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The interdisciplinary character of this revision means
that more than one subject must be treated, the most
important of which are: perceived gloss, measured gloss
and surface models.

Background
For at least 250 years, serious efforts have been made
to characterize the phenomenon of gloss, but it is still
difficult to objectively predict or to perceptually evalu-
ate gloss appearance characteristics with certainty. One
reason for this is the lack of a clear definition of gloss.
For instance, according to ASTM “Standard Terminol-
ogy of Appearance”3:

“gloss, n–angular selectivity of reflectance, involv-
ing surface-reflected light, responsible for the de-
gree to which reflected highlights or images of
objects may be seen as superimposed on a surface.
(See also distinctness-of-image gloss, haze (in
reflection), luster, sheen, specular gloss.)”

The variables involved in visual gloss are mentioned,
but how the gloss should be characterized is not speci-
fied. Also, most of the related concepts mentioned in the
definition are hard to characterize. It is here important
to stress a distinction. It is possible to give a physical
definition of gloss, in terms of the ability of a surface to
reflect light in the specular direction in relation to that
of, e.g., a polished plane glass surface with a well de-
fined optical property such as the refractive index. Gloss,
so defined, is relatively easy to measure. Even more gen-
eral, the physics and the theory of the interaction of
light with a surface are well described elsewhere.4–17

However, in the field of paper and print, the detailed
physical description is complicated and consequently
there is a lack of descriptive models and theory, although
a number of articles are well worth mentioning. A com-

Introduction
“The subject of glare from paper is one which has been
attracting ever-increasing attention of late on the part
of both publisher and paper maker.”. This quotation is
the introduction to an article by Ingersoll in 19141 but
it is still as relevant now as it was then. Gloss is an
important appearance characteristic of surfaces in gen-
eral, and printed and unprinted paper surfaces are no
exceptions. On the contrary, they constitute demanding
special cases, partly due to their often pronounced and
visible surface texture. The present work is directed
towards surfaces in general, but due to its often visible
surface structure, paper serves in many aspects as a
challenging example. Hence most of the present work
is related to paper characterization.

The context for this revision is instrumentally based
measurement system, which provide an objective de-
scription of gloss. This description should be powerful
enough to facilitate subsequent evaluations that have a
potential to yield results in concert with the results of
perceptual evaluation of gloss. That is, the description
should bare the perceptually relevant gloss character-
istics of the surface measured. Such an objective descrip-
tion has a range of applications. One such example is
for detailed studies of the directed reflectance behavior
of the surface.2 Another application is to provide an ob-
jective measure in concert with human visual evalua-
tion of gloss homogeneity.
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Gloss, as has long been known, is a far more complex visual concept than the present methods of instrumental gloss evaluation are
able to characterize. The instrumental analyses are either highly over-simplified (standard gloss meters) or over-simplified but with
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monly used characterization approach is the Bidirec-
tional Reflection Distribution Function (BRDF), which
is a special case of the more general Bidirectional Scat-
tering Distribution Function (BSDF). In BRDF only the
reflected electromagnetic radiation is taken into con-
sideration, hence for gloss related issues the BRDF,
omitting the transmitted radiant, is in this respect suf-
ficient. Methods for analyzing bulk and surface scatter-
ing have recently been presented,18 and the concept of
“positive scattering contrast range”19 has been intro-
duced, based on a BRDF. This measure defines the an-
gular range in which there is a positive contrast between
image and non-image areas, and it has been proposed
as a quality measure. Gloss inhomogeneity has been
characterized in terms of surface roughness and sur-
face micro-roughness.20,21 The evaluation based on mea-
sured data has shown good agreement with a perceptual
evaluation.22 It is not nevertheless possible to give a
clear meaningful definition of visual gloss or gloss ap-
pearance. This has important implications for the
present work and is dealt with in the following section.

The Perception of Gloss and its Relation to
Print Quality
Image quality is hard to define objectively. There are a
number of different aspects involved in a print judged
to be of a high quality. The scale of quality is often not
absolute. A print is judged in a specific context, as part
of a whole set of prints evaluated. Nevertheless, a num-
ber of criteria have been identified as being of impor-
tance for perceived print quality. In a recent study23 of
paper surfaces, printed using either a digital or the off-
set technique, criteria for perceived print quality were
evaluated, and it was verified that color reproduction,
gloss, gloss variation, resolution and mottle, i.e., un-
wanted density variations over the surface, were im-
portant for the perceived print quality. These traditional
print quality variables are thus also relevant for the
newer digital printing technique. For halftone prints in
black-and-white, “color reproduction” corresponds to the
range and acuity of the gray scale achievable. For half-
tone color prints, the criterion of color reproduction can
as a first approximation be split into the criteria of den-
sity range and acuity for each process color, which are a
measure of the available color gamut for the process even
if the topic of color is more complicated. Naturally it is
desirable to have a large color gamut, in order to be able
to print highly saturated and vivid colors with a large
dynamic range, and also to achieve high dynamics in
the non-chromatic dimension from deep black to pure
white.

