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Abstract

Engineering of surface structure to obtain specific
anisotropic reflectance properties has interesting applica-
tions in large scale production of plastic items. In recent
work, surface structure has been engineered to obtain vis-
ible reflectance contrast when observing a surface before
and after rotating it 90 degrees around its normal axis. We
build an analytic anisotropic reflectance model based on the
microstructure engineered to obtain such contrast. Using
our model to render synthetic images, we predict the above
mentioned contrasts and compare our predictions with the
measurements reported in previous work. The benefit of an
analytical model like the one we provide is its potential to
be used in computer vision for estimating the quality of a
surface sample. The quality of a sample is indicated by the
resemblance of camera-based contrast measurements with
contrasts predicted for an idealized surface structure. Our
predictive model is also useful in optimization of the mi-
crostructure configuration, where the objective for example
could be to maximize reflectance contrast.

1. Introduction

Engineering of surface microstructure to obtain cus-
tom reflectance properties, or so-called appearance print-
ing, has many applications in product design and manufac-
turing. This research area has received significant atten-
tion [23} [11} 10} [7) 8l [14] and, recently, tooling was done
with the objective of inserting a simple anisotropic surface
microstructure into economic manufacturing processes [9].
The intended functionality of the anisotropic surface mi-
crostructure was to obtain high reflectance contrast for the
surface when viewed from above at orthogonal angles. Us-
ing a microscope and a camera, the contrast was measured
for different surface structure configurations to find the con-
figuration revealing highest contrast [[16].

In this work, we build an analytic bidirectional re-
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Figure 1. Engineered surface microstructure used by previous au-
thors [9, [16] to obtain reflectance contrast when the surface is
observed from above at orthogonal angles. We build an analytic
BRDF model for this type of surface.

flectance distribution function (BRDF) that models the
anisotropic reflectance properties of the functional surface
tested by previous authors [9} [16]. Our analytic BRDF
model has two benefits. It is (1) useful for finding the
surface structure configuration that theoretically produces
optimal contrast. It also (2) enables estimation of surface
quality from photographs. As an example, deviation in the
contrast measured for a physical sample from the contrast
predicted for an idealized surface corresponds to surface
quality deviation, and contrast is measurable using simple
computer vision [16].

The simple anisotropic microstructure that produces vis-
ible contrast when viewed at orthogonal angles is created
by having a sequence of small, parallel ridges as shown in
Figure|[I| The angle 6,. is a microstructure configuration re-
ferred to as the ridge angle. Based on how the structure is
rotated around its macrosurface normal, it reflects light in
different ways. Thus contrast can be generated by rotating
the object by 90°.

The reflectance properties of the ridged surface have
only been studied experimentally [16]. The analytic BRDF
we provide is built for this particular ridged surface struc-
ture, but a similar procedure could be used to derive an an-
alytical model for a surface with a different engineered sur-
face structure. Figure [2| shows an example of a quad ren-
dered with our BRDF before and after rotation by 90°. The
contrast produced by the ridges having orthogonal orienta-
tion is clearly visible in this image.

159



Figure 2. Quad rendered using our BRDF model before and after
rotation by 90°. The orientation of the ridges follows a checker-
board pattern: two adjacent squares have ridges oriented in orthog-
onal directions.

2. Related Work

The work of Torrance and Sparrow [18] is an early
example of measuring the reflectance properties of a surface
and subsequently developing a BRDF model for predicting
the measured properties. Torrance and Sparrow [[18] inves-
tigated metals and ceramics and processed the surfaces of
their samples with the objective of having isotropic, random
rough surfaces. They developed their BRDF model for this
type of surface in order to explain surprising occurrences
of off-specular peaks in the reflectance measurements [19].
Our work is similar, but we model the reflectance properties
of plastic samples with an anisotropic, ridged surface.

With a similar approach, Ward [22]] measured and mod-
eled the bidirectional reflectance properties of anisotropic,
random rough surfaces. He found good agreement between
model and measurements for materials such as varnished
wood and unfinished (rolled) or brushed metals. Our work
is different in the sense that we model a ridged rough sur-
face instead of a random rough surface.

