A digital terrain model for a peak of (almost) eternal lighise to the lunar south pole
from SMART-J/AMIE images

B. Grieget!
European Space Agency (ESA), European Space Astrononmg (@8AC), P.O. Box 78, E-28691 Villanueva de la Cafada,ida8pain

D.V. Koschny
European Space ResearétiTechnology Centre, Keplerlaan 1, Postbus 299, 2200 AG NujitdThe Netherlands

Abstract

During its 18 month of science operations in lunar orbit, Atvanced Micro-Imager Experiment (AMIE) aboard the SMART-
spacecraft acquired about 32 000 images of the lunar surladNONE filter images have captured a location close toutharl
south pole which we have identified to be a peak of (almosthatdight. We have selected five images taken in southerarlun
summer (i.e., with the sun aboul above the horizon) representing diverse illumination cioms to reconstruct the terrain by
means of shape from shading. The approach is quite noveliasstmultiple images simultaneously by iteratively retamasing a
digital terrain model (DTM) which is consistent with the fage brightnesses observed in all images. The resultant Dars a
square area of 20 km width with 50 m resolution.
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1. Introduction
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2. Thepeak of (almost) eternal light

The south polar area is considered as possible target for f
ture lander missions. Of particular interest is the avdlilgb
of sunlight on the surface over extended periods of time. Be
cause of the low obliquity of the Moon’s rotation axis, it was
suspected that there may be peaks which are illuminated mo
of the year. Theoretically, there could even be one so-talle A e
peak of eternal light which is illuminated all the time. Basa i L
of the polar orbit of SMART-1, the polar areas could be im- _ _ o _ o
aged frequently. During the 18 month of science operation{ e Hesee ¢ Clemetne agen The oo e sesinder
images over a wide range of illumination conditions havenbee for the peak of eternal light. Note that in this image the zerridian is not
acquired. These allow to search for peaks with favourabledi  pointing straight upward (like in the other map projectedges shown herein),
ing. but slightly tiltet to the left. Mosaic with landing sitesken from?, by courtesy
We began our search for the peak of eternal light in the soutﬁf the author.
polar region by just visually browsing AMIE images. A candi-

date set was formed from sites which were illuminated in manyne candidate list. This process led quickly to only one riema
images. Whenever an image was found were a candidate Sifgy candidate site for the peak of eternal light. It is locaa
was in shadow while at least one of the other candidate site37\v, 17 km from the south pole, cf. Fig?.

was still illuminated, the site in shadow was eliminatedtiro

Having identified our candidate site, we inspected all AMIE
NONE filter images with this site in the field of view. There are
c - 113 such images. Their illumination conditions are illagtd

orresponding author . . . .

Email addressbjoern. grieger@esa. int (B. Grieger) in Fig. ??. In almost all of them, that is in 109 images, the peak
1Telephoner34 91 81 31 107, fax34 91 81 31 325 is illuminated, however, in four images, the peak is in slvado
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Sub solar longitude

Figure 2: lllumination conditions for the 113 AMIE NONE fittenages show-
ing the peak of light. Note the filerent scale of sub solar longitude and latitude.
Black filled circles represent the four images where the pedak shadow; for
the other images it is illuminated. Grey filled circles denthe five images
selected for shape from shading.

The four images where the peak is dark were taken at verfs
similar illumination conditions, with subsolar longitudi®se to
45°W and subsolar latitude close tobiIN. Thus the incidence
angle is always larger than 9&hen the peak is dark. This indi-
cates that the peak may be the highest one in the area, afthou
the light is not completely eternal.

So this site is not truely a peak of eternal light, but we could
not find a better candidate. Therefore, we believe that ités s
is the one in the south polar area which comes closest to a pe

of eternal light.
Figure 3: Except bottom right.The five images used for the concerted shape
from shading approach, mapped to a common square grid of 2@ikith in
3. Images used orthographic polar projection. The vertical axis is pabtb the zero meridian
(north up). At the upper right margin, the wall of crater sklaton in visible.
. . From left to right and top to bottom, the images are in the saqe of their
The selection of a set of images for a concerted shape froMerence numbers 1-5 as given in T2®. Bottom right: Model image created
shading approach was driven by three conditions: by rendering the reconstructed DTM, cf. Sée.

e The sun should be “high” in the sky, i.e., the sub solar lati-
tude should be close to the lowest possbile valuelo$®. The five images are manually co-registered, which requires
considerable care because of the verfjedent illuminations.
e The azimuths of illuminations should cover the full circle The co-registration could be done with an accuracy of 100 m,

with a spacing as even as possible. which is slightly lower than the image resolution of aboutrs0
) per pixel. The images are then mapped to a common grid of
e The images should not be saturated. 401x 401 points with an even spacing of 50 m in orthographic

polar projection. Taking the south pole as co-ordinateiorig
and the y-axis parallel to the zero meridian (north up), greer
\point of the grid is located at = —11 km,y = —12 km. The
five mapped images are shown in FRg.

