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Optical measurement of fruit quality is challenging due to the presence of a skin around the
fruit flesh and the multiple scattering by the structured tissues. To gain insight in the light-
tissue interaction, the optical properties of apple skin and flesh tissue are estimated in the
350-2200 nm range for three cultivars. For this purpose, single integrating sphere
measurements are combined with inverse adding-doubling. The observed absorption
coefficient spectra are dominated by water in the NIR and by pigments and chlorophyll in
the visible region, whose concentrations are much higher in skin tissue. The scattering
coefficient spectra show the monotonic decrease with increasing wavelength typical for
biological tissues with skin tissue being about 3 times more scattering than flesh tissue.

Comparison to the values from time resolved spectroscopy reported in literature showed



comparable profiles for the optical properties, but overestimation of the absorption

coefficient values, dueto light losses. © 2007 Optical Society of America

OCI S codes: 290.7050, 300.1030, 290.0290, 290.4210, 300.6340, 300.6550.

1. Introduction

During the last decade the potential of Vis/INIR spectroscopy for the non-destructive
measurement of the physical and chemical quality parameters of fruit has been investigated by
many research groups worldwide [1]. Since apples are the most economically important fruit
after bananas worldwide, they have been the subject of a large number of these studies [1-8].
While absorption in the Vig/NIR range is related to some important chemical quality attributes
such asthe total sugar content, scattering is related to the microstructure of the tissue, and, hence,
the macroscopic texture properties of the fruit [9]. The relation for estimating the aforementioned
quality attributes from the Vis/NIR reflectance, interactance or transmittance spectrum of the
fruit is typically established based on alarge calibration dataset usng chemometrical techniques.
As the spectral measurements can be carried out in a noninvasive way, they potentially could be
used advantageously to grade fruit based on its organoleptic quality attributes rather than on
visual appearance as is now almost always the case.

The industry has now adopted this technology, and many manufacturers of on-line grading lines
have implemented Vis/NIR systems to measure quality attributes of a variety of fruit. However,
their accuracy and robustnessis often limited. Thisis partly due to the fact that, although we are
mostly interested in the properties of the flesh, the radiation has to travel through the skin and
will, therefore, be considerably influenced by the skin properties. Also, both the skin and flesh

are structured tissues with many cell wall interfaces and suspended particles, which cause



multiple scattering of the light passing through them. To obtain better non-destructive
measurements of the relevant propertiesit is, therefore, essential to have a better understanding
of theinteraction of the radiation with the fruit tissue

Cubeddu et a. [10] used timeresolved reflectance spectroscopy (TRS) to measure the
absorption and transport scattering coefficients x4, and i for 3 apple varieties in the 650 to
1000 nm range, while Nicolai et al. [11] estimated those for Conference pears in the 875-
1030 nm range. However, in both studies the lumped bulk properties for skin and flesh were
estimated together, while there obviously is a clear difference in the optical properties of both
layers, since we can visually discriminate them. It would, therefore, be more appropriate to
consider the skin and pedl as two digtinct layers when investigating the interaction of radiation
with fruit [12]. Moreover, the available optical properties [10] are limited to the 650-1000 nm
range, while most applications consider a broader spectrum [2-8]. Thus, the objective of this
study was to obtain the optical properties of both apple skin and flesh in the wavelength range
from 350 to 2200 nm.

Optical properties measurement over such a broad wavelength range is currently not possible by
means of time-resolved reflectance spectroscopy (TRS). Therefore, we will apply a methodology
based on continuous-wave reflectance spectroscopy (cw) using an integrating sphere setup and
inversion procedure, inspired by the one Troy and Thennadil [13] successfully applied to
measure both the absorption coefficient 1, and the transport scattering coefficient ' of human
skin in the near infrared range from 1000 to 2200 nm. However, since double integrating sphere
setups are not commonly available and represent a serious extra cost, we will apply a
methodology using a standard spectrophotometer setup equipped with an integrating sphere

module [14].



First, the possibility to estimate the absorption coefficient u, and the transport scattering
coefficient 1 for afixed value of the anisotropy coefficient g based on sequential measurements
of the total transmittance T; and the total reflectance R will be investigated. Secondly, the
feasibility to estimate the wavelength dependent anisotropy coefficient g as well by means of a
collimated transmittance T, measurement will be investigated. This methodology incorporates
the magjor assumption that the sequential in vitro measurements on apple tissue samples are
reasonably representative for the in vivo tissues. Finaly, by measuring different cultivars,
different shelf life and different spots on each apple the average bulk optical properties and the

variation around these will be estimated.

2. Materials and Methods

A. System setup

All spectral measurements are performed in the 350 to 2200 nm range using a scanning
monochromator spectrophotometer (Cary 5000, Varian Inc., Palo Alto, CA). In the range from
350 to 800 nm an average integration time of 0.4 s, a signal band width of 4.0nm and a
wavelength interval of 1.0 nm are applied for the photomultiplier tube (PMT) detector. The
Peltier (TE) cooled PbS detector for the range from 800 to 2200 nm is operated at an average
integration time of 0.4 s, asignal band width of 8.0 nm and a wavelength interval of 4.0 nm. This
results in 801 discrete observations per measured spectrum. The collimated transmittance T; is
measured with the instrument’s standard configuration where the tissue sample is placed in the
line between the exit dlit of the monochromator and the entrance dlit of the detector. For the total
reflectance R; and total transmittance T; measurements an external diffuse reflectance accessory

(External DRA-2500, Varian Inc., Palo Alto, CA) is mounted. This external Diffuse Reflectance



accessory consists of a 150 mm diameter integrating sphere which has a port-to-sphere area ratio
of less than 10%. The sphere is coated with 4mm thick and 1g/cm® dense
Polytetrafluoroethylene (PTFE) and has inbuilt high performance photomultiplier tube (PMT)
and Lead Sulfide (PbS) detectors. A schematic representation of the different measurement
configurations is shown in Figure 1. In case of a total transmittance measurement T;, the sample
is placed at the entrance port of the sphere, while the exit port is blocked with a PTFE reflectance
standard. In this way, all light transmitted (both collimated and diffuse) through the sample is
collected by the detector. For atotal reflectance measurement, the sample is placed at the exit
port of the sphere, so that all light reflected by the sample is collected in the sphere and directed
towards the detector. To obtain the same diameter for the illumination spot different focussing
lenses are used for the reflectance and transmittance measurements. Each of the measured
intensity spectra is divided by the intensity spectrum measured for a calibrated reference to

express the reflectance and transmittance as relative fractions ranging from O to 1.