Poulin and Fournier presented one of the first
BRDF models for an anisotropic surface with a specific mi-
crostructure. Their model assumes a microstructure consist-
ing of half cylinders each with its axis lying in the surface
tangent plane. More generically, Ashikhmin et al. [2]] de-
scribe a methodology for generating a BRDF according to
a given microfacet normal distribution function. Our ridged

surface microstructure requires a slightly different approach
as the microfacet normals are predominantly in two direc-
tions. The specific microstructure we model is interesting
because it can be engineered. This enables us to compare re-
flectance properties predicted by our model with measured
reflectance properties.

Using a generic BRDF model [2], it is possible to
match observed reflectance properties by acquiring spa-
tially varying microfacet normal distribution functions for
an anisotropic surface [21]]. This is impressive, but then de-
viations between predicted and measured properties cannot
be used to assess how close an engineered microstructure is
to the desired idealized microstructure.

Researchers working with techniques for BRDF print-
ing have an opportunity to compare predicted reflectance
properties with those of engineered surfaces. Weyrich et
al. use micro milling to obtain a surface structure with
a specific microfacet normal distribution. This is similar
to the tooling part of the manufacturing process that we
are modeling [9]. Our added step of transferring the tool
microstructure to a polymer component enables absorption
(colored surfaces). In previous work [11], [7], absorption
was added by applying different inks to the surface. This
means that their BRDF model is a weighted average of dif-
ferently oriented ink BRDFs, where we have a combina-
tion of surface and subsurface scattering effects. Other au-
thors [10} [8]] improve the microstructure resolution as com-
pared with Weyrich et al. [23], but their techniques do not
allow for absorption effects. In the work of Levin et al. [8],
microfacets are at a scale that requires a BRDF model based
on wave optics. Our pitches ranging from 50 to 150 microns
can safely be modeled using geometrical optics. None of
this previous work on BRDF printing includes shadowing
and masking in their BRDF models. This is however im-
portant in the microstructure we investigate due to the steep
slope of the ridge edges.

In recent work, Pereira et al. show that magnetic
microflakes can be used for anistropic BRDF printing. They
measure the BRDFs printed by their technique but do not
provide a predictive BRDF model.

Levin et al. [8]] investigated the same kind of contrast that
we are aiming at with our ridged surface structure. Their
technique is however very different as it is based on wave
interference effects. While they seem to achieve better con-
trast than ridged surfaces, they use photolithography which
has high capital and operational cost and cannot easily be
used with polymeric or curved substrates [1]]. Nevertheless,
it is noteworthy how easily their very small surface features
produce contrast through wave interference.

McGunnigle uses a bivariate Gaussian distribution
(no Fresnel or geometrical attenuation effects) to model the
anisotropic reflectance of a surface sandpapered in one di-
rection. While his directional surface microstructure seems
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Figure 3. Microstructured surface and simplified macrosurface.

a bit like ours, his reflectance model is one-dimensional and
considers only the azimuthal angle of the light source.

3. BRDF Model

The engineered surface that we consider is composed of
many parallel ridges with a pitch of between 50 ym and
150 pm (see Figure[I). If viewed at a reasonable distance,
these details can be assumed to be too small to be seen di-
rectly (at a distance of 0.5 m, humans can discern details
of about 150 pum [13]). Thus we choose to model our sur-
face by a macrosurface with an appropriate BRDF. In this
way, the details of the microstructure are represented by the
reflectance properties of the surface. This is analogous to
other microfacet BRDF models [19, 3} 4, 2], where a rough
surface with a complicated microgeometry is modeled by a
simpler surface with an appropriate BRDF that can replicate
the overall light scattering of the microsurface.

Figure [3] illustrates the macrosurface for our particular
microsurface. In this model, we have a microsurface normal
m and a macrosurface normal 77 (both are unit vectors). In
addition, « is a vector parallel to the ridges and orthogonal
to the normal 77, and ¥’ is a vector aligned with the direction
of the pitches. Together, i, U, 77 is an orthonormal basis of
the macrosurface tangent space.