The latter condition could not be perfectly met. Each of the i
ages with acceptable illumination conditions is at leaghsly
saturated in some small area. Avoiding images which are-hea
ily saturated over large areas left us with a set of five setéct
images. Their illumination conditions are marked by grdedil
circles in Fig.??. The selected images are listed in TaR. 4, Multi-illumination shape from shading
The AMIE images used herein have been dark corrected and
flat fielded based on master frames created from flight data a¢-1. Approach and grid layout

quired in lunar orbit. All image pixels should be correcthlie Combining several images does not only provide more illu-
brated relative to each other, however, the absolut caidiwés  minated area but does also much better constrain the ggneral
not known. ill-posed shape from shading problem. li@inde be incidence



Ref Orb# Img# DJ[AU] Incf] EmJ[°] SLon[?] SLat[’] Ax[km] Ay[km]

1 1667 3 09846 88.19 1.40 -7260 -1.55 0.0 0.0
2 1690 3 09820 87.91 0.96 -13066 -1.53 0.0 -0.3
3 1860 3 09830 8851 0.97 166 -1.23 -0.9 0.1
4 1739 3 0.9829 88.77 0.83 1a5 -151 -0.5 0.0
5 1613 1 0.9860 89.10 1.44 83 -1.43 -0.2 -0.2

Table 1: List of the five selected images. The columns progideference number used herein, the orbit number, the imag¥er (in this orbit), the distance of
the Moon from the Sun, incidence angle, emision angle, sidr Emgitude, sub solar latitude, and the translationdiegpn x andy direction to coregister the
images.

. . . . bottom right (br), top right (tr) and top left (tl). Any conaint
on the slope to a neighbouring pixel is only strong if the pixe
X X X S e . S
lies in the downsun (or upsun) direction of the image which im
[ ] [ ] [ ] L] . .
poses the constrain (cf. S&2). Therefore, for each image, we
y X x X introduce weighting factors depending on the cosine beween
¢+ the direction to the diagonal neighbour pixel and the downsu
xoox X direction:
[ ] [ ] [ ] L]
. . pn(K) = cos@o(k) - 45°), (3)
Figure 4: Points of the DTM elevation grid)and points of the grid of bright- ﬂbr(k) - COS@G(k) B 133)’ (4)
nesses and slope constraint§.( The actual brightness grid has 481401 ur(K) = cospo(k) — 225), (5)
points, the actual DTM grid has 402402 points. ,thl(k) _ COS@@(k) _ 31§). (6)

Throughout our computations, we make the approximative
assumption that the camera looked exactly vertically domto o
our grid. This is correct within less than two degrees con-

and emmission angle, respectively. Assuming the Lommel
Seeliger law, the surface reflectance function is

; cosi 1 cerning the very small nominal (flat surface) emission amgle
LS & Cosi + cose’ (1) (cf. Tab.??) and the proximity of the target area to the south
The observed surface brightness does only depend on the slop®le: With this assumption, the phase angles of the images
in the downsun direction (on photometric longitude), bot =1...5are simply
crosswise to it (on photometric latitude). Therefore, frasin- a(k) = 90° + SLat(), (7)

gle image, one can only compute profiles in the downsun di- ) _
rection, but the elevation of these profiles relative to eztbler ~ WNere SLatis the sub solar latitude, cf. Tag. ,

is unknown. With our approach combining information from L€t the observed brightnesses from the images be given by
different illumination directions, we directly compute a fuld 3 (B(k, iy iy)) ' ‘ , (8)
Digital Terrain Model (DTM), not just profiles. Starting out k=1..5, 1=1..401, Iy=1..401

from a flat surface, the elevation values of the grid points ofwith k denoting the image arig, iy numbering the pixels. If an

the DTM are iteratively adjusted to yield slopes betweers¢he image does not cover the complete grid, the uncovered pixels
points which are compatible with the observed brightnesses are marked invalid. In addition, shadow pixels are marked in

all images. valid. We consider a pixel to be in shadowBtk, ix, iy) < 0.1.