Physically, a high density, or possibly a high chromatic
appearance, originates in principle from different loca-
tions in non-conducting (non-metallics, e.g., like paper)
and conducting (metallic) materials. In the case of a
conducting material, it is the surface reflection that
yields the possible chromatic appearance, e.g., the deep
reddish yellowish color tone of a polished copper sur-
face. In the case of a non-conducting surface however,
the surface reflection does not change the wavelength
distribution of the incident light, and a non-chromatic
reflection is obtained if the incident light is white. In
such materials, it is the bulk scattering that may yield
a chromatic appearance. If the bulk of the material is
wavelength selective, e.g., with an ink which absorbs a
certain range of wavelengths of the light, then the sur-
face appears chromatic, i.e., colored.

Gloss is generally seen as a pure surface reflection
and is thus, for non-conducting surfaces, non-chromatic.

To achieve a highly chromatic appearance of a non-con-
ducting surface like a paper, it is therefore necessary to
avoid non-chromatic surface reflections in the direction
where the chromatic sensation is to be perceived. If this
is not done, surface reflections blend into the chromatic
reflections and reduce the frequency selectivity of the
reflected light, causing the color to appear less satu-
rated.24–26 For a surface of high gloss with a high degree
of gloss homogeneity, e.g., a high quality photograph, the
surface reflection is well concentrated in the specular
direction and is hence easily avoided by an observer. The
high gloss quality of a photograph is thus one important
reason why it is possible to achieve highly saturated
and vivid colors in that type of reproduction, and this is
in turn an important factor in the overall high perceived
image quality normally related to a photograph. The
visual gloss characteristic is consequently one of the
important quality factors of print quality, both directly
(absence of disturbing glare effects) and indirectly (low
reduction of color strength).

A well performed perceptual evaluation, where the
panel consists of experienced judges recording their
perceived gloss sensation, provides the best information
about gloss related questions, e.g., the overall gloss qual-
ity of general surfaces. A procedure for visual gloss
evaluation has been formalized,27 but there is no gener-
ally used standard in this field. Since the concept of
Quality is indeed subjective, this type of evaluation gives
The True Answer – in principle no instrument can ever
outperform a well performed perceptual evaluation.
Nevertheless, it might be possible to develop an objec-
tive system that yields the same result as a perceptual
evaluation but with less statistical uncertainty. In such
circumstance the objective system would be preferable
to the perceptual evaluation panel. There are further
two severe drawbacks of perceptual evaluation.
(i) It is difficult to define the important “instrumental”

characteristics of the evaluation panel. It is difficult
to state the accuracy and precision of the answer
and to say, e.g., how this is dependent on the choice
of the panelists. Should the panel members be
trained experts in the field, trained judges but with
no other specific background, or just randomly
chosen persons? If we find it necessary to have
trained experts, e.g., in order to have a sufficiently
high degree of reproducibility, how do we know that
we have a panel of experts? There is also a risk of a
drift in a perceptual evaluation panel.

(ii) It is difficult to separate and pinpoint the different
principal components in a perceptual evaluation. It
may therefore be assumed that a trained expert can
make a conceptual integration of judgments over
several principally different types of characteristic
features. The judgment is thus an overall answer
and provides limited information about the reason
for a specific quality rating. Approaches based, e.g.,
on the “multi-dimensional scaling” (MDS) technique
aim to map evaluation data into a similarity space
of arbitrary dimensions. The strategy is basically a
linear algebraic problem, where a vector, the
evaluation data, of arbitrary dimensions is resolved
into a limited set of basis functions and a residue.
In MDS, the residue is a cost function, often called
“stress”. The stress indicates the lack of explanatory
power of the model for a chosen dimensionality of
the similarity space, i.e., the stress should be
minimized. If  the number of dimensions is
increased, the degrees of freedom increase and
hence the residue, not explained by the model, or
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“stress” decreases. The rate at which the increase
in explanatory power decreases as a function of
increasing number of dimensions provides an
indication of the inherent dimensionality in the data
set. The interpretation of what the different
characterizing feature vectors actually represent in
the MDS is normally difficult. Different judges may
differ with regard to the most important set of
characteristic features, and this may lead to
problems in pin-pointing specific quality defects
within the whole concept of gloss, e.g., striving for
end product quality improvements.

One reason for the lack of definition of visual gloss or
gloss appearance is that visual gloss is in general a
multidimensional phenomenon, as has been pointed out
by, e.g., Bouguer.28 The work was originally written in
Latin and translated, when published, into French, but
a more accessible English translation,29 on which the
references in the present work are based, is available.
Still others30–32 have drawn the same conclusion about
the multidimensional feature of the visual concept of
gloss. Nevertheless, it is possible, using a set of selected
samples, to obtain results that indicate a one-dimen-
sional response from a human judge. In one study,33 the
multidimensional scaling technique was used to evalu-
ate acrylic lacquer painted automotive panels in order
to assess the number of dimensions reliably distinguish-
able by a judge, but it was concluded that, for the
samples tested, only a one-dimensional response of the
human judges was significant. This conclusion should
however be used with caution. An extension to general
surfaces to suggest that visual gloss is not a multidi-
mensional phenomenon cannot be justified. A reason-
able hypothesis is that, for a sufficiently coherent set of
samples, it is possible and also quite reasonable to end
up with a one-dimensional visual evaluation. The
acrylic-lacquer painted automotive panels tested may
have been such a coherent set of samples.