Microfacet models represent the microsurface in terms
of a microfacet reflectance function f,,, a geometrical at-
tenuation function GG, and a normal distribution function D.
These are combined by integration over all microfacet nor-
mals to form a BRDF f for the macrosurface [20]].

3.1. Geometrical Attenuation Function G

The portion of the microsurface with normal m visible
from both directions ¢J; and &J, is described by the geomet-
rical attenuation function G(;, &, m). This means that the
function models shadowing and masking effects.

An exact formulation of G is rarely available since it de-
pends on the geometrical details of the particular surface.
Most often, the function is approximated based on assump-
tions about the surface geometry (such as v-grooves [19]).

Figure 4. The angle 6, between the microsurface normal 7 and
the projection of the vector & on the nwv-plane is used to evaluate
the geometrical attenuation function.

Smith [[17] derived an approximation of G for surfaces with
Gaussian microfacet normal distribution. This has the use-
ful property of being separable into the product of two
mono-directional functions (one for shadowing and one for
masking):

G(&;,@o,m) = G1(&;, m)G1(Fo, 111). (1)

Given the particular regularity of the microsurface we are
dealing with, we have derived an expression for GG; (details
are provided in Appendix A) that is suitable for our model:

G (@) = x+(°‘ip'”}>

Gp - 7
x [1 —min (1, [tan 6, tan6,|)], (2)

where Y (a) denotes a Heaviside step function that is 1 for
a > 0 and 0 otherwise. We let 6, denote the angle between
7 and the projection &, of &J on the plane spanned by 7 and
¥, see Figure[d Thus,
cosﬁpzwpﬂ.mz —
| & — (@ - @)l

which reveals that the orientation of the macrosurface is
required to evaluate the geometrical attenuation function.
This is as expected since we are dealing with an anisotropic
surface microstructure.

3.2. Microfacet Distribution Function D

The manufacturing process introduces irregularities on
the ridges. The surface microstructure of physical samples
is therefore not as regular as the idealized surface illustrated
in Figure [T} In reality, it is rather rough as illustrated in
Figure 5] Roughnesses have been measured for physical
samples in previous work using optical profilometry [9}[16].
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Figure 5. Rough surface.
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Figure 6. Orthonormal basis formed by @, , U, 1.

These measurements reveal that the ridges are certainly not
smooth. Thus, at a given point  on the microsurface the
normal &, is usually slightly different from the pitch nor-
mal 77}.

The distribution of normals D(d,,) statistically de-
scribes the orientation of these irregularities across the mi-
crosurface. Many microfacet distribution functions have
been defined over the years [19} (3, 14, 20]. In order to high-
light the anisotropic nature of the surface we are working
with, we use the anisotropic Beckmann distribution func-
tion [5], which is defined by
. X (B - 171)

D(wm) == —4
T,y €OS* (O1)

2 )
X exp ( tan? 6, (cosa;;ﬁm + Sm@jm>) . (3)

This distribution function is centred around the pitch normal
m, and the parameters a, and a, represent the stretching
coefficients of the distribution along the ,,, and v, direc-
tions, respectively, see Figure[6] Together, @,y , Uy, , 1 form
an orthonormal basis and the microsurface normal 0, can
be written in spherical coordinates as

G = sin(b,,) cos(dm )Um
+ sin(0,,) sin(@p ) U + cos(0yy, ).

