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Abstract

This work presents a method for a determination of the global set of parameters involved in Hapke’s model for planetary surfac
when dealing with a set of angular conditions representative of the usual range of observation in planetary exploration for spacebo
instruments. The present approach is founded on a genetic algorithm: the whole set of Hapke parameters is treated simultaneou
any a priori assumptions. It limits the risk of meeting a local extreme, and the stability and repeatability of the determination are i
Moreover, it requires less computational time than a Monte Carlo routine. As a demonstration, using multi-angular measurement
by a new laboratory wide-field multispectral imaging facility, parameter values for various grain sizes and material compositions of
regolith surface analogs are derived and their potential wavelength dependence is studied. The results, coherent with the literatu
all the steps in our methodology. We focus our interest in the understanding of the physical meaning of Hapke’s parameters, in pa
the parameterθ of the shadowing function for macroscopic roughness. It appears that the features smaller than the centimeter scale
predominantly to the photometric effect related to the rocky aspect of planetary soil surfaces. The parameterθ may thus be mainly considere
as an integral of the roughness properties in the submillimetric-centimetric range. Indeed, the most representative case for describ
regolith surface lies in texture classes in the millimeter range, not involving necessarily a high macroscopic roughness with larg
slopes at hundreds of meters scale. These findings strengthen the case thatθ depends on both the grain size and the material geolo
properties.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Reflectance spectroscopy is a tool widely used for
mote sensing applications, both in planetary and terres
observation, as it permits the investigation of the surf
mineralogy (Pieters and Englert, 1993). The ability to
rive the mineralogy of planetary materials from remot
sensed reflectance spectra has been greatly improved d
the last twenty years (e.g., Pieters, 1983; Smith et al., 1
Mustard and Pieters, 1987, 1989; Sabol et al., 1992; Fis
and Pieters, 1994; Lucey et al., 1995, 1998; Sunshine
Pieters, 1998; Chabrillat et al., 2000; Shkuratov et al., 19
Pinet et al., 2000b).
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0019-1035/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0019-1035(03)00204-5
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Indeed, surfaces of most Solar System bodies are
ered with a dusty regolith layer, which consists of a mu
component mixture of various minerals and impact produ
In order to better interpret the physical (texture, roughn
maturity, porosity, proportion of crystals versus fines) a
mineralogical properties of the surface at subpixel sc
it is important to understand the physics that controls
light interaction process with soils components. Howe
this process is related to electromagnetic energy and it
teraction with a particulate interface through a combina
of first surface (or specular) reflection, transmission, abs
tion, diffraction, and multiple scattering from adjacent p
ticles. The physics of this process is complex and, at
present time, only partially understood.

In the past years, a number of semi-empirical mod
have been developed for analyzing the bidirectional
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flectance data of particulate surfaces based on the scatt
and absorption properties of minerals and rocks (e.g., Ha
1981, 1986, 1993; Johnson et al., 1992; Hiroi and Piet
1994; Shkuratov et al., 1999b). Using the radiative tra
fer equation describing the scattering of light from so
Hapke (1993) developed an approximate analytical solu
This equation is widely used for studying reflectance d
from planetary surfaces (e.g., Johnson, 1983; Helfens
and Veverka, 1987; Cheng and Domingue, 2000). Howe
this model is generally difficult to handle because its appl
tion relies on some assumptions of optical properties of
materials under study. It needs the knowledge of six ph
cal parameters, linked with the multiple scattering, the ph
function, the opposition effect, and the roughness. Also
complexity of Hapke’s equation and the comparatively la
number of model parameters (Liang and Townshend, 1
Douté and Schmitt, 1998; Mishchenko et al., 1999; Shku
tov et al., 1999b) do not provide a unique meaningful so
tion (Helfenstein and Veverka, 1987).

The primary objective of the present investigation is
present a reliable method of alleviating this difficulty
solving simultaneously all the parameters involved in
Hapke’s equation. It is based on a genetic algorithm an
only uses multi-angular hyperspectral images with no a
ori knowledge of the material constituting the target. Fr
experimental measurements produced by a new labora
wide-field multispectral imaging facility (Pinet et al., 2000
2001) in the spectral range from 0.4 to 1.05 µm, the met
is applied to three basaltic soils, each sorted to four g
sizes. An outcome is the derivation of Hapke parameters
those samples, which may be used to understand their p
cal meaning, in particular for the parameterθ of the function
for macroscopic roughness. Their potential wavelength
pendence is studied. These first results, compared with
literature, determine the success and limitations of all
steps of the approach which is taken.

After a short introduction to Hapke’s model, the samp
and the facility used for their measurements, we presen
implementation of a genetic algorithm adapted to our pr
lem. Then the results are analyzed.

1.1. Radiative transfer formalism

The model developed by Hapke (1993) requires
knowledge of six parameters to calculate the bidirectio
reflectance (R):

(1)

R = w

4(µ0 + µ)

[(
1+ B(g)

)
P(g) + H(µ0)H(µ) − 1

]
S(θ)

whereµ0, µ are the cosines of incidence and emerge
angles, respectively,g is the phase angle,w is the single
scattering albedo which depends on wavelengthλ, B is the
opposition effect function,P is the phase function,H is the
isotropic multiple scattering function, andS is the function
for macroscopic roughness.
g
,

-

H(µ) is the multiple scattering function. Its exact for
was established by Chandrasekhar (1960), and we us
use the approximated function with a difference less t
1% exposed in Hapke (1993, p. 212). The parameterw is
only needed for the calculation ofH .

The double Henyey–Greenstein function, including t
parameters, describes the particle phase functionP(g) with
sufficient accuracy for most radiative transfer calculati
in planetary regoliths (McGuire and Hapke, 1995; Hartm
and Domingue, 1998):

P(g) = (1− c) · 1− b2

(1+ 2b · cos(g) + b2)3/2

(2)+ c · 1− b2

(1− 2b · cos(g) + b2)3/2

whereb andc are the two parameters linked with the ma
rial properties and are constrained between 0 and 1:b deter-
mines the phase function form andc determines the natur
of scattering (c < 0.5 corresponds to forward scattering a
c > 0.5 to backward scattering).

