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ABSTRACT

This paper presents an image-based method to measure reflectance of a homogeneous flexible object material
(usually used in packaging). A point light source and a commercially available RGB camera is used to illuminate
and measure the radiance reflected from the object surface in multiple reflection directions. By curving the
flexible object onto a cylinder of known radius we are able to record radiance at multiple reflection angles in
a faster way. In order to estimate the reflectance and to characterise the material, a spectralon reference tile
is used. The spectralon tile is assumed to be homogenous and has near lambertain surface properties. Using
Lambert’s cosine law, irradiance at a given point on the object surface is calculated. This information is then
used to calculate a BRDF using Phong reflection model to describe the sample surface reflection properties.
The measurement setup is described and discussed in this paper along with its use to estimate a BRDF for
a given material/substrate. Results obtained indicate that the proposed image-based technique works well to
measure light reflected at different planar angles and record information to estimate the BRDF of the sample
materials that can be modelled using Phong reflection model. The object material properties, sample curvature
and camera resolution decides the number of incident and reflection angles at which the bi-directional reflectance,
or the material BRDF, can be estimated using this method.
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1. INTRODUCTION

Appearance of an object material is measured with the goal of objectively describing and quantifying human
visual impressions with measurement values. Measurements help us communicate the appearance of the material
in numerical terms. Material appearance can be described using surface reflectance properties. A Bidirectional
Reflection Distribution Function (BRDF) of material will describe the surface reflectance properties of that ma-
terial. BRDF completely describes the reflectance of an opaque surface at a given point.1 The most appropriate
way to measure the surface reflectance is by performing physical measurements of the reflected light.1

Physical reflectance measurements are performed (for example, in the packaging and car paint industry) to
characterise and control reproduction of materials like printed packages and paints.2, 3 Different surface properties
of these materials help produce desirable appearance of the material that varies with the direction of illumination
and viewing. Many car paints used in car industry or gonio-chromatic materials used in print and packaging
industry2, 4 produce a very desirable appearance by showing a shift or change in perceived colour depending upon
illumination and viewing geometry. This change is achieved due to varying reflection at different viewing angles.
Studies have shown that flexible materials like paper substrates (typically used in print and packaging industry)
reflects light in an anisotropic manner.5, 6 The reflected light quantity is therefore dependent on incident light
and viewing directions.

These substrates should therefore be measured with instrument measuring at more than one illumination and
reflection angle combination2, 7 unlike the single geometry instruments (for example 0 ◦:45 ◦) traditionally used in
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Figure 1: Gonio-metric measurements (Image taken from3 and is licensed under CC BY-NC-ND).

the graphic arts and textile industry. Several commercial instruments available in the market (for example, X-rite
MA98, BYK-Mac) can be used to perform multi-angle planar measurements. These instruments, however, are
expensive and measure at a fixed illumination and reflection angles.8 Gonio-spectro-photometers (mainly used in
metrology institutes and research laboratories) can also be used to perform multi-angle plannar measurements.
These instruments are more accurate and also measure gonio-metrically (refer figure 1). However, gonio-spectro-
photometers are expensive and slow. There is, therefore a clear need to cover the bridge between the accurate (but
slow) metrological instruments (like gonio-spectro-photometers) and user centric measurement methods/setups
which should be fast and inexpensive.

In this paper we present an image based measurement setup, similar to ones proposed and used in mea-
surement of velvets,9 gloss10 and human skin measurement,1 to measure such materials at a faster speed. The
measurement setup uses a point light source and a commercially available digital camera sensor (for example
Nikon D200 DSLR camera) along with the sample to be measured. In the existing measurement setups (e.g.
gonio-spectrometers, multi-angle spectrophotometers), the sample is usually flat on a surface and the light cap-
turing sensor and/or light source rotate/move in the planar angles and azimuthal directions to illuminate and
record the reflected light from the sample surface in different directions.3 These setups therefore require consid-
erable amount of time to record the reflectance at multiple angles. In order to avoid these moving parts (which
are main cause of increase in measurement time) and thus reduce the measurement time, in the proposed setup,
we keep the light source and the measurement sensor at fixed position from the sample (for example light source
at 45 ◦ and sensor at 0 ◦) and curve the measurement sample onto a cylinder1, 9–11 as shown in figure 2.