In two studies by Christie,34,35 the theme of gloss ap-
pearance is given a thorough treatment. For all types
of materials, Hunter30 suggests that gloss appearance
is well described by six perceptual terms: 1) Specular
Gloss, 2) Sheen, 3) Contrast Gloss, 4) Absence-of-bloom
Gloss, 5) Distinctness-of-Reflected-Image Gloss, and 6)
Absence-of-surface-texture Gloss. Another suggestion35

by CIE more or less adopts Hunter’s concepts but re-
duces them to four main attributes: 1) Specular Gloss,
2) Contrast Gloss (Luster), 3) Reflection Haze and 4)
Sheen. Two related attributes are a) Perceived Texture
and b) Perceived Directionality. Another variation on
the same theme was put forward by Billmeyer and
O’Donnell33 in their introduction: 1) Distinctness-of-
Image Gloss, 2) Specular Gloss, 3) Contrast Gloss, 4)
Reflection Haze, 5) Sheen and 6) Macroscopic Surface
Properties, although, as was mentioned before, they
concluded that there was a one-dimensional response
of the judges for the specific surface set tested.

Ferwerda et al.36 used image synthesis techniques to
explore the relationship between the physical dimen-
sions of glossy reflectance and the perceptual dimen-
sions of glossy appearance. In the work they claimed to
reveal the dimensionality of gloss perception and per-
ceptually meaningful and uniform axes in visual “gloss
space”, to be able to predict just noticeable differences
in gloss. They revealed two dimensions for perceived
gloss: contrast gloss and distinctness of the reflected
image, for the images evaluated. As the images were
only computer generated simulating achromatic glossy

paints, it is difficult to evaluate the generality of the
results. Nevertheless, their approach of relating physi-
cal and perceptual dimensions is an important contri-
bution. However, as the model, in its present form, does
not involve texture it is not well suited for applications
in the area of, e.g., paper surfaces.

Naturally, different types of materials show different
characteristics and hence the subset of the most impor-
tant attributes differs depending on the type of mate-
rial being characterized. For most paper qualities it may
be possible and desirable to focus on a subset of these
attributes. The surface structure makes it reasonable
to suggest that Perceived Texture and Perceived Direc-
tionality together with Specular Gloss are the most im-
portant characteristics of paper gloss.

The visual evaluation of gloss starts with an inspec-
tion phase, to obtain all the necessary information about
the surface, etc. Depending on the characteristics of the
surface inspected, the strategy may differ in order to
gain information in an effective manner. In a study on
paint specimens, Boshoff37 stated that for highly glossy
surfaces sharpness of image reflection is critical,
whereas for less glossy surfaces the highest perceived
brightness (near the specular direction) and the changes
in brightness as the specimen is inclined to angles well
away from the angle of highest brightness are the most
important variables. Boshoff did not use the expression
“highest perceived brightness” but rather “brightness
at the specular angle”. For glossy surfaces like these
paint surfaces, the expressions may be used interchange-
ably, but for rough surfaces, such as an unprinted pa-
per surface, a distinction is usually necessary.

The angular offset effect due to the roughness of the
surface is well known and is theoretically well treated
for illumination at normal incidence and perfectly con-
ducting surfaces,38 and for other surfaces,5 and gener-
alized in terms of incidence geometry.39 The effect is also
well documented in empirical studies on plain unprinted
papers40,41 as well as on printed papers.22,41-43 The dif-
ference in angle can be as much as 5-10 degrees, and
hence is important. This distinction is often neglected
in the literature, but it is important when relating mea-
sured to observed gloss. Two definitions are given here.
The first is adopted from ASTM, Standard Terminology
of Appearance3 and the second has been introduced pre-
viously2 by the author, as indicated in Fig. 1.

Figure 1. Illustration of Specular Angle (SA) and Peak Angle
(PA) of a semi-micro-rough surface. The SA equal but opposite
the angle of incidence (α). The directed reflectance may be con-
siderably lower at the SA than at the PA.

α
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• Specular angle (SA): the angle equal and opposite to
the angle of incidence, i.e., SA = –α.

• Peak angle (PA): the angle at which the directed
reflection has its peak value.

An observer inspecting a surface under ordinary vi-
sual conditions does not however notice this distinction
between SA and PA. The “specular behavior” is visually
inspected under the direction of maximum reflectance,
even if the SA and the PA are not equal. The distinction
is however important when a surface is characterized
instrumentally as a basis for predicting how the sur-
face is perceived.

A study of an experienced judge when he or she is
inspecting a surface exhibiting texture, shows that
gloss is a true multidimensional phenomenon. The in-
spection is definitely not based on a single snapshot
“image” of the sample. On the contrary, the inspection
is performed partly in the PA direction, partly when
the surface is distinctly inclined away from the PA, and
also in the transition between these extremes, and in
all cases the spatially resolved information is impor-
tant. Inspection based on one direction alone would not
yield sufficient information for a proper judgment. If
the specimen is given a convex shape much of the gloss
characteristics of the surface can be revealed, see Fig.
2. This permits simultaneous inspection in the direc-
tion of the PA as well as well away from the direction
of the PA. The contrast gloss can hence be evaluated.
The approach of bringing the surface into a convex
shape, or using rigid convex (or occasionally concave)
shaped objects has been used to illustrate different gloss
characteristics44–46 as well as to provide an effective
means of visual inspection.43,47 The approach has also
been adopted to simulate gloss on a computer screen and
to study the influence of the gloss on a subject’s ability
to perceive the underlying intensity variation.48 In the
study in which the gloss was superimposed on a test
patch, the subjects nevertheless managed to perceive
an intensity variation close to the original patch. The
observer was able to compensate for the added gloss ef-
fect, based on an “expected” intensity. A relation between
the perceived shape of a surface and the gloss or inten-
sity variations has also been reported.49 The perceptual
importance of intensity variations in the interpreta-
tion of the shape of a body was evaluated, where in-
tensity variations on a computer screen simulated a
convex shape. One result was however that texture,
e.g., an illustration on a smooth surface, was even more
important for the interpretation of shape than was the
intensity variation simulating the gloss. Similar con-
clusions, that imaged based information is important
for reflectance judgments have been drawn by others.50

