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E. Merényi, L. Földy. К. Szegő, I. Tóth. A. Kondor: The landscape of cornel Halley KFKM989 35/C 

ABSTRACT 

In this paper the three dimensional model of P/Halley's nucleus is constructed based on the 
results of the imaging experiments It has the following major characteristics: the overai' sizes are 
7 2 km, 722 km, 15.3 km, its volume is 365 km 3 , the ratios of the inertfal momenta are 34:33:1, 
the longest Inorttal axis is siiyhlly inclined to the geometrical axis of the body. 3 3° in latitude and 
1.1° In longitude if the geometrical axis is at zero latitude and longitude The shape is very irregular, 
it is not close to any regular body e g to a tri axial ellipsoid Several features on the images are 
interpreted as local slope variations of the nucleus. 

Э. Мерени; Л. Фёлди, К. Сегё, И. Тот, Л. Кондор: Форма и поверхность ядра кометы 
Галлея. КГКТ-198<?-35/С 

АННОТАЦИЯ 

Описывается трехмерная модель ядра кометы Галлея, основывающаяся на резуль
татах телевизионного эксперимента КА "Вега". Согласно модели ядро кометы имеет 
следующие характеристики: габаритные размеры - 7,2; 7,22 и 15»3 км, объем -
365 кмЗ; соотношения моментов инерции - 3,*•:3» 3:1; наиболее длинная инерционная 
ось отклоняется от геометрической оси тела на 3,3° вверх и 1,1° вправо. Ядро 
имеет неправильную форму, которая не похожа ни на какое стандартное геометричес
кое тело, вкпючля и трехосный эллипсоид. Различные образования, запечатленные на 
снимках, интерпретируются как локальные вариации рельефа поверхности ядра кометы. 

Merényi Е., Földy L., Szegő К., Tóth I.. Kondor A.: A Halley üstökös magjának alakja ós felszíne. 
KFKI1ЭЙ9 35/C 

KIVONAT 

A TV kísértetek alapján rekonstruáltuk a Halley üstökös magjának 3 dimenziósalakját A mag 
jellemzői fö méretei 72. 7.22 es 15 3 km, térfogata 365 k m \ a teholetlensógí nyomatékok aránya 
3.4:3.3:1, a leghosszabb tehetetlenségi tengely kis szöget zár be a geometriai tengellyel 3.3° ot 
szélességben és 1 1 r > ot hosszúságban, amc.nyiben a nulla szélességet és hosszúságot a geometriai 
tengelytől számítjuk. A mag alakja szabálytalan, eltér minden szabályos testtől (pl. háromtengelyű 
ellipszoid) A képek néhány jellegzetes fényességváltozását a mag felületének helyi meredekség 
változásával értelmezzük 



1. Introduction 

The imaging experiment aboard the VEGA-1 spacecraft during its encounter with 
Comet Halley on 6 March 1986 exposed 63 near-nuclear images. The images were 
128 x 128 px large, taken through three different color filters in the 430-630 (VIS), 
630-760 (RED) and 760-870 (NIR) nra range. The first image of the set was taken 
at a distance of 51,290 km, 638 s before closest approach; the last one was exposed 
at a distance of 42,585 km, 526 s after closest approach. The angular coverage 
of the nucleus was about 160 *, the 1 pixel resolution changed from 850 to 133 
m/px horizontally, the phase angle varied from 102 * to 57 *. Due to this, the dark 
limb is not seen on the images. The probe approached the comet from its dark 
side, on the last images the illuminated side was seen. This exceptional image set 
makes possible a three-dimensional reconstruction of the nucleus itself. The model 
reconstruction is not only a possibility but a necessity. As the viewing direction is 
different for all the images, there is no other way to identify brightness features as 
local slope variations. This is presented in this paper. 

The images were somewhat out of focus, were affected by a periodic noise, and 
the digital signal from the camera was shifted with respect to the zero point. So 
data reduction has been a tedious job. This is discussed in the next section. 

Ten images were selected for studying the intensity variations that may be surface 
features of the nucleus. The six closest approach frames have suitable resolution to 
show intensity variations within the nucleus. However, the irregular shape requires 



to consider distant images as well, even if their resolution is lower. In section three 
we discuss our modeling technique. Our model is compared to the best VEGA-2 
image and to the single frame provided by GIOTTO's HMC experiment. To do 
that, certain assumptions about the rotation of the nucleus should be accepted. We 
used a rotation model described by Sagdeev et al. (1989). 