2. MEASUREMENT SETUP

Figure 212 shows the measurement setup we use for capturing the light reflected from a material substrate using
an image based device. We, therefore, replace the flat surface measurement (using gonio-spectrometer) with
a curved surface observation by a camera in our setup. The semi-circle (S) will be the curved substrate (for
example packaging sample print) to be measured. The substrate is curved onto a cylinder of known radius (R).
Point (C) is the sensor position (digital camera sensor) approximately at the center of the curved sample at a
fixed distance dC . L is a point light source illuminating the sample at a fixed angle 0 ◦ <θL < 90 ◦ at a known
distance dL from the center of the curved sample.

Assuming that the curved sample is homogeneous, light incident and reflected at any given point on the
sample will provide information with respect to the light source position (L), camera (C) and the surface normal
vector (n) direction. Figure 2 also shows the setup in a vector plane were θi and θr are incident and reflection
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Figure 2: Measurement setup.
Table 1: 0s calculation error.

Ruler points (angles') -40 -30 -20 -10 0 10 20 30 40
Calculated angles (angles') -41.90 -31.99 -22.05 -12.07 -2.12 7.7 17.7 27.68 37.7

angles with respect to the normal n at a given point P on the curved sample surface. Incident Oi and reflection
Or angles can be calculated as,12

cos ei =
I PL I Vd¿ + R2 - 2dLRcos (BL - Bs)'
PL n dL cos (9L - 9s) -R

(1)

Pc n dc cos Bs -R
cos 9r =

I Pc I /d 2c + R2 - 2dc R cos Os

From Equation (1) it can be observed that when choosing a point on the curved sample surface to record the
incident and reflected light, the Bs angle changes with change in the location on the curved surface. 0s can
therefore be calculated using,12

cos Bs -
2R2 (d2A + FL )

In order to verify the Os calculation, an angular ruler was printed on a white paper substrate and measured using
the setup. Figure 3 shows the captured image. The angular ruler can be observed at the bottom of the curved
scene. The ruler points on the printed angular ruler indicate the 0s angles, the corresponding pixel positions
on the camera sensor, should measure /calculate using the Equation (1).12 In order to minimize distortion due
to lens, the object is positioned at the center of the image plane with sufficient distance from all the 4 corners.
Unlike Marschner's1 method, we perform manual physical measurements to determine the incident light position
and camera. The pixel points corresponding to the angular ruler are located using second derivative12 and the
corresponding Os are calculated using Equation (2). Table 1 shows the calculated Bs and the angular ruler
points. We can observe an average error of 2.13 ° when calculating the reflection angles using Equation (2).12
Figure 4 shows the error against the ruler points. The error can be corrected either by physically rotating the
sample or subtracting the average error obtained from the calculated Os. For further calculation using Os the

2dcRd2A f V(-2dcRd2A)2 -4 (R2d2a + F2R2) (4,cZ2A - F2R2)
(2)
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Figure 3: Captured image.
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Figure 4: θS calculation error.
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average error was subtracted from the calculated θS for the corresponding pixel points in the captured image.
This corrected θS value was used for calculating θr and θr angles using Equation (1).

3. SAMPLE MEASUREMENT

A diffuse packaging print sheet (Matt coated white plotter sheet) was printed with solid colour patches to
measure with the setup. Cyan and magenta colour patches were measured along with the paper white. These
three materials are referred as material C (Cyan), M (Magenta) and W (Paper white) in the paper from here on.
The sheet was wrapped around a cylinder of known radius (R=56mm). The image was captured using a Nikon
D200 digital camera from a fixed distance (Cl=630mm). The curved sample on the cylinder was illuminated
using a point light source at a distance (dL= approx. 1922mm). Figure (3) shows the captured image. The
scene/curved sample was measured at three incident light directions (θL=29 ◦, 39 ◦ and 47 ◦). Spectralon tile
was used as a reference to estimate the light incident on the curved sample and to normalise the image data.

