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Abstract
Present article describes a 3D gonioreflectometer developed at Aalto University for the
measurement of spectral bidirectional reflectance distribution function (sBRDF) of
horizontally aligned samples, needed to study sBRDF of sand from satellite calibration test
sites. The new set-up incorporates three motorized arms that allow to measure in- and
out-of-plane sBRDF. Illumination of the sample is provided by a supercontinuum laser coupled
with laser line tunable filters and detection is performed with two types of photodiodes (Si and
InGaAs) enabling collection of sBRDF in the spectral range from 450 nm to 1700 nm. The
instrument is operated in the relative mode and its traceability to SI is achieved with the help
of a 2D absolute reference gonioreflectometer available at Aalto University. The calibration
procedure as well as system’s uncertainty estimation are described. The performance of the
3D gonioreflectometer is validated by measurements of a ceramic diffuse reflectance sample.

Keywords: gonioreflectometer, spectral BRDF, loose powder samples

(Some figures may appear in colour only in the online journal)

1. Introduction

The spectral bidirectional reflectance distribution function
(sBRDF) has found its application in various fields of optical
metrology. By describing the dependence of the reflectance of
materials on the irradiation and observation directions [1, 2],
it allows to quantify the appearance of different objects and
is essential for calibrations in material and color industries
[3–7]. In addition, sBRDF is used to validate outputs of differ-
ent radiometric and photometric instruments [8–10] including
optical sensors of satellites [11–15] that are used for remote
sensing and tracking of more than half of the essential climate
variables defined by the global climate observing system [16].

∗ Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

The most accurate sBRDF data is obtained from direct mea-
surements. These are usually performed by gonioreflectome-
ters developed by different laboratories and National Metrol-
ogy Institutes. Traditional solutions are based on mechanical
arms that move the illumination beam and radiance sensor
around the static sample to record sBRDF values at the desired
illumination and observation conditions [17–19]. Some instru-
ments achieve user-defined lighting conditions via elliptical
or parabolic mirrors that are simultaneously used for collec-
tion of spatially resolved reflectance by image-based detectors
[20–22]. State-of-the-art solutions are built around a robotic
arm that is predominantly used to change the orientation of
the measurement sample surface in respect to illumination and
viewing directions [23–25].

At Aalto University an absolute reference gonioreflectome-
ter [26] validated through a key comparison of spectral diffuse
reflectance [27] is used. Based on the traditional technique,
this instrument was initially built to realize the absolute spec-
tral diffuse reflectance scale in Finland, but due to versatility
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Figure 1. BRDF geometrical definitions in spherical coordinates.

of the utilized gonioreflectometric approach, it is also applied
for absolute sBRDF measurements [28]. However, the illu-
mination and viewing angles of Aalto’s reference instrument
are fixed to the plane of incidence that significantly limits its
capability to characterize sBRDF of samples with anisotropic
reflective properties. Furthermore, it supports only vertical
alignment of the measured sample while rotating that to vary
the illumination angle. A wide variety of test samples that
cannot be mounted vertically, such as loose powders and liq-
uids cannot be fixed within the instrument without an enclosed
vessel and thus their reflectance cannot be measured directly
from their surface. The sample movement might also alter the
surface structure of the sample during measurement. This pre-
cludes, for example, reliable laboratory measurements of the
sBRDF of desert sand from RadCalNet’s Gobabeb test-site
that provides a vicarious reflectance reference for many Earth-
observing satellites [29, 30]. For similar reasons, the majority
of state-of-the-art gonioreflectometers are not suitable for this
task either.

To eliminate the described shortcomings as well as
to enable out-of-plane sBRDF measurements, Metrology
Research Institute of Aalto University developed a 3D goniore-
flectometer with horizontal sample holder. Current paper
presents the design of the newly developed instrument and its
features.

