfitiration, or in-flight, using stellar fields asferences.

To undistort the image, the reference metrics efitteal image has to be defined depending on thécafion, i.e. a
reference model has to be used. For the purposasrafiork, the discussion has been limited to thesjpective and the
equidistant models. The reference model enablesterchine the ideal image position of the imageadsoin the FoV.
From the knowledge of a set of real imaged poitsitipns ;,y; ), obtained theoretically or measured, and of their
corresponding ideal positions,(, y,, ), @ warping of the image can be determined in rotdenap the acquired image
points into an ideal non distorted image.

Two practical applications faced by the authorsehbeen described and analyzed in detail. In bodmeles, the

distortion has been compared to a reference siieglfinhole model. In the first case, for the offsaFoV WAC of the

OSIRIS instrument on board the Rosetta missiondisi@rtion is -6% and it is mainly anamorphic.the second case,
for the eccentric pupil STC of the SIMBIOSYS suite board the BepiColombo mission, the distortiof.2% and it

can be essentially described as an asymmetric sfifdet.

Finally an example of image distortion removaldorimage acquired in-flight with the WAC has beéreq.
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