The number of reflection angles at which the reflection information is to be recorded depends on the sample
curvature.12 As the curved sample is illuminated using a point light source at an incident light angle of θL=29 ◦,
39 ◦, 47 ◦ the illuminated areas on the curved sample is different for different θL. Therefore a part (horizontal)
of the curved sample which is uniformly illuminated at all three incident (θL) angles is considered for the
measurements.

Reference white measurement were recorded using the spectralon tile approximtely at θr=0 ◦. For each
respective measurement, average of 100 pixel lines (along vertical axis) was used as the respective measurement.

Amount of light incident on the curved sample was calculated using the spectralon tile measurements. As-
suming spectralon tile as lambertian we measure the light intensity at θr=0 ◦ on the spectralon tile (θi=θL).
Using lambert’s cosine law we estimate the light incident on the curved sample,

Ir = Ii cos θi

Ii =
Ir

cos θi

(3)

Where, Ii is the light incident on the sample, Ir is the amount of light reflected from the reference white tile
(spectralon tile) and θi is the angle between point on the reference tile and incident light direction (θL).

4. BRDF CALCULATION USING PHONG REFLECTION MODEL

Bi-directional reflection distribution function (BRDF) describes the surface reflectance properties of a given
opaque material.13 The BRDF is defined13 by,

fr(θi, φi, θr, φr) =
dLr(θi, φi, θr, φr, Ei)

dEi(θi, φr)
(4)

i and r denote incidence and reflection respectively. θ and φ together indicate the direction, Ei is incident
irradiance, Lr is reflectance radiance and d is the differential quantity.

Modelling the reflection properties of material surfaces is important for material appearance measurement
and simulation. Reflection models are widely used in computer graphics for generating realistic images.14–16 In
print and packaging applications, a reflectance model can be used for simulating the colour reproduction process.

The packaging print sheet printed with Magenta and Cyan solid inks showed fairly diffuse reflection properties
with small amount of specular reflection on visual inspection. Phong reflection model was used to calculate the
BRDF of these three material surfaces (materials C, M and W). Phong reflection model is an empirical model with
two surface reflection components, diffuse reflection of rough surfaces and specular reflection of shiny surfaces.14

Figure 5 shows the reflection geometry used for the Phong model, where N is the surface normal, L is the
incident light vector, and V is the viewing vector. R and Rv are, respectively, L and V mirrored about N. A
three-dimensional light reflection of the Phong model can be described17 as
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Figure 5: Vector diagram for Phong reflection model calculation.

Y (θ, λ) = Eamb (λ) + (cosφ) Sd (λ) E (λ) + (cosα ρ)SsE (λ) (5)

Y (θ, λ) is the radiance of light reflected from a surface and is a function of wavelenght (λ) and the geometric
parameter θ, including the illumination direction angle, the viewing angle, and the phase angle. Eamb is the
ambient light, Sd(λ) is the surface-spectral reflectance of an object surface and E(λ) is the spectral power
distribution of the incident light. φ is the angle of incidence, ρ is the angle between the viewing vector V and
the mirrored vector R of incident light vector (refer Figure 5), α is used as the measure of surface roughness
and Ss is a constant value. The Phong model can be used with the measurement setup by inserting the model
parameters with respect to the measurement setup. Referring Figure 2

cosφ = cos θi

cosα ρ = cosα(θr − θi)
(6)

As the measurements were recorded using a colour camera. The camera output can be described as
R

G
B


 =

∫ 700

400

Y (θ, λ)


r (λ)

g (λ)
b (λ)


 dλ (7)

where r(λ), g(λ) and b(λ) are the spectral sensitivity functions of the camera. Inserting Equation (6) in Equa-
tion (5), the camera colour output I at the spatial location p can be described as

Ip =


R

G
B


 = kaIa + kdId(cos θi) + ksIs(cosα(θr − θi)). (8)

Ia is the ambient light vectors, Id is the diffuse component (object colour) vectors, Is is the specular component
(incident light) vectors. ka, kd, ks, are the ambient, diffuse and specular reflection constants.