2. Definitions and principles of sBRDF
measurements

Figure 1 depicts a surface with uniform reflective properties
over the illuminated area Ar. In spherical coordinates, sBRDF
is defined as a continuous function representing the ratio of the
reflected spectral radiance Lr (λ, θi,ϕi, θr,ϕr) outgoing from Ar

in the direction defined by angles θr and ϕr to the spectral
irradiance Ei(λ, θi,ϕi) with the wavelength λ incident to the
surface from direction θi and ϕi:

q (λ, θi,ϕi, θr,ϕr) =
Lr (λ, θi,ϕi, θr,ϕr)

Ei(λ, θi,ϕi)
. (1)

Reflected spectral radiance Lr (λ, θi,ϕi, θr,ϕr) is funda-
mental radiometric quantity affected by the sBRDF of the

measurement object. It can be measured by placing an opti-
cal sensor in the path of the light reflected from the surface in
the direction θr,ϕr and obtaining a response Sr(λ, θi,ϕi, θr,ϕr)
proportional to the radiant power Φr (λ, θi,ϕi, θr,ϕr) coming
from the viewed area Arcos(θr) within the finite solid angle
Ωr defined by sensor’s aperture and distance from the sample
surface:

Lr (λ, θi,ϕi, θr,ϕr)=
Φr (λ, θi,ϕi, θr,ϕr)

Ar cos(θr)Ωr
=

Sr(λ, θi,ϕi, θr,ϕr)
kr(λ)Ar cos(θr)Ωr

,

(2)

where kr(λ) is the spectral responsivity of the sensor. Spectral
resolution of the Lr (λ, θi,ϕi, θr,ϕr) measurements is usually
provided by using a broadband light source and a monochro-
mating device coupled either with the light source itself or with
the radiance detector. Illumination and detection angles can be
set with goniometers.

Irradiance Ei(λ, θi,ϕi), on the other hand, is independent of
the investigated sample and is measured directly only in the
case of absolute sBRDF measurements by finding the ratio of
incident radiant power Φi (λ, θi,ϕi) to the illuminated area Ai

where the former is estimated from the response Si(λ, θi,ϕi)
of optical sensor with spectral responsivity ki(λ) placed in the
path of illumination beam:

Ei (λ, θi,ϕi) =
Φi (λ, θi,ϕi)

Ai
=

Si(λ, θi,ϕi)
ki(λ)Ai

. (3)

In the case of relative measurements, performed usually
with the same illumination source, Φi (λ, θi,ϕi) is estimated
from the measured radiance Lr,ref (λ, θi,ϕi, θr,ϕr) of a refer-
ence sample for which sBRDF qref (λ, θi,ϕi, θr,ϕr) is already
known:

Φi (λ, θi,ϕi) =
Lr,ref (λ, θi,ϕi, θr,ϕr)
qref (λ, θi,ϕi, θr,ϕr)

Ai,ref

=
Sr,ref(λ, θi,ϕi, θr,ϕr)

kr,ref(λ)Ar,ref cos(θr)Ωr,ref

Ai,ref

qref (λ, θi,ϕi, θr,ϕr)
.

(4)

Consequently, the sBRDF of equation (1) of a test sample
can be evaluated from

q
(
λ, θ’∗

i ,ϕ’∗
i , θ’

r,ϕ
’
r

)
=

kr,ref (λ) Sr

(
λ, θ’∗

i ,ϕ’∗
i , θ’

r,ϕ
’
r

)

kr (λ) Sr,ref (λ, θi,ϕi, θr,ϕr)

× AiAr,ref cos (θr)Ωr,ref

ArAi,ref cos
(
θ’

r

)
Ωr

× qref (λ, θi,ϕi, θr,ϕr) , (5)

where θ′∗i ,ϕ′∗
i , θ′r,ϕ

′
r denote the angular parameters of the

test sample measurements. If measurements are conducted
using one and the same radiance sensor with good linearity
(i.e. kr (λ) = kr,ref (λ)), the viewing area is always equal or
larger than sample’s illuminated area (i.e. Ai,ref = Ar,ref and
Ai = Ar) and the distance from the sample remains constant
during measurement (i.e. Ωr,ref = Ωr), equation (5) can be
simplified as

2
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q
(
λ, θ′∗i ,ϕ′∗

i , θ′r,ϕ
′
r

)
=

Sr(λ, θ′∗i ,ϕ′∗
i , θ′r,ϕ

′
r)

Sr,ref(λ, θi,ϕi, θr,ϕr)

× cos(θr)
cos(θ′r)

qref (λ, θi,ϕi, θr,ϕr) . (6)