B. Data Analysis

The optical properties are obtained from the measured total reflectance R;, the total transmittance
T: and the collimated transmittance T, by means of an inverse adding-doubling program running
under Matlab 6.5 (The Mathworks Inc., Natick, MA). The core of this program consists of a
numerical solution to the one speed radiative transport equation (RTE), which describes light
propagation at steady state in a scattering medium, by means of the adding-doubling approach
with a Henyey-Greenstein phase function which incorporates the effects of glass dabs
surrounding the sample [14, 15]. Since this numerical solution of the radiative transport equation
calculates the total reflectance R and the total transmittance T; for a given set of optical

properties, it has been incorporated in a constrained optimization scheme for nonlinear



multivariable functions (‘fmincon’ function of the Matlab® optimization toolbox) to find a set of
feasible optical properties for which the calculated reflectance and transmittance values match
the measured ones.

This approach has been successfully applied in the past for estimation of the absorption
coefficient 1, and the transport scattering coefficient «' of human tissue based on the measured
total transmittance T; and the total reflectance R; when both the anisotropy coefficient g and the
refractive index n of the sample are given [13]. In human tissue optics, the anisotropy coefficient
g has been shown to vary between 0.8-0.9 and some sensitivity analysis has shown that «, and
s estimation is not very sensitive to the value of g in this region. For apples we do not know the
range of values g can take. Therefore, the inversion program has been extended to estimate the
anisotropy factor g as well by including the collimated transmittance Te.

It is known that, while in principle the three optical properties (us, 1 and g) can be
obtained from measurements of the collimated transmittance T, total transmittance T; and the
total reflectance R;, the estimates can be prone to alot of error in the case of light losses from the
integrating sphere setup and due to the high correlation between T, and T, [16]. Although it
would be better to have an independent measurement for the estimation of g, thisis not easily
achievable using standard spectroscopic equipment. Therefore, we will investigate the feasibility
of constrained optimization to obtain good estimates for the optical properties based on the three
correlated measurements.

The constrained optimization makes it possible to ensure that the estimated values for the
albedo (u/(uat 1)) and the anisotropy coefficient g are kept respectively between 0 and 1, and -1
and 1. In this way, it is avoided that the iterative optimization becomes unstable by reaching

unrealistic values for the model parameters. Constrained optimization demands an initial guess



from which the iteration can be started. This value should be chosen wisdly to minimize the
number of iterations needed to find the optimum and to avoid ending up in a local minimum.
Since the optical properties are expected to be continuous functions of the wavelength, it is
chosen to use the estimated value of the previous wavelength as the initial guess for the next
wavelength. In this way, the number of iterations (and thus also the computation time) is
decreased considerably and smooth estimates are obtained. Around the water peaks, the error on
the estimated values is, however, rather high due to the low collimated and total transmission
values. Therefore, it is chosen not to update the initial guess with the newly estimated value

when the measured collimated transmittance is below 0.01%.

C. Validation Procedure

There are two parts to validation of the presented approach. The first part consists of quantifying
the estimation error on the absorption coefficient u, and the scattering coefficient /s for a fixed
value of the anisotropy coefficient g based on measurements with the integrating sphere set-up.
This mirrors the situation where the value of g is either assumed using prior knowledge of the
particulate system or through independent estimation of g from either measurements or
theoretical calculations. The second one lies in estimating how well we are able to estimate all
three optical properties by using the three measurements (T;, Tc and Ry).

For the first validation we will apply a procedure similar to the one described by Troy
and Thennadil [13]. We use a model system consisting of a monodisperse suspension of
polystyrene spheres of known diameter (0.45 um) and concentration (0.15% by weight of
solids), in water and compute y4,, 1s and g for this model system using Mie theory and the optical
constants of water measured by Hale and Querry [17]. A sample of this model system was

scanned in a 1 mm quartz glass cuvette in al three modes (T; R and T¢). The inverse adding-



doubling program is then used to estimate 1, and y in the range from 450 to 1800 nm based on
the measured T; and R; values and ‘known’ values of g (i.e. computed using Mie theory for this
sample). The estimated values are then compared to the ones obtained with Mie theory. It should
be noted that, although the sample was scanned in the 350 to 2200 nm range, the validation is
restricted to the 450 to 1800 nm range because we only had reasonable estimates for the
refractive index values n and k required for using the Mie theory in this range.

Although it is known [16] that estimating g together with x#, and s using a double
integrating sphere setup and inverse adding-doubling is prone to error, the possibility to estimate
g together with 1, and ys for the model system of polystyrene spheres by using the independently
measured collimated transmittance T is investigated. By comparison of the obtained estimates
for the absorption and scattering coefficients we also get insight in the impact this simultaneous
estimation of the anisotropy factor has on the estimated scattering and absorption coefficients. In
this way, we will try to get an idea of the reliability of this procedure for the estimation of the

optical properties of apple tissue.