4.1 Colour Phong reflection model
In this paper we implement the Phong model using two methods. In the first method - Colour Phong reflection
model, we use the object colour vector (body reflection) as the diffuse component Id and the incident light as
the specular component as defined in Equation (8). Diffuse component (Id) value for each material was selected
from the non-specular region of the captured image. From the calculated incident and reflection angles and the
known incident light direction (θL) an approximate pixel area (average of 2500 pixels) was selected from the
non-specular area of the image. Specular component is the light incident (Ii) on the material. Table 2 below
shows the Id value for each material (W,C and M). The ambient light term is treated as a constant KaIa=kamb.
Equation (8) therefore can be written as

Ip = kamb + kd


R0

G0

B0


 cosθi + ksIi(cosα(θr − θi)). (9)
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Table 2: Material body reflection component (Id).

Material Red (R0) Green (G0) Blue (B0)
W 0.7612 0.5458 0.3500
C 0.3962 0.6601 0.6381
M 0.9473 0.2321 0.2204

Table 3: Phong model parameters fitted using Colour Phong reflection model (Section 4.1).

Material ka kd ks alpha LRMSE
W 0.0566 0.5493 0.1691 0.8339 0.0193
C 0.0265 0.3307 0.0760 1.2109 0.0170
M 0.0034 0.4242 0.0785 0.8681 0.0174

[R0, G0, B0]T is the normalised object body reflection (refer Table 2) of the respective material (W, C, M) and Ii
is an identity vector [1, 1, 1]T . We use Equation (9) as a color model for the Phong reflection model. Reflection
constants (kamb, kd, ks and α) were therefore fitted in Equation (9) using the data captured at three incident light
directions (θL=29 ◦, 39 ◦, 47 ◦) and R, G and B sensors for the respective materials. The constants were further
optimized using the Nelder-Mead downhill simplex algorithm18 to find the minimum of a function with the given
paramters. Root mean square (RMS) error between the measured data and the estimated data was used as the
minimizing function. Table 3 shows the reflection constant fitted for the three materials (C, M and W) using
Equation (9). Figures (6,7, and 8) shows the plots for the light intensity reflected from the three materials (C,
M and W) and the light intensity estimated using Equation (9) for 2 incident light directions (θL=29 ,θL=47 ).

4.2 Monochrome Phong reflection model

As we have used a point light source and the materials measured using the setup being fairly diffuse, in the
second method - Monochrome Phong reflection model, we use the incident light Ii in all the three components
of the model. That is Ia=Id=Is=Ii. Also the ambient light term is treated as a constant KaIi=kamb. Inserting
this in Equation (8),

Ip = kamb + Ii(kd(cos θi) + ks(cosα(θr − θi)). (10)
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Figure 6: Reflected intensity Ip measured and estimated using Equation (9) for material W.
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Figure 7: Reflected intensity Ip measured and estimated using Equation (9) for material C.

600 800 1000 1200 1400 1600 1800 2000 2200

Pixel Position

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

P
ix
e
l
In
te
n
s
it
y

M_Rchannel_Mea

M_Rchannel_Est

M_Gchannel_Mea

M_Gchannel_Est

M_Bchannel_Mea

M_Bchannel_Est

(a) θL=29 ◦

600 800 1000 1200 1400 1600 1800 2000 2200

Pixel Position

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
P
ix
e
l
In
te
n
s
it
y

M_Rchannel_Mea

M_Rchannel_Est

M_Gchannel_Mea

M_Gchannel_Est

C_Bchannel_Mea

C_Bchannel_Est

(b) θL=47 ◦

Figure 8: Reflected intensity Ip measured and estimated using Equation (9) for material M.

As the image is captured using an RGB sensor camera, in this method we model the above Equation (refer
Equation 10) separately for R, G and B intensities, thus having different reflection constants kamb, kd, ks and α
for individual R, G and B sensor channels for the respective materials.