Note, that in order to establish a correct scale between
radiance signals and sBRDF values and consequently pro-
vide SI-traceability for relative sBRDF measurements, the
reference sample’s radiance signal Sr,ref(λ, θi,ϕi, θr,ϕr) mea-
surement parameters λ, θi,ϕi, θr and ϕr should match the
ones that were previously used for determination of its
sBRDF qref (λ, θi,ϕi, θr,ϕr). When the scale is established, test
sample’s measurement zenith θ′r and azimuthal ϕ′

r angles can
be varied independently and for this reason are distinguished
by prime. The treatment of illumination angles θ′∗i and ϕ′∗

i ,
however, depends on the properties of the incident radiant
powerΦi (λ, θi,ϕi). If it remains constant at different θi andϕi,
then Sr(λ, θ′∗i ,ϕ′∗

i , θ′r,ϕ
′
r) can be measured at any illumination

incidence angles θ′i and ϕ′
i. If otherwise, the scale established

by the ratio qref/Sr,ref is valid only for matching illumination
incidence direction (i.e. θ′∗i = θi and ϕ′∗

i = ϕi). Wavelength λ,
at which measurements are performed should always match for
all quantities in equation (6) since radiance sensor responsiv-
ity kr(λ) depends on wavelength. Nevertheless, the indepen-
dence of the rest of parameters at which test and reference
measurements are performed significantly reduces the amount
of required reference sBRDF data qref (λ, θi,ϕi, θr,ϕr). Theo-
retically, if all above mentioned conditions are satisfied, it is
sufficient to have a single reference sBRDF point for each mea-
surement wavelength to allow test sBRDF measurements at
any illumination and viewing geometries.

Other aspect that cannot be explicitly seen in equation (6),
but should be considered in the case of relative sBRDF mea-
surements, is the requirement to the size and similarity of solid
angles Ωr,ref and Ωr,qref used for acquisition of Sr,ref and qref ,
respectively. These are closely related to the properties of the
reflectance reference sample used for the relative measure-
ments and specifically to how its actual sBRDF changes with
observation angles θr and ϕr. If sBRDF changes abruptly over
a narrow angular range, then very small and preferably match-
ing observation solid angles Ωr,ref and Ωr,qref should be used.
However, if the rate of change of sBRDF with observation
angles is close to a constant that has a small value, then rel-
atively large observation solid angles Ωr,ref and Ωr,qref can be
utilized. For this reason, diffuse reflectance samples such as
PTFE spectralons are most preferred as the reference. Accord-
ing to our experience and calculations, the use of observation
solid angle Ωr = (0.0020 ± 0.0004) sr for their sBRDF mea-
surements does not introduce errors larger than 0.1% for θr

varying from 10◦ to 80◦ andϕr covering the whole hemisphere.
For θr from 10◦ to 60◦, errors are less than 0.005%.

3. Description of the 3D gonioreflectometer

3.1. Goniometers

Figure 2 presents the configuration of the 3D gonioreflectome-
ter of Aalto University that consists of a horizontal sample

holder and three motorized arms situated inside a dark com-
partment. One of the arms is responsible for the change of
instrumental illumination angle θil and other two rotate light
collection optics around the sample to change radiance view-
ing angles θv and ϕv. Illumination azimuthal angle is fixed in
one plane and θil is varied from −90◦ to 0◦ and from 0◦ to
+90◦ corresponding to variation of conventional θi from 0◦ to
90◦ at ϕi = 270◦ and at ϕi = 90◦, respectively (see figure 1).
Similarly, θv is varied from −90◦ to +90◦ in planes defined
by sample’s normal and ϕv changing from 0◦ to 180◦, i.e.,
θv = θr for ϕr = ϕv and θv = −θr for ϕr = ϕv + 180◦. View-
ing geometries cover full hemisphere allowing in- and out-of-
plane 3D sBRDF measurements with a ±4◦ blind spot around
the illumination beam.

3.2. Illumination system

NKT photonics supercontinuum laser (SuperK Extreme) that
radiates in the wavelength range from 400 nm to 2400 nm
is used as the broadband illumination light source. It is cou-
pled with Photon etc visible (VIS) and infrared (IR) laser line
tunable filters (LLTFs) that allow to select narrowband illumi-
nation with average full width at half maximum of 4 nm at
the central wavelengths ranging from 400 nm to 1000 nm and
from 1000 nm to 2300 nm.