One hypothesis to explain why the visual inspection
of a surface is facilitated when it is bent into a convex
shape is that the information obtained has a higher di-
mensionality than if the surface is macroscopically flat.
There is a trade of information. The area of the sample
having a specific inclination is reduced but the variety
of simultaneous inclinations gives a new dimension to
the information. If, during the inspection, the surface
is slowly rotated around its axis of curvature, the infor-
mation gained is further increased. The judge is then
able to compensate for the reduced sample area in each
direction and still have access to the angle-resolved di-
mension. The benefit of rotating a curved surface rather
than changing the angle of a macroscopically flat sur-
face during inspection may be that a higher degree of
dimensionality of the information is accessible at each
moment during the inspection.

Gloss quality is thus much more than a mean gloss
level and the quality cannot therefore be characterized
solely by a mean gloss level measurement. Gloss homo-
geneity is normally one important optimization crite-
rion in the quest for higher perceived gloss quality.42,51

High gloss surface reveals more of its surface irregu-
larities than a low gloss surface due to an enhanced con-
trast. This high contrast is supposed to be the reason
why the worst type of surfaces in terms of perceived gloss
quality, are those with a high mean gloss and a pro-
nounced surface topography. It is therefore of interest
to characterize the entity of gloss variation in detail.
Very small-scale and very large-scale disturbances are
not as annoying as mid-range disturbances.52,53 The
peak sensitivity for the human visual system is, depend-
ing on the visual environment, in the region of 3 cycles
per degree, which is equivalent to a cycle length of ap-
proximately 2 mm at a viewing distance of 300 mm. At,
for instance, 0.5 and 10 cycles per degree, (cycle lengths
of 10 and 0.5 mm respectively at a viewing distance of
300 mm.), the sensitivity is only a quarter of the peak
value. This characteristic of the visual system is often
described by the contrast sensitivity function (CSF),
which shows the relative sensitivity for visual contrast
as a function of spatial frequency. A word of caution:
the high dynamics (high contrast) of the spatially re-
solved intensity in the reflection from a surface normally
related to gloss implies that spatial frequencies in a
range of low sensitivity according to the CSF may also
be of interest. The spatial frequency range of interest is
thus wider than for an ordinary (non-specular) viewing
condition, due to the higher intensity variation often
associated with gloss. In fact, at a sufficiently high con-
trast even spatially extremely small glare effects, well
beyond what is indicated by the CSF may be discernable.
The reason for this is that if the intensity of the small
glare effect is high enough relative to the surrounding
field, the corresponding receptor in the eye is excited
even if the spatial dimension of the high intensity field
covers only part of the receptor’s field of view. There is
thus a difference between the shortest spatial wave-
length of a pattern of some lateral extension that is re-
solvable, and how spatially small a single glare effect
may still be and remain perceivable.

All the papers referred to, perhaps with the excep-
tion of that by Billmeyer and O’Donnell,33 make the
multidimensionality of gloss most reasonable. This of
course also has implications for the metrology and in-
strumental characterization of gloss. The complexities
of the visual and instrumental characterizations must
match each other. If the multidimensionality of the in-
put is crucial for a proper perceptual evaluation, then a

Figure 2. Illustration of an effective way of inspection when
subjectively evaluating the gloss characteristics of a surface.
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well-performing instrumental characterization system
must also access multidimensional information.

Gloss Measurement and Characterization
Methods
Gloss, in the context of perception, is a demanding en-
tity to characterize and there are numerous design pa-
rameters of importance. In directed reflectance
measurements in general, polarizing filters are often
used, both for the illumination and for the detector, in
order to distinguish between surface and bulk reflec-
tance. This is of interest when the paper is studied as
an optical entity. If, however, the stimuli reaching the
human visual system are to be characterized, the mea-
surement should not use polarization filters. The small
but non-zero contribution of bulk scattering then adds
to the instrumental evaluation of gloss in the same way
as it does to the perceived gloss in all directions includ-
ing the specular direction.

In a general directed reflectance measurement, there
are two fundamentally different types of variable, the
chromatic (spectral wavelength) and the geometric vari-
able. Gloss is a geometry-dependent property describ-
ing part of the reflectance behavior. Although gloss is
normally seen as a non-chromatic entity, the standard
gloss methods specify that the detector signal be
weighted by the function V(λ), where λ is the wavelength
of the reflected light, to mimic the relative sensitivity
of the human visual system.