D. Experimental Procedure for Apple Tissue Measurement

The sample set consists of 42 apples of three different cultivars (Royal Gala, Granny Smith and
Braeburn), which were purchased from alocal store. For each cultivar the 14 apples were chosen
from the same box to be as uniform as possible with respect to appearance, ripeness stage and
shelflife. After purchase the apples were stored under room temperature until the time of
measurement, which results in storage periods ranging from 1 to 21 days. On each of the 9
measurement days 1 or 2 apples of each cultivar were measured at two spots at opposite sides on
the equator (most and least colored side). For each spot samples from the skin and flesh were cut

by means of an industrial razor blade cutter and excess moisture was removed by means of paper



tissue. Caliper measurements (accuracy +0.03 mm) were taken to provide an accurate
measurement of tissue sample thickness and the sample was placed between two 1 mm glass
dlabs (1SO 8037/1 certified for in vitro diagnostic) to minimize drying and oxidation effects due
to contact with air. In case of the skin samples, all flesh cells were scraped away by means of the
razor blade. For each of these samples all three measurements (T;, R and T) were performed.
The order of the three measurements (T;, R; and T¢) and of the cultivars was randomized over the
different measurement sessions to avoid systematic effects of the measurement order being
transferred in the estimated optical properties. For the calculation of the Fresnel reflection at the
sample-glass interfaces an average refractive index of 1.37, measured by means of a
refractometer (Refracto 30Px, Mettler Toledo, UK), isused for both skin and flesh.

For each of the 168 samples (3 cultivars, 14 apples per cultivar, 2 spots per apple, skin and
flesh tissue) the optical properties (ua, s and g) are estimated based on the 3 measured spectra
(Ti, R and T¢) by means of the extended inverse adding-doubling program. From the estimated g

values an average value for both apple skin and flesh tissue is derived and the estimation of

and s is repeated for fixed g using the inverse adding-doubling approach. The average optical
properties of apple skin and flesh and the variation around this average obtained with both
approaches are then compared for each cultivar. The estimated values will also be shortly
compared to the ones obtained by Cubeddu et al. [10] using Time Resolved Spectroscopy (TRS)
in the 650-1000 nm range.

Note that optical properties of apple fruit may depend on many factors including season, orchard,
cultivation method, harvest and storage time, even within one cultivar [3]. The fruit used in this

experiment rather served as a vehicle to illustrate both the methodology as well as how optical



properties may vary between apples. The results should, therefore, not be considered as

representative for the three different cultivars. Future research should focus on these aspects.

3. Results and Discussion

A. Validation of the Experimental Setup for Fixed Anisotropy Factor

The upper plot in Figure 2 shows the values for the absorption coefficient w4, estimated by the
inverse adding-doubling using the anisotropy factor g obtained from Mie theory and the values
of u, calculated as the sum of the absorption coefficient of water and the absorption coefficient
of the particles obtained from Mie theory. It can be seen that both curves have very good
agreement over most of the wavelength range considered. However, the water peak is sightly
underestimated by the inverse adding-doubling. This can probably be explained by the low
transmission values in this region which reduce the signal to noise ratio and thus reduce the
relative accuracy of the estimated values. The lower plot in Figure 2 shows the values of the
scattering coefficient 4 estimated from the measurements using the inverse adding-doubling
program together with the values obtained from Mie theory. There is very good agreement
between both profiles of the scattering coefficient with the increasing wavelength. However, a
small peak can be observed around 1450 nm in the scattering coefficient estimated by the inverse
adding-doubling. This pesk in the estimated scatter coefficient 15 has similar magnitude as the
underestimation of the absorption coefficient 1 in this region. Thus, this effect can probably be
explained as extinction of the collimated transmittance that is erroneously considered by the
model system to be scattering, while it is actually absorption. The lower accuracy of the
estimated optical properties in the region of high absorbance by the water peak can therefore

probably be related to the lower signal to noise ratio of the measurementsin this region. It should



also be noted that the inputs to the inverse adding-doubling program (T; & R) have been
measured sequentially with a change and recalibration of the setup in between. This may have
induced small deviations from the assumptions made in the modelling, which might not be
observed in adouble integrating sphere setup.

The satisfactory agreement between both curves brings us to the conclusion that the experimental
setup with a single integrating sphere in combination with the inverse adding-doubling program
with fixed anisotropy factor is useful for the estimation of optical properties. However, one
should be aware that the absolute accuracy of the estimates is considerably lower in the regions

of high absorption (by water).

B. Validation of the Experimental Setup for Variable Anisotropy Factor

The inverse adding-doubling program used in the previous section has been extended for
simultaneous estimation of all three optical properties (u,, s and g) by inclusion of the
collimated transmittance T.. The upper plot in Figure 3 shows the values for the absorption
coefficient 1, estimated by means of this extended program together with the values obtained
from Mie theory (cfr. Fig. 2). The agreement between both curves is again very good. In this
case, the absorption peak of water around 1450 nm has even been estimated quite accurately.

The middle plot of Figure 3 shows the values of the scattering coefficient us estimated
from the measurements by means of the extended inverse adding-doubling program together
with the values obtained from Mie theory. It can be seen that the profile of the scattering
coefficient with the increasing wavelength is highly similar, especially in the region from 600 to
1000 nm. For higher and lower wavelengths the extended inverse adding-doubling program
gives lower scattering values than the Mie theory. From the inserted close-up it can be seen that

there is no peak around 1450 nm as was the case for the inverse adding-doubling with fixed



anisotropy factor (Fig. 2), but the estimated scattering coefficients suddenly drop to 0.1 mm™
around 1350 nm. This can probably be explained by the fact that the measured collimated
transmittance values in this region were dlightly higher than the ones obtained from the total
transmittance measurement. This is not possible from a theoretical point of view and therefore
brings the modelling system into trouble. If we compare Figures 2 and 3, it is hard to conclude
which of both approaches gives the best estimates for the optical properties compared to Mie
theory, because they both perform quite well and have become less reliable in the region above
1400 nm.