The opposition effect is a surge in brightness obser
in particulate surface near zero phase angle. This effe
described by the functionB(g) in Hapke’s model (1993)
The two parameters,h andB0, both depend on the phys
cal properties of the regolith. The angular width param
h is constrained between 0 and 1 for physical reason
characterizes the regolith compaction and its particle
distribution law. The amplitude of the opposition effect,B0,
is an empirical parameter, with values constrained betw
0 and 1. The functionB(g) takes into account the shado
hiding opposition effect (SHOE) only and not the coher
backscatter opposition effect (CBOE) (Hapke et al., 19
As detailed in the following (Part 3.3), given the range
considered phase angles (> 20◦) in this study, the CBOE
should not contribute significantly (Helfenstein et al., 19
Shepard and Arvidson, 1999; Kaasalainen et al., 2001; S
ratov and Helfenstein, 2001).

The function for macroscopic roughnessS(θ,µ0,µ) is
presented in Hapke (1993). The parameterθ is a mean
topographic slope angle that provides a measure of su
macroscopic roughness inside a pixel. It alters the loca
cidence and emergence angles.S is referred to as the topo
graphic shadowing function in the following.

1.2. Measurements

A new laboratory spectral imaging facility has been
signed and installed at the Observatoire Midi-Pyrén
Toulouse, France (Pinet et al., 2000a, 2001). It is used to
tain multispectral images of an experimental target of ab
20 × 20 cm with varied incidence and emergence ang
Eighteen narrow band interferential filters are used for m
surements in the spectral range 0.4 to 1.05 µm.

The bidirectional reflectance is obtained using a sp
tralon as a reference during measurements. To accoun
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Table 1
Angular configurations of bidirectional reflectance measurements

Incidence angle (i) 20 30 40 0 30 50 20 30 40 5
Emergence angle (e) 0 50 65 30 0 20 −35 −45 −55 −65
Phase angle (g) 20 20 25 30 30 30 55 75 95 1
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its non-Lambertian behavior, the spectralon standard
has been calibrated by means of measurements produc
ONERA, Toulouse, France, and consistently compared
independent recent estimates (Bonnefoy, 2001).

The domain of geometries of observation investiga
is the incidence angle selected between 0◦ and 55◦ and
the emergence angle between−70◦ and 70◦ in the princi-
pal plane. The minimum phase angle is 20◦. This angular
domain is quite useful for carrying out laboratory exp
iments (Kamei and Nakamura, 2002), simulating the
servational situations the most frequently encountere
planetary exploration by spaceborne optical instrum
(e.g., MOC/MGS, HRSC/Mars-Express, AMIE/Smart
LIC/Lunar-A, LISM/Selene).

In this angular range, for deriving realistic estimates
Hapke’s parameters, ten measurements are produced
der to span the photometric variability, linked with pha
angle (e.g., Mustard and Pieters, 1989; McGuire and Ha
1995; Hillier and Buratti, 2001). The selections of angu
configurations used in this work are presented in Table 1

1.3. Sample description and preparation

We selected for this study three different materials:

• A fresh unaltered basalt, with some phenocrysts
olivine, pyroxene and plagioclase, from a lava flow
Pic d’Ysson (Massif Central, France). The general sh
of the spectrum is presented in Fig. 1a. This samp
labeled “Basalt.”

• A highly altered basalt, palagonitic-like material,
beled “Palagonite,” from the Salagou Lake (Hera
France). This basalt has been intensively altered by
temperature water circulation (Fig. 1b).

• An oxidized basaltic red-tephra, labeled “Tephra,” fro
Flagstaff Cinder Sales (Arizona, USA) containing f
phenocrysts of plagioclase. This material is related
explosive-type basaltic volcanism, with some effects
iron oxidation (Fig. 1c).

The chosen materials present different spectral prope
(Fig. 1): one is a grey material with no spectral depende
(basalt) while the two others have a high reflectance incr
as a function of wavelength.

Their chemical whole rock analyses are given in Tabl
Materials were crushed to produce powders having g

size less than 3 mm and were sorted into four classes u
sieves. The grain size for each class is the following:
at

r-

,

Fig. 1. Bidirectional reflectance spectra (R) for the three materials and fo
all grain size classes. Incidence angle is 30◦ and emergence−45◦.

than 75 µm (labeled “G1”), from 75 to 250 µm (“G2”), fro
250 to 500 µm (“G3”), and from 500 µm to 2 mm (“G4”).

As a result, we used twelve samples (the three ma
als with four different classes of grain size) in order to
plore the intermediate domain of the parametric space
in terms of grain size and level of reflectance typical
planetary rocky surfaces, particularly in the case of M
A natural extension of this study would be to measure
bright icy materials and very low albedo materials.

A target composed of the twelve samples is used for m
surement (Fig. 2). When preparing the target, the pow
are poured into the sample dishes and gently tapped t
duce settling. Consequently each surface is flattened an
significant macroscopic topography effects are eliminate
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Table 2
Chemical whole rock analyses for the three materials (weight %). Precision on determination is±1%

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI

Basalt 42.8 11.5 12.9 0.3 15.3 9.6 2.7 1.2 2.1 0.6 1.0
Palagonite 45.8 19.4 7.3 0.1 3.2 5.4 2.2 4.1 0.6 0.2 11.7
Tephra 48.0 17.9 11.8 0.2 5.8 9.7 3.7 0.7 1.7 0.5 0.2
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Fig. 2. Target composed of three materials for the different classes of
size. In each column, from top to bottom: Palagonite, Tephra, and B
samples, in the first one the grain size is less than 75 µm (G1), in the se
column grain sizes are from 75 to 250 µm (G2), in the third grain s
are from 250 to 500 µm (G3) and in the fourth grain sizes are from
µm to 2 mm (G4). The squares are examples of macroscopic cell in w
measurements are averaged.