3.3. Macrosurface and Microfacet BRDFs

The normal distribution function D(,,) and the geo-
metrical attenuation function G(d;,d,, ) are combined

into a macrosurface BRDF using [20]

fu(®, @i, o) = /fm(ol-,@o,ﬁm)D(@m)G(ﬂi,ﬁo,ﬁm)
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—
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For the microfacet BRDF f;,,, we assume that a microfacet
is smooth so that it reflects and refracts light as a perfectly
specular material. Reflection is described by one BRDF f/,
and some of the refracted light returns due to subsurface
scattering. We approximate this part by another BRDF f,55.
The function f,, is then defined by

fm(ajh(’vo,‘:jm) = f:;L((Du(DOawm)+f:rf(wlawoawm) (5)

These BRDFs are based on a directional Dirac delta-
function § (just like the BRDF of a perfect mirror). We
use Fresnel reflectance F,. as the specular reflectance and
include a change of coordinates to enable integration over
microfacet normals [20]]. We then have

§(Gp,, D)
4(d; - @)%’

(a
m

(wivwma}m) = FT(("_';i7u_jm)
where &), = (Jo + &) /|@o + ;] is the half vector of re-
flection.

Although subsurface scattering happens for many BRDF
inputs, we limit our model to only include subsurface scat-
tering of the light that was lost to refraction in the reflection
case. This light is certainly missing and including it is a
first step. This makes our model similar to the BRDF ap-
proximation of subsurface scattering described by Jensen et
al. [6]. We have
F32 @1 i) = P i) oG ) 24 4 S
where F; = 1 — F,. is the Fresnel transmittance, and pq is
the diffuse reflectance of the material.

By inserting Eq. [5]into Eq.[d] we arrive at our macrosur-
face BRDF:

f(wﬂjiﬂﬁo) :fr(wyajiawo)""fss(wy‘*_jia"jo)y (6)

where the reflection term is

Fr(wiyajh)

R G5, Gy @) D&
AT 8 |3, -] oo D)

f’l‘(m7 ajh Jjo) =
and the subsurface scattering term is

Lo Pd 1\ e = -
fos(@,@0;,00) = ?Ft(wo,wh)Ft(wi,Wh)

G (&;, W0, &p)D(Dp,)

4| - 7] |, - 7]
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Figure 7. Configuration of the experiment for measuring contrast.

4. Experiments

We test our model by investigating its ability to predict
the contrast measurements by Regi et al. [16]. These were
conducted by photographing the surface before and after ro-
tating the microstructure 90° around its macrosurface nor-
mal axis. Figure[7]illustrates the configuration of this exper-
iment. They observed the samples with a digital microscope
modified to hold an LED light source at a fixed position rel-
ative to the camera so that the angle between the camera and
the light source was constant: 6; = 10°.

The parameters considered in the experiment are: the
ridge angle 6,- which could assume the values 5°, 10°, 15°,
and 20°; the camera tilting angle 6. with values —20°,
—10°, 0°, 10°, and 20°, and the azimuthal angle of rota-
tion of the structure ¢, with values 0°, 90°, and 180°. The
radiant exposure was measured under constant lighting con-
ditions and varying parameters. The contrast was then eval-
uated as the difference between the measurements at posi-
tions 0° and 90° and between 90° and 180° for ¢;.

To predict these contrast measurements, we reproduced
the same settings in a rendering framework and measured
the radiant exposure [#] (up to an unknown scaling fac-
tor k). Renderings were based on the BRDF described in
the previous section and we compare our contrast measure-
ments with the results presented by Regi et al. [16] in the
following section.

5. Results

Our contrast predictions are compared with the measured
contrasts in Figure[§] The mean contrast was evaluated by
keeping one parameter constant and averaging all the con-
trasts obtained by varying the other parameters.

As in the measurements, we find maximum contrast for
zero tilting angle (6. = 0°) and decreasing contrast when
the camera is tilted. We also find that the anisotropic struc-
ture of the surface makes the contrast between the azimuthal
angles 0° and 90° stronger than the contrast between 90°
and 180°. With respect to the ridge angle 6,., our model
predicts the highest contrast with a 5° angle. This is theo-
retically plausible as a five degrees ridge angle should leave
most microfacets with a normal so that light is reflected in
the macrosurface normal direction when 6, = 0°.

Camera angle, . Ridge angle, 6, Surface angle, ¢,

201 20 20

=
8]

15 15

10 10

Mean Contrast
=
o

]

0—20—10 0 10 20 0 5 10 15 20 0-90 90-180
Figure 8. Comparison of mean contrasts for different values of the
parameters 6., 6., and ¢s. Measured contrasts [16]] are in red and
our predicted contrasts are in blue.