We define the grid of elevation points for the DTM in a way The threshold value of 0.1 has been chosen in order to repro-
which puts the points of observed brightnesses just in bertwe duce the shadow assessment of the human eye. No unit can be
the DTM points, as the brightnesses constrain the slopes b@iven for the AMIE brighness values, because they have ot ye
tween these points, cf. Fi§?. In climate modelling, this type been absolutely calibrated.

of staggered grids representing scalar and gradient cetptan- We have to prescribelarighness scaling factor AThis fac-

tities is known as Arakawa B grid. tor comprises the surface albedo (which is assumed to be con-
stant) and the unkown absolute calibration of the camera. Th

4.2. Initial computations factor A is adjusted by a trial and error procedure as described

Our evenly spaced grids are defined in orthographic polath Sec.??. The finally adopted value is

projection, with they-axis parallel to the zero meridian (north A=8 9)

up), cf. Fig.??. For each imagk = 1...5, the downsun direc-

tion measured counterclockwise from tkexis is Following the Lommel-Seeliger law (cf. Se2?), we define a
normalized surface reflectance functionin dependence asgh

$o(K) = —(SLon) + 90"), (2)  anglea and emmission angke i.e.

where SLon is the sub solar longitude, cf. TaB. Each (in-
ner) DTM pixel has four diagonal neighbours: bottom lefj (bl

3

cosi ; .
R, €) = { (C)OSi+cose ngCgS| >0and cog> 0,

(10)



where the incidence angle is simply cf. Egs. (?, ??). The weighting factor for this contribution is
i=e-q, (11) Wia = o1 (K)?, (17)

because we assume that the surface slope has only a downsuhich gives unity if the two DTM points are separated patalle
component. Based on this, we also define the inverse functiot® the downsun direction and zero if the separation is orthog
which computes the emmission angle in dependence on phaeaal. The contributions of the other three diagonal neiginbo

anglex and normalized brightnesi.e. are
sing Go = Zix+Liy—1)+ sk ix+1iy) - unr(K), (18)
E(a,b) = |arcco = : ba = Zix+Liyg+ 1)+ skiyx+1iy+1)u(K), (19)
(25 —cosa) +sirfa o = Zix-Liy+ 1)+ skiciy+1)-m®.  (20)

-sign - R(, 0)). (12)  with the weighting factors

With the help (_)f these function_, we can compute for each_pixel We = k)3, (21)
(ix, iy) of each imagé the step in elevation between two diag- _ (K 22)
onally neighboured DTM grid points which would be required ke = M 2’

to reproduce the observed brightness (if the DTM grid point =~ Wk4 = pua (k). (23)

separation was in downsun direction): Each contribution is only computed and applied if there altyu

o _ B(K, ix iy) is a neighbour DTM point within the grid boundarigsdif the
(K ix. iy) = V2d- tan(E (ak, mm(l, T))) (13)  brightness grid point halfway to the DTM point is valid.
The orthogonal DTM neighbour points are used to provide
whered = 50 m is the grid spacing. TheoreticalB(k, iy, iy)/A  smoothness constraints. Their contribution is simply
should not be larger than unity, however, because of an (ini-

tially) improper choice of the brightness scaling facfoand ao= ZAix-1Liy), (24)
because of measurement errors, it might happen, and therefo & = Z(ix + 1,iy), (25)
we constrain the argument &. The elevation steg in only l3 = Zixiy—1), (26)

computed for valid pixels, i.e., for pixels for which a brigless L = Zigiy+1) 27)
measurement is availabdéad which are not in shadow. ' '
The elevations of the DTM are defined on a 40202 grid  The respective weighting factor, cf. EQ?) is set to
which is staggered with the grid of brightnesses and elewati
steps as illustrated in Fig?. Let the elevations be given by 1=0.005 (28)

(z(ix i )) . (14) Because this value is usually small compared to the weightin
¥7}i,=0...401 i,=0...401 factorswy;, the smoothness contraints only takkeet when no

Note that the grid point indexing starts with 0 farwhile it valid neighbouring brightness points are available or wakn
starts with 1 forB ands. The slope point(k, 1, 1) lies in the valid brightness neighbours lay almost crosswise to therdow
center beween the diagonal neighboz(gs 0) andz(1, 1) (and ~ SUn direction. The smoothness contributions do not depand o

also between(1, 0) andz(0, 1)). The elevations(iy. iy) are ini- valid brightness points, thus they are computed for all ayth
tiallized with zero. nal neighbours (as long as they are within the grid boundarie

The (albeit weak) constraint of smoothmess between orthogo

nal neighbours also prevents the separation into two sdfgai

) ) ) well known problem of the Arakawa B grid if only interaction
In each iteration step, a new value for the elevation of eaclyetyween diaogonal neighbours is concidered.

grid point is computed according to At the end of each iteration, the grid of new elevations
5 <4 e 4 , Z(iy, ly) is copied to the old elevationxiy,iy). We apply

Liea 2o Whj 6k + Z':l/lg'. (15) 100 000 such iterations. After this, the change by each-itera

S Z?zl Wij + 44 tion has decreased to almost zero.