The Fig. 3 shows photomicrographs of samples hav
grain sizes classes G1 and G4 with a magnification of 10
illustrates that grains are mainly clumps of aggregated s
particles, coexisting with individual beads.

In the following, we will consider three levels of scale:

• A microscale level that describes the particulate med
having typical size about ten times the wavelength (
til a few tens of microns). The smallest grain size cl
samples (G1) are mainly composed of such small p
cles.

• A macroscale level representing the underlying la
topography variations of the samples. Given the sam
preparation mentioned above, this macroscopic topo
phy is controlled and has no influence in this study.

• A mesoscale level that is intermediate between th
two scales: it depends on the surface boundary topo
phy (referred to in the following as the textural topo
raphy) with features in the submillimetric-centimet
range and is dominated by the “rocky” aspect of
surface involving the shape, roughness and topogra
structure of grains (in particular for the G3 and G4 gr
size classes).

The Fig. 3 shows that at the scale of a few tens of micr
the roughness of the grains is the same whatever the sa
prepared from a given material, showing that the micros
properties remain similar.

For each sample, we simultaneously record many in
pendent measurements (about 150× 180 pixels) at a sam
pling of 200 µm per pixel. This experimental technique s
ulates better the case of planetary regolith, where the op
properties are influenced by the physical variability rela
to the surface texture. With this type of measurements,
contribution of optical effects associated with anisotro
surfaces may be increased, requiring a better handling in
photometric modeling (e.g., Hapke, 2002). Then we extr
from the data, the spectrum of each sample, averaging w
a given macroscopic cell of three by three centimeters,
measured values for each wavelength (Fig. 2). This cont
with the usual experimental data produced by integrated
measurements.

2. Genetic algorithms

The objective of this study is to model, using radiat
transfer equations, reflectance spectra for the twelve s
ples describe above. For each of them, we have 10 spe
resulting from the angular configurations (Table 1), mad
18 discrete wavelength measurements. It implies the d
mination, without any a priori assumptions, of the Hap
parameters that fit at best the measurements, minimizin
difference between the measured and modeled spectra (
et al., 2002a). Considering a large number of data, a ge
algorithm is chosen; the principal advantages in apply
this technique are:

• all Hapke’s parameters are treated simultaneously
no a priori additional assumptions, thus limiting the r
of meeting a local extreme,

• all the configurations have the same weight, i.e.,
available data are used to solve the problem,

• as an improvement to Monte Carlo method (Hillier a
Buratti, 2001), the genetic algorithm is optimizing ca
culation time.
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Fig. 3. Photomicrographs (reflected light) of: (a) Basalt G1 (×100), (b) Basalt G4 (×100), (c) Tephra G1 (×100), (d) Tephra G4 (×100).
ing,
n-
are

ted
ed a
hro-
ove
y,
one
es-

ome

en-
ters

omo
d to
d to

on.

hod
a se
om-

or-
nce
arc
red

sical
ke,
as

ara-
1),

first
ch
ation,

eled

es
ding
ge-
al
the
ts in
for
own
ood

en
using
core

and
Genetic algorithms are a part of evolutionary comput
which is a rapidly growing area of artificial intelligence, i
vented by John Holland in 1975 (Holland, 1975). They
inspired by Darwin’s evolution theory.

The algorithm starts with a set of randomly genera
suitable solutions (represented by chromosomes) call
population. Evaluating their score estimates, the best c
mosomes are selected to become parents: they cross
and mutate to form new offspring (children). In this wa
a new population, having the same size as the original
is formed, expecting that it will have some better score
timates than the previous one. This is repeated until s
given conditions are satisfied.

The outline of the basic genetic algorithm is very g
eral and its implementation to determine Hapke’s parame
requires us to address some issues: how are the chr
somes created and what type of encoding is best suite
this problem? Encoding, crossover and mutation adapte
the present problem are presented in the following secti

2.1. Chromosome encoding

In the present case, we use a “direct encoding” met
(Goldberg, 1989) where a chromosome corresponds to
quence of Hapke’s parameters: it consists in a string c
posed of six genes: five real values(b, c,h,B0, θ) plus one
spectrumw(λ). Thus, a chromosome contains all the inf
mation required to model spectra in bidirectional reflecta
as a function of incidence and emergence angles. We se
for the best chromosome allowing the model to fit measu
spectra.
r

-

-

h

2.2. Population generation

The search space is defined by means of the phy
limits allowed by the equation of radiative transfer (Hap
1993):b, c, B0, andh are constrained between 0 and 1
described above. Compiling the values found for the p
meterθ in the case of non-icy planetary bodies (Table 1
we notice that it is always between 0◦ and 40◦.

To generate an initial chromosome, each of the five
genes(b, c,h,B0, θ) is randomly determined in this sear
space. Then, using these parameters and Hapke’s equ
the single scattering albedo spectrumw(λ) is optimized,
minimizing the difference between measured and mod
spectra.

Population size is given by the number of chromosom
(in one generation) and depends mainly on the enco
method. On one hand, if the population is too small, the
netic algorithm will converge too quickly to a local optim
point and may not be able to find the best solution. On
other hand, if there are too many chromosomes, it resul
a long computing time with no significant improvement
the solution (Goldberg, 1989). In our case, it can be sh
that an initial population of 10,000 chromosomes gives g
results (see section: convergence and repeatability).

2.3. Fitness or score

This optimized determination of the difference betwe
observed and modeled reflectance spectra is controlled
a criterion of score estimates: we define the absolute s
as the mean of absolute difference between measured



Optimized determination of Hapke parameters 419

fig-

for

tand
ly in
of

they
the
es-

thod
nt
s to
off-
lgo-
the
ase
bili-

rove
fit-

For
s o
the

tion.
this

w-

a
t this

pro-

-
bility
scor

igh,
ho-
the

par-
nes
ff-
nted

. It
olu-
ng
in
be-
ults
arlo
0.5

alue
ring

re-

ew
the
is

opied
last

g 2

bold).
modeled spectra for all wavelengths and all angular con
urations (Eq. (3)). Its value is minimized.