There are a number of different principles for gloss
characterization where we have not yet seen equipment
sufficiently powerful to provide a basis for estimating
the gloss appearance of a general surface. Since suffi-
ciently good solutions are not available, approximations
must be made and these are made on the basis of exist-
ing principles. The three most widely used are: a) specu-
lar measurement, i.e., in the SA direction, rather than
the PA direction, where the latter is preferable if the
measurement is to be related to perceptual evaluation,
b) angularly resolved measurement and c) spatially re-
solved measurement, as follows:
a) The measurement of the specular reflectance by a

gloss meter is the most straightforward and most
frequently used instrumental technique for paper and
print evaluation.

Numerous standards describe the measurement
conditions, a few references are given here.54–57 One
important difference between the standards is the
angle of incidence, which differs from 20 to 85°, the
angle being defined relative to the normal to the
sample plane. Based on Louman,58 Johansson59

(paper IV) calculated the “roughness damping effect”
as a function of angle of incidence. This function
illustrated a general understanding that high gloss
surfaces (low roughness) are best differentiated with
a small angle of incidence and low gloss surfaces (high
roughness) with a large angle of incidence. The
specular gloss measurement is integrated over an
area of several square millimeters and uses a single
receptor, a mono-receptor, and there is thus no spatial
resolution. The technique suffers from two
drawbacks: the reflectance is measured (i) in only one
direction and (ii) this direction is in the SA. The
specular reflectance value is often inter-preted as a
gloss quality indication – the higher the reflectance
value, the better the product – but in many products,
the aim is not to achieve as high a gloss as possible
but to meet a desired level of gloss with a minimum
of gloss inhomogeneity. The standard gloss meter,

however, gives no information or indication about the
gloss quality other than whether or not the desired
mean gloss level is attained.

Boshoff37 characterized the just noticeable
difference in gloss level. Gate and Leanity60 explained
anomalies in the relation between visual scaling of
gloss level and standardized gloss measurement by
pointing at that the acceptance angle of the
instruments is of importance. In many systems, the
acceptance angle is much greater than the acceptance
angle of the human eye. Gate and Leanity gave
examples of differences of over two orders of
magnitude. This can reverse the order of visual and
instrumental ranking for some surface samples. A
small aperture, however, makes demands on the
precision and stability of the measurement system,
required to achieve precise and repeatable results.

b) Angularly resolved reflectometry (scattering), also
called “Goniophotometry”, is a powerful measurement
technique, probably first described in Bouguer ’s
impressive work.28,29 In the general case, multiplane
goniophotometry,61 see Fig. 3, measurements are
made at a large number of different receptor positions
R(ϕ1, ϕr) distributed over the whole hemisphere above
the sample surface. The measurement can also be
done for a (large) number of different positions of the
illumination system I(ϕi, θi). A more modest form is
monoplane goniophotometry, where ϕi = ϕr, i.e., the
illumination device, the sample and the receptor all
lie in the same plane, and the reflectance is measured
over a large number of different positions over a
semicircle above the sample. The illumination and
receptor fields, ωi and ωr respectively, are adjustable
to suit different types of measurement situations but
are held constant within a measurement session. The
surface area measured is normally at least one square
millimeter, and the reflected light is measured by a
mono-receptor, i.e., the data are not spatially resolved.

Even if it is possible to arrange the monoplane
goniometric measurement session otherwise, it has
become a de facto standard procedure to present
traditional goniometric results of an evaluation in a
specific way. Normally the illumination is held fixed
while the angle of the receptor is changed relative to
the normal of the mean surface plane, to obtain an
indicatrix which shows how the surface reflects light
as a function of angle θr, for a given incidence angle.
This differs from a visual inspection, however, where
the illumination and the head are normally stationary
while the sample is inclined in different directions

Figure 3. The main variables of a goniophotometric set up in
its general form.
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for evaluation or, until, e.g., the disturbing glare
effect is eliminated.

Nimeroff62 characterized the goniometric curve by
indices of dispersion, skewness, and kurtosis. A
method based on the kurtosis index showed a better
correlation to the visual impression of distinctness
of the reflected image than a conventional specular
gloss measurement. The method was later developed
into a two-parameter approach63 with varying
receptor aperture, and this showed a good correlation
with the visual impression of image brightness and
image distinctness. Béland et. al.22 used Von Mises
distributions64 to characterize a BRDF of paper
surfaces that correlated well with a visual
assessment. In this study, the spatial variation
characterization technique,65 and the standardized
TAPPI 75° gloss method56 also gave the same ranking.

A time effective variant of the goniophotometric
technique uses a reflecting hemisphere and a CCD
camera to resolve the angular distribution of the
reflectance from the surface.66 This principle is not,
however, able in spite the spatially resolved CCD
receptor, to resolve the information spatially over the
surface measured, because the spatial coordinates of
the receptor correspond to different reflectance angles
from the region measured, in this setup.