The lower plot in Figure 3 shows the values for the anisotropy factor g estimated from the
measurements by means of the extended inverse adding-doubling approach together with the
ones obtained from Mie theory. In the region from 450 to 900 nm there is good agreement
between both curves. Above 900 nm the decrease with increasing wavelength is higher in the
curve obtained by the inverse adding-doubling. Around 1350 nm a sudden drop in the estimated
anisotropy factor can be observed in the curve for the inverse adding-doubling. This drop occurs
at the same wavelength as the sudden drop in the scattering coefficient (middle plot in Fig. 3)
and can be addressed to the same phenomenon of numerical instability due to violation of the
assumptions, low signal to noise ratio and high correlation between the collimated and total
transmittance in this region of low scattering and high absorbance. Therefore, it can be
concluded that the estimates for the anisotropy factor are not very reliable in this region.
However, it should be noted that the effect of this jump in the estimated anisotropy factor on the
estimated values for the absorption and scattering coefficientsis rather limited.

From the comparison of the absorption and scattering values obtained by both inverse

adding-doubling approaches to the ones obtained by Mie theory it can be concluded that both are



nearly equally capable of giving useful estimates of the bulk optical absorption and scattering
properties of the sample under study. Due to the high correlation between T; and T, the extended
inverse adding-doubling approach with its three measurements for three unkowns does not
necessarily give a unique solution for 4 and g. This can be seen as clear jumps in the estimated
anisotropy factor g which correspond to deviations in the estimated values for the scattering
coefficient us. Since these jumps in g are so clear, we can still use this approach, as long as we

keep in mind that big jJumpsin g indicate regions of lower accuracy of the estimated values.

C. Apple Properties Estimated with Variable Anisotropy Factor

In Figure 4 the average bulk optical properties 1, s and g estimated by means of the extended
inverse adding-doubling program are shown for apple skin in the 350-2200 nm range for the
three apple cultivars. The presented average curves were calculated from the 28 curves that have
been estimated per cultivar (14 apples, 2 spots each) after removal of some obvious outliers (0, 2
and 3 for Royal Gala, Granny Smith and Braeburn, respectively). These obvious outliers are the
result of the inversion algorithm ending up in alocal minimum or becoming unstable. Thickness
of the skin samples ranged from 0.11 to 0.54 mm.

In the NIR region the average absorption coefficient values i, are similar for all three
cultivars and dominated by absorption peaks of water at 1450 and 1900 nm (Fig. 4 - top). In the
visible region, the absorption coefficient values are, however, clearly different for the green
Granny Smith apples with a sharp chlorophyll absorption peak a 675 nm compared to the
yellow-red Royal Gala and Braeburn apples. Towards the ultraviolet region the absorption again
increases considerably, due to water absorption.

The curves of the scattering coefficient values show that the apple skin is highly scattering,

with values around 10-15 mm™ (Fig 4 - middle). In the range 800-1800 nm, the scattering



coefficient s decreases fairly smoothly with increasing wavelength. This corresponds to the
general behaviour of the scattering characteristics of biological tissues [18]. Below 800 nm and
above 1800 nm, the scattering coefficient, however, deviates from this monotonic decrease in the
regions of the absorption bands of water and the pigments (e.g. chlorophyll). This deviation can
be explained by the increase of the imaginary part of the complex refractive index of the
scattering centers (i.e. skin cells), which leads to an increase in the scattering cross section [18].

The estimated spectra for the anisotropy coefficient g (Fig. 4 — bottom) show that apple skin
is highly forward scattering with average values of 0.70, 0.63 and 0.67 for Royal Gala, Granny
Smith and Braeburn apples, respectively. Although the spectra are fairly flat over the complete
wavelength range, minima can be seen at the wavebands corresponding to the absorption peaks
of water and the pigments. This can be explained by the fact that the increase in the imaginary
part of the complex refractive index of the scattering centres at the absorption peaks causes a
considerable decrease in the anisotropy factor g which is proportional to the absorption bands
[18].

In Figure 5 the average bulk optical properties ., us and g estimated by means of the
extended inverse adding-doubling program are shown for apple flesh in the 350-1900 nm range.
The wavelength range has been reduced, because no reasonable estimates could be obtained
beyond 1900 nm. Thisis aresult of the very low amount of light in this region that is transmitted
through the flesh samples with thickness ranging from 0.81 to 3.30 mm, due to the high
absorption by water. No outliers were removed, so the presented curves are the average of 28
estimated curves per cultivar (14 apples, 2 spots each).

The average absorption coefficient vaues y, are again highly ssimilar in the NIR region for all

three cultivars and dominated by absorption peaks of water at 1450 and 1900 nm (Fig. 5 - top).



Moreover, the absorption coefficient values for the flesh are also highly similar in the visible
region. This is in contrast to the observations for apple skin (Fig. 4 — top), where clear
differences were observed between the green Granny Smith apples and the yellow-red Royal
Gala and Braeburn apples. Towards the ultraviolet the absorption again increases considerably,
due to water absorption.

The curves of the scattering coefficient values show that apple flesh tissue is considerably
less scattering than apple skin tissue with values of 3-5mm™. In the range 800-1800 nm, the
scattering coefficient x4 again decreases fairly smoothly with increasing wavelength. Below
800 nm the scattering coefficient of apple flesh also deviates from this monotonic decrease due
to theincrease in the imaginary part of the complex refractive index at absorption bands.

The estimated spectra for the anisotropy factor g (Fig. 5 — bottom) show that apple flesh is
dightly less forward scattering than skin with average values of 0.66, 0.63 and 0.64 for Royal
Gala, Granny Smith and Braeburn apples, respectively. The anisotropy factor spectra for apple
flesh are a bit more undulating than for apple skin (Fig. 4 — bottom), but the minima

corresponding to the absorption peaks of water and the pigments are a bit less clear.