Our three-dimensional model and the features identified are described in section 
four. 

Throughout this paper images are identified with four digit numbers, the low 
order three digits arc sequence numbers of the VEGA images (see Table 1.), the 
first digit stands for the processing status of the image. For instance, image #1135 
is VEGA-1 raw frame, #2135 is ihe noise reducted version of it, and #9135 is the 
same image after restoring it with the point-spread-function, without correcting 
for the shape of the CCD cells or scaling for the disctance. #xx denotes images 
corrected for the 3:4 aspect ratio and distance-scaled to #1135. The pertinent data 
of the images are listed in Table 1. 

List of image data 
Id. # [ Time | Range Filter 1 b Ф 

V E G A - 1 
1114 
1132 

-406.6 33.398 VIS 160.8 -2.3 93 8 1114 
1132 -70 в 10,501 NIR 120.0 8.9 56.0 
1135 
1136 

-6.6 
12.4 

8,904 MR 90.8 14.2 29.3 1135 
1136 

-6.6 
12.4 8,943 

9,320 ~ 4 

VIS 80.9 15.2 21.4 
1137 
1138 

35.4 
52.4 

'"UfA 

8,943 
9,320 ~ 4 RED "1 69.3 15.9 15.0 1137 

1138 
35.4 
52.4 

'"UfA 
9,810 "NTR7 61.5 16.05 14.4 

1139 

35.4 
52.4 

'"UfA 10,327 VIS 55.6 15.9 16.1 
1140 Г 90.4 

480.8 
11,413 RED 47.1 15.4 21.4 

1160 
Г 90.4 

480.8 39,092 RED 8.6 9.5 55.5 
V E G A - 2 

1190 : зтг : 8,030 NIR | 85.6 11.7 8.7 : зтг : 
G I O T T O i^z " " ш " J 605 ' *** [ 340.6 10.2 107.0 

Table 1. The pertinent data of the images. The time is relative to CA in seconds, 
1 and b are the positions of the camera in degree, ф is the phase angle in the 
ecliptic co-ordinate system, the angle between the sun-comet-s/c. The range is the 
comet-s/c distance in km. 

2. Descr ipt ion of Tin« R a w D a t a 

2.1. DN RANGE AND DEFECTS 

The DN resolution for all VEGA pictures is 7 bits although 8 bits were transmitted 
to Earth, the LSB is always zero. Bit # 3 of VEGA-2 data bytes is stuck so we do 
not have pixel values below 4. Each CCD has permanent features. These are 6 lines 



around the middle where the two halves of the CCD are joined, and for VEGA-2, 
4 additional dead coloumns due to the malfunction of one pixel somewhere. The 
permanent features appear invariably on all frames of VEGA-2, and for pictures of 
VEGA-1 where the imaging window included such an area. VEGA CCD cells are 
of size 18 x 24 /»m (a 3:4 aspect ratio), so final products of image processing have 
to be corrected for that. 

2.2. NOISE 

Both VEGA-1 and VEGA-2 frames show strong quasi-coherent periodic noise. In 
addition, there is a varying number of hot pixels on each VEGA-2 image, plus 
several saturated lines and columns at the frame boundaries and, in some cases, 
also inside the image. The signal-to-noise ratio is not higher than 32:1 on the raw 
pictures. Fig. 1. shows a raw VEGA-1 and VEGA-2 image. 

2.3. SHARPNESS OF THE IMAGES 

2.3.1. VEGA-2 Pictures Are Quite Sharp. The PSF is estimated to be within 2 
pixels. 
2.3.2. VEGA-1 Images Have Two Special Problems: 

a) The CCD for scientific imagery has supposedly been displaced - shifted by 
about 1 mm (Dimarellis et al. 1989), parallel to the focal plane (Abraham, private 
communication), after launch, producing a severe case of out-of-focus images. The 
PSF is estimated to be about 10-12 pixels wide. 

b) Due to failure in the readout electronics all measured intensity values v/ere 
shifted down by an offset so that values less than the offset are lost (replaced by 0). 