Absolute_Score

(3)

=
∑∑

configurations,
wavelengths

|Spectrummeasured− Spectrummodelled|
Nbconfigurations× Nbwavelengths

.

2.4. Parent chromosomes selection

The next step is the selection of the 10,000 parents
crossover.

The parent chromosome selection is easier to unders
when we have a fitness score to maximize; consequent
the following part, we consider as a criterion the inverse
the absolute score defined above.

We want to select the better parents, expecting that
will produce the better offspring. Also the first idea is that
probability of reproduction directly depends on the score
timate of each chromosome. However the use of this me
can lead to two kinds of problems: First, if a very efficie
subject is too often selected, the whole population tend
converge towards its genome. The diversity of the new
spring is then too much reduced to allow the genetic a
rithm to progress further. Second, with the progression of
genetic algorithm, the differences between fitness decre
In that case the best ones have similar selection proba
ties to the others and the genetic algorithm cannot imp
the result anymore. In order to avoid these problems, the
ness value is transformed and a windowing is applied.
each chromosome, the fitness is reduced by the fitnes
the worst chromosome. This permits us to strengthen
strongest subject and to obtain a zero based distribu
Thus the probability of reproduction directly depends on
new value.

Subsequently the method, which is applied, is the follo
ing: ConsideringSi , the inverse of absolute score of theith
chromosome:

1. A new fitness scoreS′ is calculated:

(4)S′
i = Si − min(Si)

mean(Si − min(Si))
.

2. The integer part of itEi is determined and theith chro-
mosome is selectedEi times (a chromosome having
fitness score less than the mean is not selected a
step).

3. To end the selection, lacking parents are selected
portionally to the decimal part ofS′.

For instance, a chromosome withS′ equal to 2.6 is se
lected twice during the step 2, and has the same proba
to be selected in the step 3 as a chromosome having a
of 0.6.
.

f

e

2.5. Crossover

In genetic algorithms, the crossover rate must be h
about 80 to 95% (Goldberg, 1989). In our case, a rate c
sen between 80 and 95% has a negligible influence on
results. We take a value of 80%. Crossover between two
ents consists of a random exchange of the five first ge
(b, c,h,B0, θ). Two parent chromosomes generate two o
spring chromosomes. An example of crossover is prese
in Table 3.

2.6. Mutation

After crossover is performed, mutation takes place
changes randomly the new offspring. This prevents all s
tions of the solved problem, given a population, from falli
into a local optimum. Mutation rate is generally very low
genetic algorithms, about 0.5 to 1% (Goldberg, 1989),
cause if it occurs very often, the genetic algorithm res
in a random search, such as in the case of a Monte C
algorithm. In our case, a mutation rate chosen between
and 1% has negligible influence on results. We take a v
of 1%. When mutation takes place to produce an offsp
chromosome, one of the five first genes(b, c,h,B0, θ) is
replaced by a random value. An example of mutation is p
sented in Table 4.

2.7. Elitism

It is possible that making a new population only by n
offsprings results in the loss of the best chromosome in
last population. To avoid this, an artifact called elitism
used. This means that at least the best solution can be c
without change to a new population, so it survives to the
run.

Table 3
Example of crossover

Parent 1 Parent 2 CROSSOVER Offspring 1 Offsprin

b1 b2 → b1 b2
c1 c2 ⇒ c2 c1
h1 h2 ⇒ h2 h1
B01 B02 → B01 B02
θ1 θ2 ⇒ θ2 θ1

Parents 1 and 2 are reproduced together (changing parameters are in

Table 4
Example of mutation

Offspring 1 MUTATION Offspring 1′

b1 → b1
c2 ⇒ c0
h2 → h2
B01 → B01
θ2 → θ2

Offspring 1 (defined in Table 3) is mutated on the gene c (in bold).
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score value is
Table 5
Repeatability of genetic algorithm

SCORE b c h B0 θ w (nm)

559 791 1001

MEAN 0.006 0.41 0.52 0.33 0.13 19.2 0.31 0.60 0.76
STDDEV 0.000024 0.007 0.014 0.046 0.018 0.20 0.0031 0.0029 0.0028

Mean and standard deviation of Hapke parameters determination when the processing has been run six times for the Tephra G2 samples. The
the absolute score calculated for this sample.
ion,

and
five
n an
l the

ges
the

rried
2),

5).
e no
they
ned
t:

ev-

ob-

od
c al
est
pti-
ach
d is
o-
arlo
me-

uta-
rs,

iven

ro-
e-

the
f the
ters

re in
fit-
atter
ser-

nder

will
th-

and
G3

cely
gular
the
be-

essed
Ta-

ted
from
pti-
htly
h the
for all
than
the

duce
mer-
. To

, we

3
3
4

2.8. Loop

For each chromosome of the new offspring populat
an optimized single scattering albedo spectrum(w) is cal-
culated, minimizing the difference between measured
modeled spectra with Hapke’s equation using the first
genes as parameters. It gives a new complete populatio
the process is reiterated from the fitness evaluation unti
population score estimate is no more improving.

2.9. Convergence and repeatability

After about 40 iterations, the genetic algorithm conver
and there is no additional improvement of the results as
iterative process goes further.

To check the repeatability, the processing has been ca
out six times for one of the twelve samples (Tephra G
with initial populations being randomly chosen (Table
From these independent runs, the variations of results ar
the same for all parameters, but for a given parameter
remain much smaller than its confidence estimate (defi
and determined in the following). This method shows tha

• A unique solution to the problem exists rather than s
eral solutions giving equivalent results.

• The genetic algorithm converges to the solution.
• The population size is large enough to solve the pr

lem.