Arney and co-authors have developed a number of
different goniophotometric measurement approaches.
One uses a cylindrical sample holder67 according to
a theory proposed by Arney and Stewart.68 Two
images of the sample are taken, the angles of
incidence of the illumination being the same in
magnitude but on opposite sides of the CCD camera.
Assuming Lambertian behavior, the two spatially
resolved reflectance maps can be used to derive
spatially resolved slope information. Non-Lambertian
surfaces can also to some extent be characterized. The
authors present curves of αIA versus αG, where αIA is
the calculated surface angle and αG is the enforced
angle due to the circular sample holder. Assuming a
perfect Lambertian surface, this would generate a
linear function with a slope of unity, and any
departure from linearity may due either to the
topography or to a specular component in the
reflectance of the surface measured, i.e., a false
assumption of Lambertian behavior. Departures from
Lambertian characteristics are hence described as (i)
a surface specular reflection or (ii) a “diffuse specular
reflection”, i.e., a local specular reflection from a
surface with a (macroscopic) topographic variation.
Another similar approach uses a cylindrical sample
holder and a differential image, but the difference
between the two input images here is the state of
polarization. Hence bulk reflection is differentiated
from the surface reflection.69 In a third approach70 the
sample is held macroscopically flat and a long thin
gradient field illuminates the sample. First surface
reflection is measured using polarizing filters. The
gradient illumination field facilitates identification of
surface local inclination, made possible through
reflection level identification and ray tracing. The
approach is thus angularly resolved.

c) Recently there has been an increasing interest in spa-
tially resolved measurements, either (i) by combin-
ing single measurement spot instrumental techniques
with a motorized x-y-table to facilitate multiple mea-
surements which could be “stitched” together to cover
a large area, or (ii) by replacing the mono-receptor
by a matrix of receptors, e.g., a CCD camera. In the

first approach the spatial resolution is limited by the
area of the region measured, the spot size, which is
normally in the range from one square millimeter to
more than one square centimeter. In the second ap-
proach, the desired resolution is obtained with the
help of magnifying optics. Since a CCD array has a
fixed number of pixels, the drawback of choosing too
high a resolution is that the sample area covered be-
comes small, but this can of course be overcome by
using the x-y-table technique to stitch multiple mea-
surements together. Another drawback of the CCD
technique is that there is a risk that part of the mea-
surement area may be out of focus, since the distance
from the CCD to the surface varies in a gloss mea-
surement setup. The problem can be reduced by ad-
justing the focal stop to achieve an extended focal
depth. This however makes greater demands on the
optics, e.g., tolerances of the lenses, and the tuning
of the F-stop is normally an optimization stage. An-
other way of reducing the problem is to use a line-
CCD instead of a matrix-CCD,71 or to use only the
row of the matrix-CCD which is close to the focus.

The previously described visual examination ap-
proach of bringing the specimen into a convex shape
has been adopted for a spatially and angularly re-
solved surface reflectance measurement technique,72

that was introduced in 1996 and has been developed
further.73 The approach has been patented.74,75 A re-
lated work describes an interactive gloss visualiza-
tion environment,2 which was used as a tool in the
context of perceptual evaluation of a set of black
printed paper surfaces, measured with the just men-
tioned device.73 The set of surfaces was demanding
as the differences between the surfaces were small,
still the correlation between the evaluations of the
physical and the visualized surfaces was high, and
it is suggested that the visualization environment
is able to mediate essential information related to
gloss and gloss variation. As the input to the visual-
ization environment is based on the measurement
made by the just mentioned reflectance measure-
ment technique, the results also give indication of
the relevancy of the measurement technique. How-
ever, as the set of samples was limited, further stud-
ies are required in order to verify the encouraging
results.

Since gloss homogeneity is an important gloss
quality criterion, it is of interest to be able to charac-
terize this entity in detail, which demands at least
spatially (and preferably also angularly) resolved
data. Fujiwara et. al.76 studied the standard devia-
tion of paper surface reflection, using a single recep-
tor at the specular angle of 75° in combination with
a motorized x-y-table, and reported a correlation with
the visual assessment of gloss uniformity. MacGregor
and Johansson77,78 used a matrix CCD camera to en-
able a spatially resolved measurement system, and
could thereby perform a feature size spatial filtra-
tion in octave bands to take into account the relative
sensitivity of the human visual system, often char-
acterized by the Contrast Sensitivity Function
(CSF).52 The system gave results that correlated well
with the results of a visual assessment. A similar
approach including also confocal laser scanning mi-
croscopy (CLSM) to relate topography to gloss varia-
tions has also been reported.51 These works51,76–78 do
however perform measurements in the specular di-
rection only, and are verified by fairly coherent sets
of paper samples. To characterize the gloss of gen-



Instrumental Gloss Characterization – in the Light of Visual Evaluation: A Review     Vol. 49, No. 1, January/February 2005  67

eral surfaces with a wider variety of deficiencies, the
measurement must further be generalized to cover
more of the perceptual important features, e.g., to
include also angular resolution.

Even when the reflectance measurement of a sur-
face is restricted to geometric variables, the dimension-
ality of the information is high. Each measurement
technique yields a specific subset of the dimensions
obtained in a perceptual evaluation of the reflectance
information. The amount of information needed to
characterize the reflectance behavior of a surface in
detail is both large and complex. When the perfor-
mance of an instrumental measurement is evaluated
in relation to a visual evaluation, it is important to
let the judges be allowed to assess information from
all the adequate dimensions for a perceptual evalua-
tion. If one of the dimensions is removed, e.g., if the
judge is not allowed to change the inclination of the
sample, the directed reflectance information and
hence the result of the visual evaluation will inevi-
tably become stunted.31,40

Models for Angularly and Spatially Resolving the
Directed Reflectance
A very old approach to understanding the reflectance
properties of a surface, first suggested by Bouguer in
1760,28,29 is to see the surface as consisting of a large
number of small surface elements, facets, with indi-
vidual reflectance and tilt (angular setup) properties,
as shown in Fig. 4.