3. Image Processing Steps Taken To Improve Picture Quality 

3.1. SUBTRACTING DARK CURRENT 

This was unnecessary, since there was no dark current at all at the onboard tem
perature of -40' C, much lower than expected. 

3.2. CORRECTING FOR CHARGE TRANSFER EFFICIENCY 

The charge transfer efficiency of each CCD has been evaluated using the ground 
based calibration data. The line by line efficiency is 0.99977. Though it would have 
been easy to correct for it, we did not do so as this effect is below the general noise 
level within the size 4 the nucleus in any of the image frames. 

3.3. REMOVAL OF HOT PIXELS 

Removal of hot pixels and othe; time dependent blemishes was done by preparing 
a map of all pixels to be corrected and then replacing each of them by a value that 
fits best with the environment. The rest of the pixels remained untouched. The 



permanent defects - the signature of the given CCD - were also left unchanged. 

3.4. NOISE REDUCTION 

The bulk of the pronounced quasi-coherent periodic noise was removed using a pro
cedure the Image Processing Laboratory at JPL recommended for similar problems, 
with a slight addition to it. The key idea (Seidman, 1972) is to build a binary mask 
of the locations of noise peaks in the 2D Fourier-spectrum of the image, multiply 
the complex Fourier-transform of the image by this mask and, by taking the in
verse Fourier transform ofthat, construct a noise pattern, then perform a weighted 
subtraction of the noise pattern from the noisy image in the spatial domain. The 
weight for each pixel is determined from environmental information so the result of 
subtraction fits best with the given environment. This method allows quick con
struction of a noise pattern of a multitude of frequencies at once and visual checking 
before subtracting the noise. 

VEGA noise is characterized by a large number of noise peaks in the Fourier 
spectrum, surrounded by extensive sidelobes of various shapes, due to the not quite 
coherent nature of the noise. Constructing the mask of unwanted frequencies with 
as much human interaction as described in Seidman (1972), would take too long. 
Therefore, an automatism has been developed to find the co-ordinates of local peaks 
in the Fourier spectrum, and then analyze their surroundings to map the sidelobes as 
well. Details aside, the success of this programmed search is still highly dependent 
on human experience and interaction: the selection of input parameters to control 
the process - like window sizes, tresholds, range of local maxima - is b.ised on 
numerical values and visual inspection of the Fourier spectrum. Visual checking of 
the resulting mask and of the constructed noise pattern is also crucial. For instance, 
improper handling of areas near the axes in the Fourier spectrum, or overdoing the 
mapping of sidelobes by specifying the wrong input parameters leads to artifacts 
that are strikingly obvious in the generated noise pattern, whereas it might not 
necessarily be noticeable in the difference picture of the noisy image and the noise 
pattern. 

Images were not cleaned beyond the extent of scientific usefulness. CCD defects 
and other permanent blemishes were not removed, as the performance of the applied 
image processing methods is not affected by their presence (for instance, noise 
peaks in the Fourier spectrum can be searched on the basis of height relative to 
their environment, rather than by absolute values, thus the modulation caused by 
defected rows or columns of a CCD will not generate false results). 

The peak SNR improved to 64:1 after noise reduction. 

3.5. FLAT FTELDING 

3.5.1. For VEGA-2, flat fielding was done after periodic noise reduction, using 
ground based calibration frames. 
3.5.2. For VEGA -1, flat field correction has no sense to it until we correct for the 
offset mentioned in (2.3.2). Even then, values that became zero due to the offset 
shift cannot be recovered, since we have no knowledge to estimate the missing part 
of the irradiance distribution of an unknown, irregularly shaped object. Luckily, 
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the skirt of lost values falls far enough from the nucleus region so the usable part 
of any VEGA-1 picture is suitable for, nucleus studies (Fig. 2). To compute the 
offset itself is possible, using test frames, but it U a rather time consuming work. 
As shown at the next processing step for VEGA-1, we took a different approach 
instead. 

3.6. RESTORATION WITH THE POINT-SPREAD-FUNCTION 

3.6.1. Description Of The Problem. For VEGA-2, we have not done PSF-resto-
ration, VEGA-2 images being quite sharp. We had to concentrate on VEGA-1 
pictures that had severely been degraded. Using Frieden's notation (Frieden, 1975) 
for image formation, our problem can formally be described as follows: 

t ( x m ) = / dy o(y)s[xm;y)+n(xm), m=l,...,M (1) 

The original undistorted spatial radiance distribution of the object, o(y), is smeared 
by the point-spread-function s(xm;y)t of the entire imaging system, and is further 
degraded by noise, n(xm). The resulting irradiance distribution i(xm) is what we 
detect. Here, x and у represent 2D spatial co-ordinates. 