Comparing this algorithm with a Monte Carlo meth
having the same precision, we evaluate that the geneti
gorithm is about 20,000 times more efficient. The long
part of the process during the inversion is to find the o
mized determination of the single scattering albedo for e
chromosome. The number of determinations calculate
about 0.5 × 106 for the genetic algorithm (10,000 chrom
somes, 50 iterations). For comparison, in the Monte C
method, if we consider 100 values for each of the 5 para
ters, the number of determinations is 1005 = 10,000× 106.
On a SUN Fire 6800 under Solaris 8, the typical comp
tional time for determining the full set of Hapke paramete
using the genetic algorithm, is less than one hour for a g
sample.

The genetic algorithm is therefore a powerful tool, p
viding a global determination of the set of Hapke’s param
ters from a suite of angular configurations.
d

t

-

3. Results

In this section, after a calculation of an estimate on
accuracy for the parameter determination, the results o
optimized resolution of the global set of Hapke’s parame
are analyzed for the samples under consideration.

3.1. Fitness

Despite the fact that the geometries of observation a
the principal plane and that their number is limited, the
ness between model and data is a non-trivial one: As a m
of fact, for each sample, we have 10 geometries of ob
vation with 18 wavelengths, i.e., 180 measurements. U
the assumption that Hapke’s parameters (exceptw) are not
wavelength-dependent at the first order (this hypothesis
be tested in the following), the model has 5 waveleng
independent parameters(b, c,B0, h, θ) and one spectrum
w(λ) of 18 wavelengths, i.e., 23 free parameters.

As an example, we display in Fig. 4 the measured
modeled bidirectional reflectance spectra for the tephra
sample. In Figs. 4a and 4b, we notice that the model ni
reproduces the spectral variations associated with an
configurations and in Fig. 4c, it is shown as a function of
phase angle for the wavelength 0.601 µm. The difference
tween measured and modeled reflectance spectra, ass
using the absolute score estimate (Eq. (3)), is listed in
ble 6 for all of the samples. Knowing that the estima
accuracy on the measurements with the instrument is
0.005 to 0.01 in reflectance (Pinet et al., 2000a), the o
mized score fitness must be of the same order or slig
less. Indeed, the residuals in reflectance associated wit
absolute score estimate range between 0.003 and 0.01
samples. These values, which are on the order of or less
the measurement uncertainty estimate, show that with
determined parameters, Hapke’s model is able to repro
variations in spectral features due to incidence and e
gence angles for the different materials considered here
check the precision of the inversion for each parameter

Table 6
Absolute score estimate for each sample×102

G1 G2 G3 G4

Basalt 1.04 0.65 0.81 0.8
Palagonite 0.59 0.65 0.66 0.6
Tephra 0.50 0.46 0.65 0.3
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Fig. 4. Measured and modeled bidirectional reflectance spectra(R) of the
Tephra G3 sample, for the 10 configurations of observation: (a), (b)
function of wavelength. The dotted lines are the measured spectra and
lines are modeled spectra; (c) as a function of phase angle for wavel
of 0.601 µm. The filled squares are the measured values and the trans
squares the modeled values. In the key, the first number corresponds
incidence angle and the second number to the emergence angle.

calculate score estimate variations versus parameter v
tion (δ).

Score_estimate_variation(δ)

(5)= Score(opt+ δ) − Score(opt)

Score(opt)
.

The curves of score variation (Fig. 5) reveal that the de
minations of optimal values for each parameter are gene
well constrained and that all the parameters are not evalu
with the same precision.
t
e

-

Fig. 5. Score variation versus parameter variation: (a) forB0, h, b, andc;
(b) for θ .

To assess the repeatability and the stability expecte
each parameter determination, ten runs with nine out of
ten angle configurations (Table 1) were performed for
samples related with the smallest and largest paramete
ues (Basalt G1, Palagonite G3, and Tephra G4). The m
results of those runs are presented in Table 7 together
the results of the run using the ten angle configurations
all parameters. On the basis of these calculations, an est
on the accuracy for the parameters determination is der
from the standard deviations: the uncertainties are±0.03 for
b and c, ±1◦ for θ , and±0.1 for B0 andh. The value of
theh parameter for the Basalt G1 sample does not influe
the score, due to the low amplitude of the opposition eff
Therefore, to constrain this parameter, only the Palago
G3 and Tephra G4 samples results are considered.

Even with the limited set of angular configurations,
can constrained Hapke’s model and estimate the accu
for each parameter. An increase of the number of view
angles could allow us to improve precision on the estim
tion of parameters; in particular, with phase angles sma
than 20◦ we could better constrain the determination of
opposition effect function parameters.

To study the wavelength dependence, independen
terminations of parameter values for five wavelengths
lected along the spectral domain (0.603, 0.783, 0.901, 0.



422 A.M. Cord et al. / Icarus 165 (2003) 414–427

pke’s

runs
d de-
ns of

ond

ea
lyze
se-
91;

998;
po-
links

un-

e
am-
rent
g-
ers

9
5
1

2
9
6

rame-

rd
6
izes,
ugh
rain

ntal
large
ree
av-
our

ithm
for

den-
logs
ar. It
cale
ced

our

e for
l-
are

shed
the
func-
ses

ects
ard

ap-
half
OE
ar
n’s
Table 7
For the three samples Basalt G1, Palagonite G3, and Tephra G4, Ha
parameter values calculated

Basalt G1 b c B0 h θ

Value—10 conf. 0.49 0.13 0.15 0.24 5.8
Mean—9 conf. 0.51 0.11 0.14 0.28 5.8
Std dev.—9 conf. 0.021 0.010 0.062 0.202 0.87
Spectral Std dev. 0.003 0.009 0.031 0.033 0.74

Palagonite G3
Result—10 conf. 0.44 0.40 0.39 0.18 21.9
Mean—9 conf. 0.45 0.42 0.38 0.19 21.2
Std dev.—9 conf. 0.030 0.028 0.050 0.073 0.75
Spectral Std dev. 0.014 0.048 0.084 0.044 0.514

Tephra G4
Result–10 conf. 0.41 0.56 0.64 0.58 28.7
Mean—9 conf. 0.43 0.52 0.56 0.59 30.7
Std dev.—9 conf. 0.010 0.027 0.044 0.061 0.80
Spectral Std dev. 0.009 0.047 0.058 0.051 1.16

During the run using all the angular configurations (line 1) and during
using nine of the ten angular configurations (mean on line 2, standar
viation on line 3). During these runs, the average of standard deviatio
parameter values for different wavelengths are determined (on line 4).