In 1939, Barkas79 described surfaces showing low gloss
as consisting of facets of either a diffusing or a reflecting
type. Later he described equipment constructed with a
Meccano™ toy-set(!) where “The pre-war price of the com-
ponents is under ten shillings”.80 The facet approach is
however controversial, and the criticism has at times been
very hard, as indicated by the translator’s note 31 on p.
112 in the work of Bouguer29:

“Bouguer’s treatment of this subject, which forms
such a large part of the second book, is the least
satisfactory part of the whole work. He was not the
last to make the assumption that a rough surface
could be analyzed into little mirrors, nor the last to
fail to get any very useful results by doing so [see V.
G. W. Harrison, Definition and Measurement of
Gloss (Leatherhead, Surrey: The Printing and Al-
lied Trades Research Assn., 1945)]. Our footnotes
in this part of the work will be infrequent, partly in

consequence of the rather limited success (to put it
mildly) of his treatment. But he did establish the
subject of goniophotometry.”

The technique has, as indicated, nevertheless been
adopted by others authors and the theory has also been
extended to include, e.g., shadowing and masking ef-
fects of adjacent facets.8 A high surface area inter-oc-
currence (78%) between facet angle determined by a
confocal laser scanning microscopy (CLSM) and gloss
intensity variations has been demonstrated for paper
surfaces.51 The facet approach has been adopted to de-
scribe surfaces deviating from Lambertian behavior,
showing masking, shadowing and interreflections be-
tween points on the surface15 and also for developing a
unified surface reflection description based both on
physical and geometrical optics.14

Roughness and Texture in Relation to
Perceived Gloss
The directed reflectance from a surface is a function of
the refractive index and the roughness, i.e., the topo-
graphical variation. A single roughness value charac-
terizing the whole surface may however be too coarse
in a visual context, as the human visual system is sen-
sitive to structure in the visual field. In a refined de-
scription, the perceived gloss of a surface is a function
of the refractive index and of the texture, i.e., topo-
graphic variation and directionality, of the surface.
Which of these entities, refractive index or texture, is
the more important depends on the type of material
studied.

Surfaces differ not only in their degree of topographic
variation, but also in the spatial wavelength of this
variation. The human visual system, as already men-
tioned, has a limited spatial bandwidth within which it
is able to resolve spatial variations and there is also a
frequency dependent sensitivity within this frequency
range.52,53 Nevertheless, even if a topographic variation
with a very high spatial frequency is not spatially re-
solvable by the visual system, the variation can still
cause (second order) optical effects that are visually
perceivable. A matt surface may differ from a glossy in
that there is a micro-topography that is not resolvable
by the unaided eye, although its effect in causing the
surface to appear matt is perceivable. This frequency
dependent characteristic of the human visual system
should be included in any instrument based measure-
ment system in order to obtain results in close correla-
tion to results from a perceptual evaluation.

The most frequently used topographic characteriza-
tion parameter is the root-mean-square (rms) roughness
σ. All measurements of roughness, whether optical or
mechanical, are dependent on the measurement tool
used and on its spatial resolution. The roughness is thus
not an intrinsic material property. Important structural
information about the surface is lacking in the rms
roughness, but its simplicity makes the parameter fre-
quently used. The specular reflectance of a perfectly
conducting surface at normal incidence can, according
to Davies, be derived from the root-mean-square rough-
ness.38 His application was used for radar wave reflec-
tion from sea waves, under the assumption that the
height distribution is Gaussian and that the radar waves
are totally reflected from the surface. The derivation
was generalized by Bennet and Porteus5 to apply to less
than perfectly conducting surfaces and a finite reflec-
tance ratio. Torrance39 developed the theory further to
include non-normal incidence. He derived the ratio

Figure 4. Conceptual model of a surface, a facet approxima-
tion with local variables “directed reflectance” (illustrated as
a vector parallel to the normal vector of the facet and with a
length proportional to the degree of directed reflectance) and
the apparent inclination or “tilt” (the direction of the normal
vector to the facet).
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R/R0, where R is the specular reflectance for the mate-
rial and R0 is the specular reflectance of a perfectly
smooth surface of the same material, as:
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where σ0 is the root-mean-square roughness, θ is the
(mean) angle of measurement, λ is the wavelength of
the incident radiation, m is the root-mean-square slope
of the surface profile, and ∆ω is the acceptance solid
angle of the instrument. Although it is questionable how
realistic this model is for such a complicated optical ma-
terial as paper, it nevertheless indicates general quali-
tative behavior, and important conclusions can be stated
based on this relationship. The first of the two terms in
Eq. (1) represents the specular reflection, and the sec-
ond the diffuse reflection. Louman58 put forward deri-
vations and general comments in relation to
standardized gloss meters, on the basis of Eq. (1), with
informative illustrations of the functional dependences
of the ingoing variables:
• the specular reflectance increases with (i) decreasing

σ0/λ ratio and (ii) increasing θ
• the diffuse reflectance increases, in order of descending

importance, with (i) increasing σ0/λ ratio, (ii)
decreasing θ [the impact is a function of θ, the effect
is most dominant near θ = π/4, less dominant near θ =
0 (normal incidence) and θ = π/2 (grazing incidence
angles)], (iii) decreasing m and (iv) increasing ∆ω.