In the case of VEGA-1 images, we have good reason to beleivé (Abraham, private 
comm.) that the displacement of the CCD occured along the optical axis with no 
lateral shift or tilting, so the PSF is space invariant. Thus eq. (1) reduces to 
convolution. Specifically, for VEGA-1 frames, in convolution notation, 

i[x) = hb), if»'(*)>o; 
\ 0, otherwise. 

i'(x) = |o(x) 0 s[x))a{x) + n(x) - Off (2) 

where a(x) is the fiat field of the CCD, n(x) represents the noise that still remains 
after periodic noise reduction. Off stands for the unknown offset that was sub
tracted from all originally detected values, and the image *(x) is the non-negative 
part of the resulting distribution. 

With the offset unknown, thus being unable to correct with the flat field a(x), we 
will regard a(x) as part of the remaining noise. Denoting deconvolution by 0, we 
have to find 

o'(x) « [o(x) ® .(«) + <V(x) - Off] 0 *(x) 
= |o(x) 0 s(x) + N{x)\ 0 t{x) -Off 

o'(x) being the closest estimate of o(x), where N(x) is the combined effect of all 
remaining noise components. 

The method we use conserves 0 values (see 3.6.3), therefore the all 0 part can 
formally be added to the usable part of the images, thus having standard rectangular 
frames to process and then take the all 0 part as non-interpretable. Also, an 
additional skirt of half the PSF width becomes unsuitable for scientific analysis. 
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3.6.2. The Point-Spread-Function. The function determined from Jupiter test 
images and optical bench emulations by Dimarellis at. al. (1989) was used. No star 
images were taken for either VEGA-1 or VEGA-2. The PSF width is 10-12 pixels. 

3.6.3. The Numerical Restoration Method. Given the very poor SNR, no linear 
procedure seemed to be suitable for solving eq. (3). The nonlinear iterative scheme 
Richardson (1972) and Lucy (1974) suggested - and is referred to as the R-L scheme 
- handles noise efficiently with no need to insert explicit smoothing code between 
two iterations. It is also easy to implement and converges rapidly. For a measured 
image i{x) and PSF s(x), the next iterant o*+ 1(x), of the object o(x) is computed in 
3 steps: 

ik(x) = ok(x)®»{x) 

ok+4x) = ok(z)t(z) 

Usually, if no better estimate is available to start with, one takes o°(x) = i(x). 
It is beyond the scope of this paper to analyze this algorithm. J. N. Heaslcy 

(1984) gives a nice review comparing 3 different restoration methods, one being the 
R-L scheme. 

We only point out here, that the R-L method conserves 0 values and positivity, 
and the image flux. Also, the second step above serves to keep fluctuations that 
are the same or smaller scale as the PSF, from being amplified. One simple test of 
the method is shown on Fig. 3. Row #57 of image #2135 was plotted (noisy line). 
Then the sharpened image (image #9135) was re-sm**ared with the PSF. Row #57 
of the re-smeared image fits very well with its counterpart, also shows (smooth line) 
the noise suppressing effect of the R-L algorithm. 

Applying this algorithm for our VEGA-1 frames, with the measured images as 
first guess, convergence was reached after 20-30 iterations. 

3.7. GEOMETRICAL CORRECTIONS AND NORMALIZATION 

Three different types of final corrections were made on the images discussed in this 
paper. 

a) Correction for the 3:4 aspect ratio introduced by the shape of the CCD cells. 
b) Scaling for the distance, so all images can be studied on the same spatial 

scale. The closest, encounter VEGA-1 image #1135 was used as the reference image. 
Corrections a) and b) are usually done in one step using bilinear interpolation. 

c) Normalization of the DN range so relative intensity variations on all images 
appear the same. 
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4. Modeling 

4.1. MODELING TECHNIQUES 

The reconstruction of the 3D shape of the nucleus has been done in two steps: 
- we determined the main characteristics (dimensions, the orientation of the longest 
axis) using a simple model body 
- retaining the global shape we refined this model to St the details of the images. 