1.02 µm) are calculated (Table 7). We first notice a sec
order variation for some parameters(c, θ) (cf. Fig. 7) (Cord
et al., 2003a).

Considering the fitness estimate and the accuracy of m
surements determined, the parameter values are ana
in the following: we compare them with those found el
where (e.g., Mustard and Pieters, 1989; McEwen, 19
McGuire and Hapke, 1995; Shepard and Campbell, 1
Clark et al., 2002; Domingue et al., 2002), we study their
tential wavelength dependence and we investigate the
between values and grain sizes.

3.2. Phase function(b, c)

Values of phase function parameters(b, c) derived from
the genetic algorithm are presented in Table 8, with an
certainty in the determination about±0.03.

We first note thatb values, linked with the form of th
phase function, remain between 0.4 and 0.5 for all the s
ples. While the three sample materials have very diffe
spectral behaviors, theb parameter is semi-constant, su
gesting thatb may have similar values when one consid
different planetary surfaces.

Table 8
Values of phase function parameters(b, c)

b G1 G2 G3 G4

Basalt 0.49 0.45 0.41 0.3
Palagonite 0.48 0.44 0.44 0.4
Tephra 0.47 0.41 0.40 0.4

c

Basalt 0.13 0.30 0.32 0.4
Palagonite 0.24 0.42 0.40 0.3
Tephra 0.30 0.52 0.52 0.5
-
d

Fig. 6. Comparison between our values (crosses) of phase function pa
ters and those found by McGuire and Hapke, 1995 (squares).

Only the c parameter, linked with the back or forwa
scattering, varies with samples:c ranges from 0.13 to 0.5
and generally increases with grain size. For small grain s
the grains are fine enough to allow a light ray to pass thro
them, resulting in forward scattering, whereas larger g
sizes lead to backward scattering.

McGuire and Hapke (1995) conducted an experime
study, which gave some phase function parameters for
irregular spheres (approximately 1 cm diameter) for th
kinds of materials (glass, metal and polyester resin) h
ing different surface roughness. We compare, in Fig. 6,
results with this study: it displays a plot ofb versusc val-
ues. Phase function values given by the genetic algor
are close to values determined by Mcguire and Hapke
rough surfaced dielectric spheres or spheres with a low
sity of internal scatterers. Our planetary material ana
are not spheres but the phase functions are quite simil
may come from the roughness of grains at the micros
(cf. Fig. 3) that is comparable to that of the rough surfa
spheres and from the presence of internal scatterers in
samples.

Figures 7a and 7b show the wavelength dependenc
the phase function parameters. Theb parameter remains a
most constant in our range of wavelengths; the variations
on the order of the confidence estimate we have establi
and show no specific trend. For Palagonite and Tephra,c
parameter shows a weak but systematic increase as a
tion of wavelength. On the contrary, for basalt, it decrea
from 0.125 to 0.105 (Fig. 1b). These second order eff
expose a relative variation in the contribution of backw
scattering versus forward scattering.

3.3. Opposition effect function(B0, h)

From Hapke et al. (1998), the lunar opposition effect
pears to be the result of a narrow CBOE peak with a
width of about 2◦ superimposed on a much broader SH
peak about 8◦ wide. Helfenstein et al. (1997) give simil
values from analysis of a different lunar data set: the Moo
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Fig. 7. Wavelength dependence of the Hapke parameters. (a) forb phase
function parameters, (b) forc phase function parameter, (c) for the sha
owing function parameterθ . The solid line corresponds to the Basalt G
sample, the dotted line to the Palagonite G3 sample and the dashed
the Tephra G4 sample.

opposition surge is well represented by a narrow CBOE p
whose effect is most strongly defined at a phase angle
than 2◦ combined with a very broad SHOE peak best defi
over a phase angle less than 20◦. In this study, we do not spa
the full phase angle domain; in particular, as mentioned
lier, all phase angles are greater than 20◦. Consequently, only
SHOE should influence the measurements. In a future s
it is intended to address CBOE producing low phase an
measurements.

Under the present conditions, values of opposition ef
function parameters derived from the genetic algorithm
presented in Table 9 with a rather large uncertainty on
order of±0.1 and one may consider that these parame
are poorly constrained. So from those parameters neithe
terpretative results are derived nor a wavelength depend
study is carried out.
,

e

Table 9
Values of opposition effect function parameters(B0, h)

B0 G1 G2 G3 G4

Basalt 0.15 0.13 0.16 0.1
Palagonite 0.00 0.25 0.39 0.5
Tephra 0.00 0.13 0.35 0.6

h

Basalt 0.24 0.14 0.14 0.2
Palagonite 0.00 0.13 0.18 0.1
Tephra 0.00 0.33 0.54 0.5

3.4. Topographic shadowing function(θ)

Table 10 presents values of the topographic shadow
function parameterθ derived from the genetic algorithm
with an uncertainty on the determination of about±1◦. We
first note thatθ values are highly correlated with grain siz
of the samples: 14◦ for g1, 20◦ for g2, 23◦ for g3, and 26◦
for g4 in the case of bright materials such as palagonit
tephra; 6◦ for g1, 13◦ for g2, 16◦ for g3, 21◦ for g4 in the
case of a darker material such as basalt.