4.3. Iterative computation of the DTM

Z(ix. ly) =

Herew; and A are weighting factors and and¢ are eleva-
tions imposed by certain conditions. The indesuns over all ) ) ) )
images,j runs over all diagonal neighbours of the DTM pixel  As stated in Se??, we have to prescibe a brightness scaling

4.4. Adjustment of the brightness scaling factor

(ix.iy), andi runs over all orthogonal neighbours. factor, cf. Eq. £?). This scaling factoA is a priori unknown.
The old elevation of the bottom left neighbous, — 1. i, — It is important to note that for grazing |nC|d_ence — i.e.jinc
1). To reproduce the observed brightn@k, i, i,), the eleva- (jence angles close to 96— the brightness is approximately
tion at . iy) should be Imgarly related to (the downsun component of) surfaceeslop
This holds for the Lommel-Seeliger reflectance functino et w
i =Zix— Liy— 1)+ (K, iy, iy) - i (K), (16)  as for other common reflectance functions. The propotionali



constant of this linear relation varies between relectdone-
tions, but it can be incorporated in our brightness scalauid.
Therefore, our DTM reconstruction doestdepend very much
on the actual choice of the relectance function.

However, the reconstruction depends on the scaling facto
Because of the approximately linear relations betweerasarf |
slope and brightness, the elevations of the resultant DTdl#esc
(inversely) with the assumed brightness scaling faétorTo
constrain the DTM, we use the extent of shadows. Shadows a
not used in the actual DTM reconstruction. We just ignoralsha
owed areas and concider only local surface slope. Takimg int «
account the obscuration of the sun by distant terrain woeld b
much too expensive computationally to be incorporated én th
shape from shading procedure. However, if a DTM is given, it
is possible to render it concidering local surface slapdshad- ‘
ows casted by distant terrain. For our purpose, it tisient to
treat interreflection only approcimatively as describe®B¢.

Therefore, we adopt the following procedure to constragn th 4
brightness scaling factor:

1. Start with an initial guess for the scaling factar

2. Compute a DTM by means of multi-illumination shape
from shading.

3. Render the DTM, tracing shadows casted by distant ter
rain.

4. Compare the rendered image to the observed image.  Figure 5: DTM rendered with simple realtime 3D renderer attificial lighting
5. If the rendered image shows too much shadow, incraase for illustration. The DTM consists of 402 402 grid points with 50 m spacing.
if it shows too little shadow, decreas For the actual elevation in meters see Fi@g.

6. Repeat from 2. until the extent of shadow matches.

For comparison, we use the image with reference number 5,
cf. Tab.??. To the bottom right of Fig??, the model image
created by rendering the final DTM with the illumination con-
dition of image 5 is shown, side by side with the real image 5.
While at first sight there seem to be significant discrepancie
the similarity is in fact quite satisfactory. Thefidirences near
the top edge of the image are in an area which is partly dar
in all images and partly only illuminated in one image (num-
ber 1), thus the DTM is not very well contrained in this area
(cf. also Sec??). The diferences in the lower right are caused
by shadows casted by terrain outside the DTM domain, thu
they can not be reproduced by just rendering the DTM. Th
correct height scaling of the DTM is confirmed by the repro-
duced extent of shadow casted by the rim of Shackleton crat
onto the flank of the peak (close to center of right edge) an
onto the flank of of the elevated crater at the top left (straig
diagonal shadow line).
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5. Resultsand discussion o

The resultant DTM is illustrated in Fig8? and??.
Fig. ?? shows an oblique view of the DTM which was created
by projecting image 5 onto the DTM. Figure 6: DTM elevation (color in the online version). Theaéevel is arbi-
Particularly for the planning of future lander missionse th trary.
retrieved DTM is of great interest. It has also been used for
outreach purposes by producing a movie of a simulated fly. over

=700




Figure 7: Oblique view of the peak of (almost) eternal ligtreated by pro-
jecting image 5 onto the DTM. The elevation is exaggerategltfimes. In the
foreground is the inner crater wall of Shackleton.