D. Apple Properties Estimated with Fixed Anisotropy Factor

Figure 6 displays the average bulk optical properties 1, and s for apple skin in the 350-2200 nm
range as estimated by means of the inverse adding-doubling program with fixed anisotropy
factor. These values have been calculated based on the measured total transmittance and total
reflectance values with the anisotropy factor g fixed at the average estimated values of 0.70, 0.63
and 0.67 for Royal Gala, Granny Smith and Braeburn apples, respectively. The presented
average curves were again calculated from the 28 curves that have been estimated per cultivar

(14 apples, 2 spots each) after removal of the obvious outliers. Although this procedure with



fixed anisotropy factor g was expected to be more stable than the one with variable g, more
obvious outliers were observed (2, 14 and 2 for Royal Gala, Granny Smith and Braeburn,
respectively). This can probably be explained by the fact that incluson of the collimated
transmittance adds an extra constraint which pulls the inversion out of local minima where it
otherwise would get stuck.

The estimated average absorption coefficient values u, (Fig. 6 — top) show the same
absorption features as the ones obtained from the inverse adding doubling with variable
anisotropy factor (Fig. 4 —top). The scattering coefficient spectra estimated by this algorithm
with fixed anisotropy factor confirm the fact that apple skin is highly scattering, with /s values
above 10 mm* (Fig 6 - bottom). Below 600 nm and around 1450 and 1900 nm, the peaks in the
scattering coefficient are, however, more pronounced compared to the ones obtained from the
adding-doubling with variable g (Fig. 4 — middle). This can be explained as a result of fixing the
scattering anisotropy g to one average value for all wavelengths. Since the anisotropy factor is
fixed, the variations of the scattering cross section and the anisotropy factor due to changes in the
complex refractive index of the scattering centres are both translated to changes in the scattering
coefficient is.

Figure 7 displays the average bulk optical properties 1, and usfor apple flesh in the 350-1900 nm
range as estimated by means of the inverse adding-doubling program with the anisotropy factor
fixed at the average estimated values of 0.66, 0.63 and 0.64 for Royal Gala, Granny Smith and
Braeburn apples, respectively. Similar to the case of the skin samples, more obvious outliers
were observed for this algorithm with fixed anisotropy factor (2, 0 and 6 for Royal Gala, Granny

Smith and Braeburn, respectively).



The estimated average absorption coefficient values u, are very similar to the ones obtained
by means of the algorithm with variable g (Fig. 7 - top). The curves of the scattering coefficient
values again show that the apple flesh is considerably less scattering than apple skin with values
around 4 mm™* (Fig. 7 — bottom). The curves are, however, less undulating than the ones
observed for the agorithm with variable g (Fig. 5 — middle). The deviation a the water
absorption bands of 1450 nm and 1900 nm from the monotonic decrease with increasing
wavelength is here also more pronounced, due to the fixing of the anisotropy factor to an average

value for all wavelengths.

E. Comparison of the inverse adding-doubling strategies
To be able to properly compare both inverse adding-doubling strategies (fixed and variable g) for
the estimation of the bulk optical properties the estimated spectra are plotted on top of each other
for both skin (Fig. 8) and flesh (Fig. 9) tissue. Since smilar behaviour was observed for the
different cultivars only the average spectra for the Royal Gala apples are plotted to avoid
confusion due to overlapping curves. In case of the adding-doubling with variable anisotropy
factor g there are two degrees of freedom for scattering: the scattering coefficient us and the
factor of anisotropy g. By fixing the latter, the other strategy only retains one degree of freedom
which has to explain all variations in the light scattering by the sample: the scattering coefficient
Us. Therefore, we will not compare the estimated values for the scattering coefficient s, but

those obtained for the transport scattering coefficient 4 , which is calculated as:

HS = lus(l_ g) (1)



It can be seen from the plots that there is very good agreement between the spectra for the
average bulk absorption coefficients u, (top figures) and transport scattering coefficients i
(bottom figures) for apple skin (Fig. 8) and flesh (Fig. 9) tissue obtained with both strategies.

Apart from the average values we are also interested in the relative variation of the estimated
optical properties around this mean throughout the spectrum. Therefore, the ratio of the standard
deviation around the mean to the mean value of the optical properties is calculated at each
wavelength for both strategies and for the three cultivars. These variation statistics are again
calculated from the 28 curves that have been estimated per cultivar (14 apples, 2 spots each)
after removal of the same obvious outliers. It should be noted that these relative variation
statistics are not measures for the ‘error’ on the estimates, because the sample set is subjected to
biological variation (different apples, different shelf-life, sunlit and shade side).

The wave ength dependent relative variation in the estimated optical properties for apple skin
is displayed in Figure 10. Since similar behaviour was observed for the different cultivars only
the average spectra for the Royal Gala apple samples are plotted to avoid confusion due to
overlapping curves. It can be seen that the variation of the absorption coefficient , is fairly
constant around 20 % over the wavelength range from 1400 to 2200 nm (Fig. 10 — top). Below
1400 nm the relative variation increases with decreasing wavelength. For the region from 800 to
1400 nm this can probably be explained by the low absorption coefficient values in this region,
which make that a small variation is considered high on areative scale. In the visible range, the
absorption values are, however, higher, such that these high relative variations probably say
more about the biological variation in optical properties (e.g. different pigment concentrations at
different ripeness stages). Similar behavior is observed for the absorption coefficient i, (Fig. 11

— top) profiles of apple flesh with constant variation around 20 % in the 1400-1900 nm range



and increasing relative variation with decreasing wavelength below 1400 nm. A maximum is
reached in the 600-800 nm range, which is considerably higher for the Gala cultivar. It should
also be noted that there a peak was observed in the relative variation of the estimated absorption
coefficients u, for the Granny Smith and Braeburn cultivars around 675nm. A possible
explanation for these observations may be found in the fact that the Granny Smith and Braeburn
apples were dtill in an early ripening stage at the beginning of the experiment, while the Gala
apples were already in a further stage. The Granny Smith and Braeburn apples may therefore
have had some active chlorophyll |&ft in their flesh below the skin, which has become inactive
due to further ripening during the three weeks storage at room temperature. This process might
explain the peaks in the relative variation of 1, at 675 nm. This hypothesis should, however, be
investigated more in detail. This falls out of the scope of this paper, but will be the subject of a

future study.