We show in Fig. 7c a 10 to 15% decrease of the to
graphic shadowing function parameter as the wavelengt
creases. This second order variation confirms the assum
of Shepard and Campbell (1998), that shadows may d
for the same surface at different wavelengths. A hypoth
is that when the albedo increases with the wavelength,
primary shadowed areas are partly illuminated from mult
scattered photons, leading to an underestimation ofθ .

In Hapke’s theory, theθ parameter, referred to as the su
face roughness, takes into account the effects due to
shadowing inside each pixel and to the local changing
the incident and emission angles.θ is considered by Hapk
(1993) to represent the mean slope angle averaged ov
distances on the surface between upper and lower li
that are determined by the resolution of the detector and
physics of radiative transfer equation. Shepard and Camp
(1998) suggest that the smallest faceted scale is the dom
scale for surface shadowing, but that it is not the only on
contribute to shadows on a surface. Helfenstein and S
ard (1999) found, for typical lunar regolith surfaces, thaθ

estimates range between 24◦ and 27◦ and that the relative
contribution from surface relief at scales of 8 cm and lar
is small in comparison to the contribution from surface re
at submillimeter scale.

For the smallest grain size class (G1), we may cons
that the target is mainly composed of a particulate med
(microscale). Theθ values, between 5.8◦ and 14.4◦ (Ta-

Table 10
Values of the topographic shadowing function parameter(θ)

θ G1 G2 G3 G4

Basalt 5.8 13.5 16.2 20.7
Palagonite 14.4 20.4 21.9 24.9
Tephra 14.2 19.2 23.6 28.7
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Table 11
Single scattering albedo(w) and topographic shadowing function parameter(θ) at ∼ 0.5 µm for non icy planetary bodies

Object w θ (◦) Source

Almalthea 0.09± 0.2 13± 8 Simonelli et al. (2000)
Ariel 0.65 27 Skypeck et al. (1991)
Average S-asteroids 0.23a 20 Helfenstein and Veverka (1989
Callisto, leading side 0.43a 36 Buratti (1989)
Callisto, trailing side 0.45a 29 Buratti (1989)
Dactyl 0.21± 0.03 23± 5 Helfenstein et al. (1996)
Eros 0.42± 0.01a 24±2 Clark et al. (2002)
Gaspra 0.36± 0.07a 29±2 Helfenstein et al. (1994)
Ida 0.22± 0.02 18± 2 Helfenstein et al. (1994)
Mathilde 0.035 19 Clark et al. (1999)
Mercury 0.2 16± 1 Mallama et al. (2002)
Metis 0.12± 0.03 28± 10 Simonelli et al. (2000)
Moon disk integrated 0.21 20 Helfenstein and Veverka (19
Moon, dark terrain 0.16± 0.03 24± 1 Helfenstein and Shepard (199
Moon, average terrain 0.31± 0.03a 26± 1 Helfenstein and Shepard (199
Moon, bright terrain 0.40± 0.03a 27± 1 Helfenstein and Shepard (199
Oberon 0.35a 20 Buratti et al. (1990)
Thebe 0.06± 0.02 17± 10 Simonelli et al. (2000)
Titania 0.5a 25 Buratti et al. (1990)
Umbriel 0.25a 18 Buratti et al. (1990)

a Indicates single scattering albedo data derived from telescopic and orbital observations, in the range of our laboratory measurements proh
G3–G4 classes.
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ble 10), are principally related with the microscale featu
(shape and roughness of particles). On the basis of these
laboratory measurements, we agree with Shepard and C
bell (1998) and Helfenstein and Shepard (1999) that eve
fine particles the contribution ofθ is not negligible and tha
particulate samples used in laboratory measurements c
be assumed to be photometrically smooth (i.e.,θ = 0◦).

In the case of larger grain sizes, in the millimeter ran
(G3, G4), theθ parameter increases by 10◦ or 15◦, depend-
ing on the material. In this case, the microscale prope
remain similar to the G1 case (cf. Fig. 3), but the textu
topography variation inside the pixels is dominated by
“rocky” aspect of the surface coming from the grains, siz
between 250 µm and 2 mm, and defining in the millimet
centimetric range what we call the mesoscale prope
(Cord et al., 2002b, 2003b). The impact of their slope
distribution on the mesoscale topographic structure in
a pixel has a large influence on the topographic shadow
function.

In the last decade, integrated telescopic and spaceb
photometric observation has progressively evolved f
whole-disk toward disk-resolved measurements at regi
scales (e.g., Buratti et al., 1990; Helfenstein et al., 19
De Grenier and Pinet, 1995; Simonelli et al., 2000; Cl
et al., 2002). We compare, in Table 11, our results w
the compilation ofθ parameter values for the case of
golithic ice-free soils derived from those observations. T
search space for this parameter ranged between 0 and◦;
the present determination for the investigated materia
found to be between 5◦ and 30◦. Both the single scatterin
albedo at 0.559 µm (Table 12) and theθ estimates derive
for G3 and G4 classes are very much within the rang
the values resulting from photometric observations at
w
-

t

e

l

gional scale. It appears that the most representative
for describing the photometric behavior of natural rego
surfaces lies in the G3–G4 texture classes. The value
rived from planetary measurements may be controlled
the contribution of coarse-grained materials on the surf
not necessarily involving a high macroscopic roughness
large surface slopes at the hundred meters scale as it
ten suggested. We affirm that the main effect that influen
the topographic shadowing function results predomina
from a combination of the microscale and mesoscale c
acteristics. It involves the shape, roughness and topogra
structure of grains smaller than the centimeter, these g
being either clumps of aggregated small particles or indi
ual beads and shards. Therefore the contribution from sc
larger than the centimeter is almost negligible. On this ex
imental basis, we confirm Helfenstein and Shepard (19
that the parameterθ is mainly an integral of the roughne
properties in the submillimetric—centimetric range ins
the pixel of observation.

Shepard and Campbell (1998) suggest that a sur
roughness parameter extracted photometrically should
values not only depending on the surface properties, but
on the observed material nature. Based on the preseθ

determinations, we strengthen the case that theθ quantity
depends on both the grain size and the material geolo
properties.