We used two different modeling techniques for these two steps, the analytical 
and the polyhedron models. The basic idea of calculating the model image is the 
same: a surface element can be seen on the image if a) it is illuminated by the 
Sun, b) it is seen from the camera. These two conditions are fulfilled if a straight 
line drawn from the Sun (camera) to this surface element does not intersect any 
other surface element, in other words, this surface element is the nearest to the Sun 
(camera) along that line. The major differences between the two techniques are in 
the description of the body and in the calculation of the nearest surface element. 

The analytical model is composed of elementary bodies (e.g. sphere, hemisphere, 
cylinder, cone, tri-axial ellipsoid) and we use their analytic geometrical equations 
to describe the surface. We rotate this body into the position where the camera is 
in the z direction. Now each pixel on the CCD corresponds to an (x,y) value, for 
which we can calculate the z values for each body from its equation. The point with 
the highest z value is seen from the camera, this point is represented by a vector 
ri. We repeat this procedure in the position where the Sun is in the z direction 
(the rotated 14 vector gives the (x,y) values), the result of which is the vector r 2. 
If these two vectors are identical, then the point ihey are representing fulfills our 
two conditions and is illuminated on the model image. The main advantage of this 
technique is its speed. 

In the polyhedron model the body is defined as a general polyhedron of N vertices 
bounded by triangles. In our practice, the N vectors (corresponding to the N vertices 
of the polyhedron) are defined by a uniform grid on the avocado surface (this shape 
is the result of the first step, it is a truncated cone with a hemisphere at CL _h end). 
The determination of the illuminated part needs again the calculation of the highest 
z value for each pixel in the Sun and camera position. This is done by sorting the 
triangles in descending order according to the z-component of their center of mass 
and searching for the first one whose x-y projection contains the desired (x,y) values. 
With this method we can build a much more complicated body, but it goes much 
slower than with the previous one. 

One of the main advantages of the polyhedron model is that the body can be 
modified easily. We can edit slices in both directions, we can change one point or 
a group of points with ease. As a helping tool, we can construct an image where 
only the visible part of the defining grid can be seen, and using it as a map we can 
compare the real and model images to determine where the model body must be 
changed. The full surface or any part of it can be smoothed using spline or some 
local quadratic surface fitting method. 

The scattering law can be chocen freely in both cases. We used the Minnaert law 

; = 10{соаоц)к(со$ае)Н~1 
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where a; and a, are the incidence and emittance angles, i^pectively, / 0 is a nor
malization factor, к is a number between 0.0 and 1.0, characterizing the nucleus 
surface (k=1.0 corresponds to a Lambertian surface). For our purpose k=0.7 was 
chosen (Sagdeev et al., 1985). 

4.2. MODELING RESULTS 

Figure 4. The three dimensional model of Halley's nucleus from three different 
viewing angles: on c) the longest axis points towards the reader, on a) and b) it is 
rotated 4') ' to the right and left. 

In the first step we determined the overall characteristics of the model Dody. From 
the VEGA-2 images and VEGA-1 images after CA we concluded that the shape 
of the nucleus is close to the so-called avocado shape (Fig. 4). It is an important 
question to decide about the orientation of the longest axis. We made two series of 
model images, one with the big end towards the camera and one with the opposite 
orientation. Comparing these images to the real ones we concluded that the big end 
points toward the camera. In the opposite case there would be an illuminated limb 
in the lower part of the body which we cannot see on the real images, especially on 
the images before CA. 

In the second step we made some refinements on this body. In comparing model 
images to the real ones we have to possibilities: a) derive model contours and 
compare it to real ones, b) consider the entire illuminated image and search for 
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similar features. In our study we use both methods. First we lay the GIOTTO and 
VEGA contours on our body, then we try to build up features within the body. 
This process is an iterative one, which we hope will converge. 