Inspection of the relative variation in the transport scattering coefficient ' showed that the
relative variation is fairly constant around 20 % for the Royal Gala (Fig. 10 — bottom) and
Granny Smith apples, and around 25 % for the Braeburn apples over the entire wavelength
range. Only in the UV-VIS region below 600 nm the relative variation increases up to 50 % with
increasing wavelength. This fairly constant relative variation throughout the spectrum could
have been expected from the physics of light scattering in biological tissues, where the
scattering coefficient decreases monotonically with increasing wavelength as a function of the
size and concentration of the scattering centres [18]. A change in this size and concentration of
the scattering centres (due to biological variation or ripening) will thus result in an

approximately constant relative change in the transport scattering coefficient. Similar behaviour



was observed for the estimated transport scattering coefficient «' (Fig. 11 — bottom) profiles of
flesh tissue.

For the relative variation in the scattering coefficient s profiles of skin and flesh (Fig. 10 &
11 — middle) a ssimilar behaviour can be observed as for the transport scattering coefficient us
(Fig. 10 & 11 — bottom) in the range from 800 to 2200 nm. In the wavelength region below
800 nm, however, a considerable increase was observed in the relative variation for the
scattering coefficients us estimated for the Royal Gala and Braeburn cultivar by the inverse
adding-doubling strategy with variable g. Since these effects are not observed in the transport
scattering coefficient s spectra, they must have been counteracted by a simultaneous increase
in the estimated anisotropy factor g. This means that the individual estimates of the scattering
coefficient 1 and the anisotropy factor g are less stable than the transport scattering coefficient
1S, calculated from them. This behaviour can be interpreted as a form of exchangeability of the

scattering information comprised in the scattering coefficient 1 and the anisotropy factor g.

F. Discussion

Figure 12 shows the average bulk optical properties 1, and x4 estimated by the inverse adding-
doubling approach with variable g for skin and flesh tissue of Granny Smith apples in the 650-
1000 nm range together with a reproduction of the values obtained by time resolved
spectroscopy (TRS) on intact apples of this cultivar found in literature. The latter values have
been extracted by visual inspection of Fig. 2 (1) and Fig. 5 (1) in reference [10].

As can be seen from the upper plot in Fig. 12, the shape of the absorption coefficient

spectra obtained by time resolved spectroscopy on intact apples and for inverse adding-doubling



on apple flesh is very similar. They both show a small absorption peak of chlorophyll at 675 nm
and one for water around 970 nm. The estimated values for apple flesh from the inverse adding-
doubling are, however, offset by 0.03-0.04 mm™. The absorption coefficient curve of apple skin
obtained by inverse adding-doubling has a smilar water peak around 975 nm, but the
chlorophyll peak at 675 nm is far higher, because of the high concentration of chlorophyll in the
skin of Granny Smith apples. This strengthens the hypothesis made in [10] that the optical
properties measured by TRS are dominated by the flesh properties. Apart from the similaritiesin
shape the values estimated by inverse adding-doubling for skin tissue are even more offset
(0.07 mm™) compared to the TRS values for intact apple. A possible explanation for these offsets
can be found in the fact that the inverse adding-doubling does not account for light losses during
the integrating sphere measurements. In this region of low absorption and high scattering, a
portion of the incident light can leave the sample at the edges without being measured as either
reflectance or transmittance. Since the 1D approximation of the radiative transport equation by
adding-doubling does not account for these light losses, this portion will be considered as
absorbed by the sample and thus contribute to the absorption coefficient [15]. Since this effect
will be observed in al optical properties measured in this way and the shape of the absorption
curve is retained, this is not a big issue when one is only interested in relative changes in the
optical properties. However, when one needs the absolute values of the optical properties (e.g.
for precise light transport simulations) this might cause dramatic errors. In that case an inversion
method which takes these light losses into account, such as an inverse Monte Carlo approach,
should be used.

The curves for the transport scattering coefficient «' estimated by the inverse adding-

doubling (IAD) for skin and flesh tissue and by TRS for intact apples (Fig. 12 — bottom) show a



similar monotonic decrease with increasing wavelength. The values obtained from TRS for intact
apples are a 0.6-0.7 mm™ higher and 2.3-2.4 mm™ lower than the ones obtained by IAD for flesh
and skin tissue, respectively. The fact that the values obtained from TRS are in between those for
skin and flesh tissue, but closer to those for flesh tissue could have been expected, because the
light that goes through an intact apple in a TRS measurement has to cross the apple skin twice,

but travels the largest distance through the flesh.

4. Conclusions

The optical properties of apple skin and flesh tissue samples have been estimated in the 350-
2200 nm range for three cultivars from single integrating sphere measurements by means of two
inverse adding-doubling strategies: with fixed and variable anisotropy factor g. First, the
experimental setup and both inversion strategies have been validated by comparing the optical
properties estimated for a monodisperse polystyrene suspension with known particle size and
concentration to the values obtained from Mie theory. From this comparison it was concluded
that both strategies are nearly equally capable of giving useful estimates of the bulk optical
absorption and scattering properties of the sample under study. Due to the high correlation
between the total T: and collimated transmittance T. the extended inverse adding-doubling
approach with its three measurements for three unknowns does, however, not necessarily give a
unique separation of the scattering properties into the scattering coefficient s and the anisotropy
factor g.