3.5. Single scattering albedo

An example of single scattering albedo spectra is plo
on Fig. 8 for the Palagonite. Values of the single scatte
albedo at 0.559 µm derived from the genetic algorithm
presented in Table 12. In comparison with Table 11, we n
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Table 12
Modeled single scattering albedo(w) at 0.559 µm

G1 G2 G3 G4

Basalt 0.82 0.57 0.45 0.4
Palagonite 0.56 0.45 0.48 0.4
Tephra 0.51 0.32 0.29 0.2

Fig. 8. Single scattering spectra of Palagonite samples for all grain
classes.

that large grain size samples (G3, G4) have similar ph
metric properties to non icy planetary materials, as deta
above.

The physical properties described by the single s
tering albedo relate to regolith composition (e.g., Helf
stein, 1988; Hapke, 1993). In this study, the inversion us
Hapke’s model results in a single scattering albedo hig
for G1, as shown in the Fig. 8 in the case of Palagon
For the smallest particles, the G1 photometric proper
are very different to those of larger classes and do no
those of non-icy planetary bodies (Table 11). Though
agree with previous studies (e.g., Pieters and Englert, 1
Pieters et al., 1993; Mustard and Hays, 1997) demonstra
the spectroscopic importance of the fine fraction in the o
cal behavior of the lunar soils, our present results base
an experimental photometric approach show that natura
golith surfaces observed at regional scale, differently fr
the case of laboratory sample powders, are likely not c
posed of fine grain size materials only; however, among
coarse-grained materials constituting the natural regolith
possibility exists that a significant proportion of aggrega
or clumps of small particles be present.

3.6. Discussion

The Hapke’s formalism, using the parameter values de
mined by the genetic algorithm, models well the variation
bidirectional reflectance related to particle grain size dist
ution for the three materials. We first establish an estim
on the accuracy for the parameters determination:±0.03
for b andc, ±1◦ for θ , and±0.1 for B0 andh, indicating
that phase function and topographic shadowing function
;

rameters are well constrained. This shows that the ang
domain available in this study (phase angle between 20◦ and
120◦) is large enough to determine the phase function. H
ever, the opposition effect function and roughness para
ters are less constrained. To better describe opposition e
smaller phase angle measurements are needed. A co
mentary study is planned to measure the same samples
low phase angles in the range 0◦–20◦.

Furthermore a by-product of this application is the deri
tion of Hapke parameters for samples having grain sizes
levels of reflectance typical of planetary rocky surfaces
may be used in future reflectance spectroscopy data i
pretations, particularly in the case of Mars. We found tha

• b retains similar values for all samples, between 0.4
0.5.

• c generally increases with grain size and albedo, sh
ing that both large grains and high albedo materials l
to a prevailing backward scattering and that small gra
and dark materials lead to forward scattering.

• θ values are highly correlated with grain sizes of
samples: 14◦ for g1, 20◦ for g2, 23◦ for g3, and 26◦
for g4 in the case of bright materials; 6◦ for g1, 13◦ for
g2, 16◦ for g3, 21◦ for g4 in the case of a darker mater
such as basalt.

Additionally, we study the wavelength dependence of
rameters for five different wavelengths:

• b remains almost constant along all the spectral rang
investigation.

• c value decreases slightly with the wavelength for d
material and increases for light materials.

• θ decreases very slowly when increasing the wa
length.

These results strengthen the case that the implicit ass
tion that Hapke’s parameters are constant with wavele
is not totally valid. Indeed, it would be worth extending th
preliminary exploration toward the infrared. Our results a
highlight the need for an improved interpretation of this
pendence.

In addition, the methods presented can be easily gen
ized and applied:

• To test different models of radiative transfer, assess
whether or not the fit is better for alternative models
particular, it will be very interesting to use the upgrad
Hapke’s formalism (Hapke, 2002) taking into accou
anisotropic multiple scattering.

• To investigate the case of samples such as natural
surfaces and bulk soils rather than powder, to simu
different textural situations representative of planet
surface states.
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• To better define the angular conditions under which
bital observations must be conducted to access to
local photometric function of planetary surfaces.

4. Conclusion

The method used in this study, based on a genetic
gorithm, gives access to an optimized determination
the global set of Hapke’s parameters, for planetary a
log surfaces when dealing with experimental multi-angu
spectro-imaging data. The results validate all the steps a
the methodology implemented, including experimental m
surements and the derivation of Hapke’s model photom
quantities using the genetic algorithm.

In fact this kind of study is required to improve interpre
tion techniques in preparation for upcoming remote sen
data at high spatial resolution and/or under varied geo
tries (Mars Express, SMART1, LUNAR-A). The objectiv
when interpreting data from these platforms will be to qu
tify the mineralogy of planetary materials at sub-pixel sc
An established method to solve this problem is to app
spectral linear mixing on the single scattering albedo spe
(Johnson, 1983). If these spectra are evaluated using Ha
equation, one needs a determination of all parameters
present work allows the study of the optical characteris
of analogs of non-icy planetary surfaces versus grain s
and material composition. in order to improve the und
standing and the physical meaning of Hapke’s parame
in particular of the shadowing function parameter(θ). It ap-
pears that the microscale and mesoscale textural feature
than the centimeter scale contribute predominantly to
photometric effect related to the rocky aspect of plane
soil surfaces. The parameterθ may thus be mainly consid
ered as an integral of the mesoscale and micro-scale ro
ness properties in the submillimetric-centimetric range.
most representative case for describing natural regolith
face is represented by texture classes in the millimeter ra
not necessarily involving a high macroscopic roughness
large surface slopes at the hundred meter scale.

These results highlight the need for an improved theo
cal modeling, incorporating a potential second-order spe
dependence of the photometric parameters, to describ
real case of natural regolithic surfaces, for which the ph
metric behavior is influenced by the mesoscale organiza
of the textural relief.
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