Our final model body is shown in Fig. 4. from three different viewing angles. 
Four identified features can be tracked through the series of model images, they 
are marked with arrows and numbers. The first of them is the so-called duck-tail, 
which is a significant feature on the GIOTTO image and can be seen on our images, 
too. The second one is an elevation, which can be seen on the nearest VEGA-1 
images before and after CA. The third one is a chain of hills, which appears on 
the GIOTTO image and VEGA-1 images after CA, and as we think, this chain 
generates the terminator on the GIOTTO frame. The fourth feature explain the 
ambiguous nature of the VEGA-1 images before CA: the illuminated hill causes 
the (apparent) sight of two distinct parts in image #32 and the tilt of the hill's 
side (forming a cave at the foot) makes this side non-visible on image #14, as the 
viewing angle changes. On Fig. 5.- 15. we present the VEGA-1 set, the VEGA-
2 #1190 and the GIOTTO images with the corresponding models. (In VEGA-1 
#1136 the lower half of the image slipped out of the imaging window). 

5. Discussion 

The three dimensional model we derived has the following major characteristics. 
The overall sizes are 7.2 km, 7.22 km, 15.3 km; its volume is 365 km3; the ratios 
of the inertial momenta are 3.4:3.3:1, the longest inertial axis is slightly inclined 
to the geometrical axis of the body, 3.3 * in latitude and 1.1'in longitude if the 
geometrical axis is at zero latitude and longitude. The shape is very irregular, it is 
not close to any regular body, e.g. to a tri-axial ellipsoid. 

The size determination is not more accurate than ± 0.5 km, since the dust present 
on the images does not allow a more than 2-3 px accurate limb determination; oth
erwise, limbs are very well defined on the processed images. The VEGA-1 images 
covered about 160 * field of view around the nucleus, hence the small end deter
mination is inaccurate. These uncertainties may considerably affect the inertial 
momenta and to some extent the volume. 

Our model reproduces quite well the outlines seen on the VEGA-1 images and the 
contour of the nucleus as seen on the GIOTTO fram«, assuming 7.4 d long period. 
The roil (i.e. the angular variation about the long axis) between the VEGA-1 and 
VEGA-2 exposures strongly depends on the inertial momenta, so we experienced 
with different roll values. Fig. 14. b) and c) show the model with no roll and d) 
and e) with a roll of 20 ', which improved the fit. 

From the point of view of the rotation models it is very important to know the 
orientation of the long axis. Belton (1989) has suggested that the orientation may 
be opposite to what we claimed. We reexamined this question carefully, and came to 
the conclusion that the original determination of the long axis orientation is correct, 
i.e. b=15 *, 1=79'. (W and the reader that these are the coordinates of the 
geometrical axis, the lo .»crtial axis points to b=18', 1=*~', as was discussed 
above.) The decisive factors are the general outline of the distant images, and the 
lack of an illuminated lower part on the preencounter images, e.g. on image #14. 
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In our opinion most of the brightness variations on the images can be identified 
as local changes in surface elevation. We have identified four features as listed 
in the legend of Fig. 4. We are convinced that they are indeed connected to 
slope variations. Two of those - we believe - were also identified on the GIOTTO 
frames (Keller et al. 1988). One h: the so-called 'duck-tail', the protrusion seen on 
the upper right dark limb of the GIOTTO image; the second corresponds to the 
terminator on the GIOTTO image wich might be caused by slope variations (chain 
of hills), not only by smooth curvature of the nucleus. The two others are not seen 
on the GIOTTO frames. One of the last two, the 'cave' is a very strange feature. 
In the model this cavity is defined so that it is not seen before image #16 . Later 
on it becomes a very well illuminated area. Because of the small phase angle, it is 
not a strong feature on the VEGA-2 images. All the four features described here 
are in agreement with our preliminary analysis (Szcgo et al., 1988). 

There is one feature we could not identify, this is a dark region facing us on image 
# 3 7 and seen on many other images. 

Dust jets are present on the images, though they do not come out well on Figures 
5.-15. The footpoints of jets агз very bright on certain images, it seems difficult 
to tell them apart from bright patches that represent surface variations. We hope, 
however, that we were able to distinguish them since the brightness of jets changes 
differently with the phase angle than the brightness of the surface. 
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Figure 1. Raw VEGft-1 image #1135 

VEGA-Z image #1190 
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Figure 3. Row #57 of 
image #2135, (noisy 
line) and same row of 
the re-smeared #9135 
<smooth line). 

Figure 2. Intensity distribution 
of typical VEGA-1 image, after 
periodic noise reduction (#2138): 
shaded area is all 0 or contains 
only low DN noise. Outermost 
contour was drawn at DN = 10, 
stepsize between contours is 
DN = 50. 
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