These approaches have then been applied to the apple tissue measurements to estimate
average values for the bulk optical properties of the samples from the different cultivars. The
observed spectra for the absorption coefficient 1, were dominated by absorption by water in the

NIR (especialy at 1450 and 1900 nm) and by pigments and chlorophyll (at 675 nm) in the



visible region. As expected, the latter was found to be much higher in skin tissue than in flesh
tissue. From the spectra of the scattering coefficient 1 was observed that apple tissue also
follows the monotonic decrease with increasing wavelength that has been reported for other
biological tissues. Apple skin tissue was, however, found to be about 3 times more scattering
and dlightly less forward scattering than the flesh tissue. Based on these observations it can be
concluded that proper modelling of light transport through intact apples should be done with a
mode that considers at least two different bulk layers: skin and flesh.

Similar estimates for the average bulk absorption coefficient x, and transport scattering
coefficients x4 were obtained with both adding-doubling strategies, but the inclusion of the
extra measurement (T) in the strategy with variable g gave less obvious outliers, thanks to the
extra constraint. Therefore, we suggest use of the strategy with variable anisotropy factor g
when the anisotropy factor of the samples is not known a priori. Due to the exchangeability of
the scattering information contained in the scattering coefficient 1 and the anisotropy factor g,
the scattering properties can, better be expressed in terms of the transport scattering /', which
was found to be a more stable estimate.

Finally, the estimates for the average absorption coefficient 1, and transport scattering coefficient
s obtained for Granny Smith apples were compared to the values from time resolved
spectroscopy found in literature in the 650-1000 nm range. It was found that both techniques
give similar absorption coefficient profiles, but that the inverse-adding doubling overestimates
absorption by not correcting for the light losses in the setup. The vaues of the transport
scattering coefficient 1’ obtained from TRS are, as expected, in between those for skin and flesh
tissue, but closer to those for flesh tissue. From this comparison to the values found it literature it

can therefore be concluded that the applied approach with a single integrating sphere and inverse



adding-doubling is useful to obtain relative estimates of the optical properties. However, if
precise absolute values of the absorption coefficient are needed, we suggest to use a modelling

approach that takes the light losses into account (e.g. inverse Monte Carlo).
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Figure captions

Fig. 1. (Color online) Schematic representation of the different measurement configurations: a)
Collimated transmittance measurement b) Total diffuse transmittance measurement c) Total
diffuse reflectance measurement

Fig. 2. (Color online) Bulk optical properties i, (top) and s (bottom) in the 450-1800 nm range
for a monodi sperse polystyrene suspension (diameter 0.45 um and concentration 0.15% by
weight of solids) in water estimated by means of Mie theory (circles) and by means of the
inverse adding-doubling program with fixed g (stars).

Fig. 3. (Color online) Bulk optical properties u, (top), us(middle) and g (bottom) in the 450-
1800 nm range for a monodi sperse polystyrene suspension (diameter 0.45 um and concentration
0.15% by weight of solids) in water estimated by means of Mie theory (circles) and by means of
the extended inverse adding-doubling program (stars).

Fig. 4. (Color online) Average bulk optical properties u, (top), us(middle) and g (bottom) of
apple skin in the 350-2200 nm range for the cultivars Royal Gala (solid line), Granny Smith
(dashed line) and Braeburn (dotted line) estimated by means of the extended inverse adding-
doubling program; The presented curves are the average of 28 estimated curves per cultivar (14
apples, 2 spots each).

Fig. 5. (Color online) Average bulk optical properties i, (top), us(middle) and g (bottom) of
apple flesh in the 350-1900 nm range for the cultivars Royal Gala (solid line), Granny Smith
(dashed line) and Braeburn (dotted line) estimated by means of the extended inverse adding-
doubling program; The presented curves are the average of 28 estimated curves per cultivar (14

apples, 2 spots each).



Fig. 6. (Color online) Average bulk optical properties 1, (top), us(bottom) of apple skinin the
350-2200 nm range for the cultivars Royal Gala (solid line), Granny Smith (dashed line) and
Braeburn (dotted line) estimated by means of the inverse adding-doubling program with fixed
anisotropy factors g of 0.70, 0.63 and 0.67, respectively; The presented curves are the average of
28 estimated curves per cultivar (14 apples, 2 spots each).

Fig. 7. (Color online) Average bulk optical properties i, (top), us(bottom) of apple flesh in the
350-1900 nm range for the cultivars Royal Gala (solid line), Granny Smith (dashed line) and
Braeburn (dotted line) estimated by means of the inverse adding-doubling program with fixed
anisotropy factors g of 0.66, 0.63 and 0.64, respectively; The presented curves are the average of
28 estimated curves per cultivar (14 apples, 2 spots each).

Fig. 8. Average bulk optical properties i, (top), s (bottom) of apple skin in the 350-2200 nm
range for the cultivars Royal Gala, Granny Smith and Braeburn estimated by means of the
extended inverse adding-doubling program (solid lines) and the inverse adding-doubling
program with fixed anisotropy factors (dashed lines) g of 0.70, 0.63 and 0.67, respectively; The
presented curves are the average of 28 estimated curves per cultivar (14 apples, 2 spots each).
Fig. 9. Average bulk optical properties u, (top), us (bottom) of apple flesh in the 350-1900 nm
range for the cultivars Royal Gala, Granny Smith and Braeburn estimated by means of the
extended inverse adding-doubling program (solid lines) and the inverse adding-doubling
program with fixed anisotropy factors (dashed lines) g of 0.66, 0.63 and 0.64, respectively; The
presented curves are the average of 28 estimated curves per cultivar (14 apples, 2 spots each).
Fig. 10. Relative variation of the estimated bulk optical properties 1, (top), i (middle) and us
(bottom) of apple skin in the 350-2200 nm range for the cultivars Royal Gala, Granny Smith and

Braeburn estimated by means of the extended inverse adding-doubling program (solid lines) and



the inverse adding-doubling program with fixed anisotropy factors (dashed lines) g of 0.70, 0.63
and 0.67, respectively; The presented curves are calculated from 28 estimated curves per cultivar
(14 apples, 2 spots each).