Figure 9. Small part of a manufactured sample. Visualization of a
height map acquired with an industrial laser confocal microscope
(left) and a microscope image (right).

The most significant difference between prediction and
measurement is that measurements found highest contrast
for aridge angle of ,. = 10°. We think that this result might
be caused by the presence of noise in the surface structure
due to the manufacturing process. To support this conjec-
ture, we have produced samples similar to the ones in previ-
ous work [9, [16] and investigated the microstructure of the
tool and the manufactured plastic sample. Figure [9] shows
a 3D visualization of height data captured with a 3D laser
confocal scanner and a microscope image both of the plas-
tic surface. While the original surfaces produced by Regi
et al. [16] may have been higher quality, there is no doubt
that the manufacturing process produces inaccuracies both
in the tool and in the sample microstructure. In the tool,
we have observed small burrs, especially along ridge edges.
These burrs have a tendency to leave residues of material on
the surface and create substantial artifacts. The white bulky
peaks in Figure []are examples of such artifacts. These im-
perfections in the surface become more significant for small
ridge angles and may easily hide the signal from the ridged
structure in noise. We believe this is a plausible explanation
for this deviation between prediction and measurement.

6. Discussion and Future Work

We have developed a new model for predicting the re-
flectance properties of an engineered anisotropic surface
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Figure 10. The surface fraction masked by the ridged structure is
given by the ratio between p and p’.

made of parallel micro ridges. Our model provides a BRDF
based on microfacet theory including an expression for the
geometrical attenuation function. The BRDF describes our
particular type of ridged surface, but a similar procedure
could be employed to model other engineered surface mi-
crostructures. We validated our model by comparing with
experimental measurements from previous work. Our re-
sults are quite similar to the measurements, but we observed
some deviations. If deviations are due to manufacturing ar-
tifacts, as we conjecture, our model is useful as a tool for
computer vision based quality inspection of optical func-
tional surfaces of this kind. In addition, our model provides
many opportunities for optimizing surface structure with the
objective of maximizing contrast, for example. It is signifi-
cantly easier to modify microstructure configuration in sim-
ulation as compared with experiment.

In the future, we would like to further support our con-
jecture that contrast measurements converge to predicted
contrasts as sample quality improves. This will be in-
vestigated as tooling and manufacturing processes improve
to provide higher quality samples. Moreover, comparison
of anisotropic BRDF measurements with predicted values
would also be interesting as an alternative to the more over-
all contrast measurements.

A. The GG; Function for a Ridged Surface

This appendix provides some details about the derivation
of the geometrical attenuation function described in Eq.

The value of the function (1 is given by the ratio be-
tween the portion of the pitch surface visible from a given
direction &, and the total pitch surface. Figure|10| provides
some elements that are useful for the derivation of Eq. [2}
The vector &, represents the reflection of &, around the
surface normal 17, 0, is the ridge angle and 6, is the an-
gle between &, and 171, p and r represent respectively the
length of the pitch and the length of the ridge, and p’ repre-
sents the length of the portion of pitch surface for which the

reflection vector ¢J,. is blocked by the ridge.
Now, (7 is described by

1/ = —
Ga(dy,m) =1 - L), ™
p
and the value of p’ is
p'(&p, m) = rtané, = ptan, tanb,. 8)

Then, by inserting Eq.[§into Eq.[7] we have
G1(&p,m) =1 —tan6, tanf,. 9)

Since the value of p’ might become greater than p for certain
combinations of angles 6,. and 6,,, we modify Eq. E]and get

R Gy - 1M
Gl(wpvm) = XJr (p_,>

Gp - 7
x [1 —min (1, [tan 6, tan §,])] . (10)

In a similar way, it can be shown that for an arbitrary direc-
tion & not lying in the plane spanned by the 77 and i Eq.
is still valid and depends only on the projection vector &,
and the surface normal 7.
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