The reflection constants kamb, kd, ks and α were fitted in Equation (10) using the data captured at three
incident light directions (θL=29 ◦, 39 ◦, 47 ◦) for the materials W, C and M. Similar to the Colour model (refer
Section 4.1), the constants were further optimized the Nelder-Mead downhill simplex algorithm.18 Root mean
square (RMS) error between the measured data and the estimated data (using Equation (10) was used as
the minimizing function. Table 4 shows the reflection constants fitted for the three materials (C, M and W)
for individual sensor channels (R,G,B) using the data captured with three different incident light directions
(θL=29 ◦, 39 ◦, 47 ◦). Figures 9,10, and 11 show the plots for the light intensity reflected from the three materials
(C, M and W) and the light intensity estimated using the above model for the three sensor channels (R, G,
B) and for 2 incident light directions (θL=29 , θL=47 ). We believe that modelling the Phong parameters for
individual sensors (R, G and B in this case) should help us simulate the material appearance with more control
for highly specular and gonio-chromatic colours. Phong parameters of individual sensors should help simulate
the gonio-chromatic appearance of homogenous material once the incident light intensity (Ii), direction (θL) and
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Figure 9: Reflected intensity Ip measured and estimated using Equation (10) for material W.
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Figure 10: Reflected intensity Ip measured and estimated using Equation (10) for material C.

sample curvature is known with other parameters required to calculate incident (θi) and reflection (θr) angles as
described in Equation (1).

5. CONCLUSION

In this paper we have presented a measurement setup which can be used to perform gonio-metric measurements
of homogenous non-diffuse flexible object materials (for example packaging substrates) using an image based
technique at a relatively faster speed. Phong reflection model was used to demonstrate BRDF measurement
using the presented setup. Phong model was implemented using two methods (Colour Phong reflection model
and Monochrome Phong reflection model).

In the Colour Phong reflection model, object colour was used as the diffuse component Id of the light source
and incident light Ii as the specular component Is. Phong parameters (kamb, kd, ks and α) were estimated using
all the three camera sensors (R,G and B). Image data captured using three different incident light directions
(θL) were used as training data for estimation. Root Mean Square (RMS) error was calculated between the
measured and estimated reflected light intensity. The results (refer Table 3 and Figures 6,7, and 8) show that
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Figure 11: Reflected intensity Ip measured and estimated using Equation (10) for material M.

Table 4: Phong model parameters fitted using the Monochrome Phong reflection model (Section 4.2).

Sensor channels ka kd ks alpha LRMSE
Material W Green 0.0982 0.4633 0.1719 0.9882 0.0073

Red 0.2498 0.6093 0.2805 1.0204 0.0681
Blue 0.3115 1.4458 0.7364 1.0624 0.0907

Material C Green 0.1704 0.474 0.3072 1.124 0.0498
Red 0.0746 0.1494 0.1345 1.2157 0.0185
Blue 0.4371 0.6363 0.8319 1.0734 0.0979

Material M Green 0.0727 0.1811 0.1543 1.2918 0.0203
Red 0.1853 0.4019 0.2114 1.1212 0.0489
Blue 0.235 0.0416 0.4305 1.2728 0.0377

the measurement setup and the Phong reflection model works well to estimate the BRDF of the sample material
used. To compare and evaluate the performance of the measurement setup it would be ideal to measure these
sample materials with a gonio-spectrophotometer and evaluate the performance of setup presented above against
these measurements. Due to limited access to such an instrument this evaluation could not be performed in this
paper.

In the Monochrome Phong reflection model, we have used the incident light Ii as both the diffuse light
component and the specular light component in the Phong reflection model. Also, the material image being
captured using three sensors (R, G and B), the Phong parameters were estimated separately for R, G and B
intensities for the respective sample material. Modelling the Phong parameters for individual sensors and using
the incident light as the diffuse and specular light component, in the model, the material appearance could
be simulated using the incoming light information. This approach should specifically help simulate/visualise
material appearance for highly non-diffuse and gonio-chromatic homogenous materials. Similar to first method,
RMS error was calculated between the measured and estimated reflected light intensity. The results (refer Table 4
and Figures 9,10, and 11) show that thought the RMS values are high (especially for blue sensor channel), which
may be due to the fluorescence in the sample material used),the measurement setup and the Phong reflection
model can be used to estimate the sensor dependent BRDF of the sample material used in this paper.
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