The relationship between texture, roughness, and vi-
sual gloss in paper and board are far from being fully
understood. The relationship between topography and
surface light scattering has however been treated in
depth by Béland81 Granberg82,83 and Hansson.84 The
roughness of paper typically has a large spatial band-
width. When the directed reflectance from a surface such
as paper is characterized, the spatial scale is thus par-
ticularly important. Formally, all height variations over
the surface can be defined as roughness. The large scale
roughness is however more often defined as texture.

Gloss Characterization
A measure of gloss, in relation to print and gloss qual-
ity, should consider at least two parameters: 1) the mean
level and 2) the variation. The mean level should pref-
erably be characterized in the PA, as that is the direc-
tion of interest to the human judge. The variation can
be split into two aspects: 2a) the spatial coordinates and
2b) the angular coordinates. The spatial coordinates
provide information about reflectance variations as a
function of change in x- and y-coordinates (different lo-
cations) over the surface. The angular coordinates pro-
vide information about variations as a function of
inclination of the sample.

It is difficult to set a general scale space of interest
for the measurements, i.e., a range of spatial frequen-
cies of interest for the characterization algorithm. For
example, a matt paper surface can be perceived as ho-
mogeneous with regard to gloss and therefore of high
quality, but at a low mean gloss level. The surface is
however matt because it is rough on a micro-scale, a
scale not resolvable by the unaided human visual sys-
tem. It is desirable to have the same principal behavior
in an instrumentally based gloss characterization.

Instrumental characterization methods have been
developed for task 1) (although almost always the SA,

not in the PA preferred direction), but for task 2) few
studies have been reported. In perceptual studies, how-
ever, gloss quality is usually characterized as an inte-
grated concept, i.e., tasks 1) and 2) are considered
together. Among the exceptions are the following (where
1), 2a) and 2b) correspond to the above):

1) Boshoff37 characterized the just noticeable difference
in gloss level, i.e., a parameter closely related to
maximal directed reflectance. Gate and Leanity60

explained anomalies in the relation between visual
scaling of gloss level and standardized gloss
measurement by pointing at that the acceptance
angle of the instruments is of importance. In many
systems, the acceptance angle is much greater than
the acceptance angle of the human eye. Gate and
Leanity gave examples of differences of over two
orders of magnitude. This can reverse the order of
visual and instrumental ranking for some surface
samples. A small aperture, however, makes demands
on the precision and stability of the measurement
system, to achieve precise and repeatable results.

2) a) Fujiwara et. al.76 studied the standard deviation
of paper surface reflection, using a single receptor at
the specular angle of 75° in combination with a
motorized x-y-table, and reported a correlation with
a perceptual evaluation of gloss uniformity.
MacGregor and Johansson65 characterized gloss
variation of printed papers as a function of spatial
coordinates, and performed a spatial filtration to take
into account the relative sensitivity of the human
visual system, often characterized by the Contrast
Sensitivity Function (CSF).52 The system gave results
that correlated well with the results of a perceptual
evaluation. A similar approach including also confocal
laser scanning microscopy (CLSM) to relate
topography to gloss variations has also been
reported.51

b) Nimeroff62 characterized the goniometric curve by
indices of dispersion, skewness, and kurtosis. A
method based on the kurtosis index showed a better
correlation to the visual impression of distinctness
of the reflected image than a conventional specular
gloss measurement. The method was later developed
into a two-parameter approach63 with varying
receptor aperture, and this showed a good correlation
with the visual impression of image brightness and
image distinctness. Béland et. al.22 used Von Mises
distributions64 to characterize a Bidirectional
Scattering Distribution Function (BSDF) of paper
surfaces that correlated well with a perceptual
evaluation. In this study, the spatial variation
characterization technique,65 and the standardized
TAPPI 75° gloss method56 also gave the same ranking.

An interesting suggestion put forward by Leekley et
al. already in 1970 is that a more direct measure of gloss
would be the degree to which surface reflections can be
excluded from the viewing angle.24 For instance, how
much must the surface be inclined in order to exclude
the annoying glittering effects on a print? To answer
this question information resolved both in spatial and
angular dimensions is required. As both the spatial and
the angular variables are important in the perceptual
evaluation of gloss, any instrumental characterization
in relation to perceptual evaluation of gloss should be
resolved both spatially and angularly.

Apart from one exception,72 no technique has, to the
author’s knowledge, been reported in literature provid-
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ing a resolution in these three dimensions (the two spa-
tial dimensions and the angular dimension) high enough
to have a potential of being suitable for in-depth per-
ception related studies of gloss. Restrictions are made
in one or more dimensions. Lalonde and Fournier85 quite
recently also stressed this lack of progress in the field
of empirical measurements and characterization tools.
They emphasized the demanding task of reflectance
characterization, with the massive data set stored and
computed in order to reach visual acuity in simulations.
A wavelet representation was suggested as a compact
representation of reflectance information. The lack of
directed reflectance measurement tools able to charac-
terize the perceptually relevant features related to vi-
sual gloss is still, however, a fact.    
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