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The group of measurements necessary to characterize
both the color and surface finish of an object is called the
measurement of appearance of an object [4]. This group
of measurements involves the spectral energy distribution
of propagated light, measured in terms of reflectance and
transmittance, and the spatial distribution of that light, mea-
sured in terms of the bidirectional reflectance distribution
function (BRDF) and the bidirectional transmittance dis-
tribution function (BTDF). The variations in the spectral
energy distribution affect appearance characteristics such
as hue, lightness and saturation, while the changes in the
spatial distribution affect appearance characteristics such as
gloss, reflection haze, transmission haze, luster and translu-
cency as noted by Hunter and Harold [4]. Measuring these
appearance characteristics is crucial for realistic rendering.

Spectrophotometry is defined as the quantitative mea-
surement of reflection and transmission properties as a func-
tion of wavelength. In the real world the measurement of
the spectral distribution of reflected and transmitted radi-
ant power is made with a spectrophotometer. In order ot
evaluate reflectance and transmittance models one needs to
resort to a computer simulation of this device, called a vir-
tual spectrophotometer. This is normally implemented us-
ing ray casting algorithms combined with stochastic tech-
niques applied to particle transport simulations [2, 3]. The
purpose of this devices is to determine the numerical value
of an estimand, or expected value, to which the readings
of reflectance, or transmittance, of a model converge. This
estimand will correspond to a reflectance, or transmittance,
value for a given wavelength and illuminating geometry.

In the full paper [1] the main aspects of virtual spec-
trophotometry are discussed in detail. An introduction to
the area of measuring spectral characteristics of various ma-
terials is first provided. Some background from physics
is then introduced as required for spectrophotometry. The
general characteristics of actual spectrophotometers are also
discussed.

The main topic of the paper is virtual spectrophotome-
ters, virtual spectrophotometry and strategies for reducing
the number of samples required to obtain asymptotically
convergent measurements.

At this point a brief section on applications of virtual
spectrophotometry presented. This is followed by a careful
formulation of virtual spectrophotometers . A virtual spec-
trophotometer, being a virtual device, is only described by
its geometry. This geometry is sketched in Figure 1, where
the spherical coordinate system in described by the coor-
dinates �i and �i, D is the distance between emitter and
specimen and r1 and r2 are the radii of the emitter and the
specimen.
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Figure 1. Sketch of a virtual spectrophotome-
ter.

The virtual spectrophotometer is employed to make mea-
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surements of radiation comming from a specimen with rays
being emitted to the specimen from an emitter. This means
that both the origin of a ray on the emitter and the point
of impact on a sample are random quantities suggesting a
Monte Carlo approach.

Actual measurements of reflectance and transmittance
are performed using spectrophotometers equipped with an
integrating sphere which is usually used to measure the
hemispherical reflectance factor, i.e., a reflectance factor for
a hemispherical reflected solid angle.

Similarly, virtual spectrophotometers are used to mea-
sure the hemispherical reflectance factor for a computer
generated model. This enables control over the spectral data
generation from computer models and allows us to perform
experiments at different sampling resolutions, which are es-
sential requirements for rendering applications.

Since virtual spectrophotometry is conducted using
Monte Carlo evaluation, the number of samples required for
convergence to within a region with a given error tolerance
and confidence is of importance.

A ray density analysis is therefore performed to deter-
mine the least number of sample rays required to obtain es-
timates within the region of asymptotic convergence of the
estimand with high confidence. This analysis is based on
Bernoulli’s theorem and Chebyschev’s inequality resulting
in an equation for the least number of sampling experiments
required to obtain estimates with an error tolerance � and a
confidence Æ as given by:

kc =

�
1

4�2Æ

�
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A second analysis is performed using the exponential
Chebyshev inequality. Based on this inequality it is shown
that the least number of sampling experiments need to ob-
tain estimates with an error tolerance � and a confidence Æ
is given by:
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It is shown that (2) gives better results than (1).
The bound on the number of sample rays derived from

the exponential Chebyshev inequality can be written as:
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where � is the uncertainty of the virtual spectrophotometer
modeling the uncertainty of a real spectrophotometer.

For spectrophotometric measurements aimed at render-
ing applications an accuracy of 1% is satisfactory, i.e.,
Æ = 0:01. Also, according to data provided in the spec-
trophotometry literature [5, 6, 8], the absolute precision of
actual spectrophotometers is around 0.995, which allows
us to set � = 0:005. Applying the proposed bound, the

number of sample rays required under these conditions is

N = 105:02 (or logN = 5:02).
The paper now consider reflectance models with differ-

ent levels of complexity to illustrate the use of the proposed
bound (3) under different measurement conditions. The first
model is a simulation of reflectance for dielectrics similar to
a model by Shirley [7]. The second model is a wavelength
dependent reflectance model simulating light propagation
in foliar tissues. Two different sampling strategies, namely
random and stratified sampling [7], are used for both the
emitter and the specimen to increase the scope of observa-
tions.

Two sets of experiments were performed. In the first set
the applicability of the model to evaluate reflectance models
was tested. In the second experiment the suitability of the
bound for data generation from previously validated mod-
els. An experimental procedure was set up.

The results of the experiments are presented in two sets.
In the first set the conical-hemispherical reflectance for

the incident direction �i = 0Æ and �i = 70Æ in the spher-
ical coordinate system. Graphs are provided showing that
estimates stabilize when logN � 5.

In the second set the directional-hemispherical re-
flectance is sampled in intervals of 1Æ. Graphs are
provided showing that for directional-hemispherical re-
flectance curves obtained using the ray density given by
the proposed bound (Equation (3)) present a high reliabil-
ity/cost ratio.

In conclusion the paper states that the aim was to provide
a better theoretical foundation for research required for bi-
ologically and physically based rendering applications.
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