Fig. 11. Relative variation of the estimated bulk optical properties i, (top), i (middle) and s
(bottom) of apple flesh in the 350-1900 nm range for the cultivars Royal Gala, Granny Smith and
Braeburn estimated by means of the extended inverse adding-doubling program (solid lines) and
the inverse adding-doubling program with fixed anisotropy factors (dashed lines) g of 0.66, 0.63
and 0.64, respectively; The presented curves are calculated from 28 estimated curves per cultivar
(14 apples, 2 spots each).

Fig. 12. Comparison of the average bulk optical properties i, (top) and 1 (bottom) in the 650 to
1000 nm range for skin (dashed line) and flesh (solid line) tissue of Granny Smith apples
obtained by the inverse adding-doubling (IAD) approach to the values presented in [9] (stars)

obtained by Time Resolved Spectroscopy (TRS) on intact apples.



Figures

Qlo '.‘C» I

©

Fig. 1. (Color online) Schematic representation of the different measurement configurations: a)
Collimated transmittance measurement b) Total diffuse transmittance measurement c) Total
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Fig. 2. (Color online) Bulk optical properties ., (top) and s (bottom) in the 450-1800 nm range
for a monodi sperse polystyrene suspension (diameter 0.45 um and concentration 0.15% by
weight of solids) in water estimated by means of Mie theory (circles) and by means of the

inverse adding-doubling program with fixed g (stars).
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Fig. 3. (Color online) Bulk optical properties u, (top), us(middle) and g (bottom) in the 450-
1800 nm range for a monodi sperse polystyrene suspension (diameter 0.45 um and concentration
0.15% by weight of solids) in water estimated by means of Mie theory (circles) and by means of

the extended inverse adding-doubling program (stars).
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Fig. 4. (Color online) Average bulk optical properties i, (top), s (middle) and g (bottom) of
apple skin in the 350-2200 nm range for the cultivars Royal Gala (solid line), Granny Smith
(dashed line) and Braeburn (dotted line) estimated by means of the extended inverse adding-

doubling program; The presented curves are the average of 28 estimated curves per cultivar (14

apples, 2 spots each).
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Fig. 5. (Color online) Average bul

apple flesh in the 350-1900 nm range for the cultivars Royal Gala (solid line), Granny Smith
(dashed line) and Braeburn (dotted line) estimated by means of the extended inverse adding-

doubling program; The presented curves are the average of 28 estimated curves per cultivar (14

apples, 2 spots each).
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Fig. 6. (Color online) Average bulk optical properties ., (top), s (bottom) of apple skinin the
350-2200 nm range for the cultivars Royal Gala (solid line), Granny Smith (dashed line) and
Braeburn (dotted line) estimated by means of the inverse adding-doubling program with fixed
anisotropy factors g of 0.70, 0.63 and 0.67, respectively; The presented curves are the average of

28 estimated curves per cultivar (14 apples, 2 spots each).
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Fig. 7. (Color online) Average bulk optical properties i, (top), us(bottom) of apple flesh in the
350-1900 nm range for the cultivars Royal Gala (solid line), Granny Smith (dashed line) and
Braeburn (dotted line) estimated by means of the inverse adding-doubling program with fixed

anisotropy factors g of 0.66, 0.63 and 0.64, respectively; The presented curves are the average of
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28 estimated curves per cultivar (14 apples, 2 spots each).
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Fig. 8. Average bulk optical properties i, (top), s (bottom) of apple skin in the 350-2200 nm

range for the Royal Gala apple samples estimated by means of the extended inverse adding-

doubling program (solid lines) and the inverse adding-doubling program with a fixed anisotropy

factor (dashed lines) g of 0.70; The presented curves are the average of 28 estimated (14 apples,

2 spots each).
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Fig. 9. Average bulk optical properties 1, (top), s (bottom) of apple flesh in the 350-1900 nm
range for the Royal Gala apple samples estimated by means of the extended inverse adding-
doubling program (solid lines) and the inverse adding-doubling program with a fixed anisotropy
factor (dashed lines) g of 0.66; The presented curves are the average of 28 estimated curves (14

apples, 2 spots each).
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Fig. 10. Relative variation of the estimated bulk optical properties i (top), 1 (middle) and us
(bottom) of apple skin in the 350-2200 nm range for the Royal Gala apple samples estimated by
means of the extended inverse adding-doubling program (solid lines) and the inverse adding-

doubling program with afixed anisotropy factor (dashed lines) g of 0.70; The presented curves

are calculated from 28 estimated curves (14 apples, 2 spots each).



05+

SD(u,)/mean(u,)
1
(,/

500 1000 1500
~ 05 ‘ ‘
Ei
3
0] N |
E e R &777 %v
S A Tty A B
€
[a)] 0 | I
(%]
500 1000 1500
05 ‘ ‘

SD(uy)/mean(u)

P |
AT \

f¥MF*%Lﬁ:wwM-:*f;LVAAZJ Nyt

500 1000

Wavelength, nm

Fig. 11. Relative variation of the estimated bulk optical properties i (top), i (middle) and s
(bottom) of apple flesh in the 350-1900 nm range for the Royal Gala apple samples estimated by
means of the extended inverse adding-doubling program (solid lines) and the inverse adding-

doubling program with afixed anisotropy factor (dashed lines) g of 0.66; The presented curves
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are calculated from 28 estimated curves (14 apples, 2 spots each).
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Fig. 12. Comparison of the average bulk optical properties 1, (top) and s (bottom) in the 650 to
1000 nm range for skin (dashed line) and flesh (solid line) tissue of Granny Smith apples
obtained by the inverse adding-doubling (IAD) approach to the values presented in [10] (stars)

obtained by Time Resolved Spectroscopy (TRS) on intact apples.