Monochromatic light is guided to the sample through the
multimode optical fiber (FG550LEC, 0.22NA, 550 μm core
diameter, transmission: 400 nm to 2200 nm) and illumina-
tion optics (figure 2, closeup to 1). Illumination optical sys-
tem consists of a collimating plano-convex lens (LA4148, f =
50.2 mm), a beam expander combining bi-concave (LD4931,
f = −25 mm) and plano-convex (LA4052, f = 35.1 mm)
lenses, a beam splitter (WG41010R, 185 nm to 2100 nm), a
SiO2 coated aluminum mirror (PFE10-G01, 400 nm to 20 μm)
and an adjustable iris (CP20S) that allows to vary the beam
size from 3 mm to 20 mm. The beam splitter redirects part of
the light through the condensing lens (LA4306, f = 40.1 mm)
onto the monitor detector (Hamamatsu K1713-09 two-color
detector: 400 nm to 1700 nm) to account for low-frequency
temporal variations in illumination intensity. All used lenses
are made from uncoated fused silica (transmission 200 nm
to 2100 nm) and have a diameter of 25 mm. The assembly
also allows to insert a polarizer (VIS and NIR film polarizer,
400 nm to 2200 nm, extinction ratio: ca 1000:1) and/or an opti-
cal filter (RG1000 NIR filter, cut-on wavelength: 1000 nm) to
account for partial polarization of illumination and possible
second order leaks from LLTF. The illumination optical system
is assembled within a 30 mm cage system from on-the-shelf
components of Thorlabs Inc. and enclosed within black case
to avoid stray light reaching the sample during measurements.
The distance from adjustable iris to the measurement sample’s
surface is around 300 mm.

3.3. Detection system

The light reflected from the sample is collected and focused
by a silver parabolic off-axis mirror (RC04FC-P01, 450 nm to
20 μm, ø10.85 mm aperture) into the optical fiber (M35L02,
0.39NA, 1000 μm core diameter, transmission: 400 nm to

3
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Figure 2. Drawing of 3D gonioreflectometer set-up. Numbers denote following parts: (1) illumination system, (2) monitor detector,
(3) illumination angle θil rotary stage, (4) viewing azimuthal angle ϕv rotary stage, (5) viewing zenith angle θv rotary stage, (6) collection
parabolic off-axis mirror, (7) horizontal sample holder.

2200 nm) that guides light to the detection system. The
distance from detection aperture to the sample surface is
204.7 mm yielding detection solid angle around 0.0022 sr. The
instrument is operated in a way that keeps viewed sample’s
area larger than the sample’s illuminated area (figure 2,
closeup to 7) for all available illumination and viewing angles.
This operation mode is very similar to the operation conditions
of Aalto’s absolute reference gonioreflectometer (solid angle
of 0.002194 sr) [26] that allows to utilize the results obtained
with both instruments as noted in equation (6).

The detection system features two different detectors:
silicon photodiode (Hamamatsu S1337-66BR) for approxi-
mately visible (VIS) wavelength range (400 nm to 900 nm)
and InGaAs detector (Hamamatsu G12180-030A) for NIR
spectral region (900 nm to 1700 nm). Depending on the
selected illumination light wavelength, the collimator (Fiber-
guide COL012B/S0181) with the attached collection fiber
output is mechanically directed towards the chosen sensor.

3.4. Electronics and control

The monitor and main detectors are connected to two sepa-
rate low-noise, variable-gain transimpedance amplifiers (SSL

C400 and SSL L200) that amplify current signals from light
sensors and convert them into voltage. The gains at amplifiers
are varied automatically from 105 to 108 and from 102 to 109

depending on illumination and reflected light intensities. They
are chosen in such a way that voltage signals would stay in
the optimal range for the measurement by digital voltmeters
integrated with amplifiers.

Operation of the 3D gonioreflectometer is mostly controlled
by the LabVIEW program run on PC. It positions goniome-
ter arms (via SSL M200 motion controller), operates LLTFs’
transmission wavelength selection, chooses appropriate light
sensors (via SSL M200 motion controller), triggers measure-
ment and records the signals to a structured file. Adjustment
of the power of the light source as well as insertion of polariz-
ers and optical filters into the illumination optical system are
performed manually when required.

4. Operation of the 3D gonioreflectometer

4.1. Alignment

Proper alignment of the illumination and receiver systems is
crucial for reliable measurements. It implies that the rotational

4
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axes of all goniometer arms intersect at a single point in space
located at measurement sample’s surface (figure 2, closeup
to 7).

To achieve that, a self-leveling multi-beam laser (Bosh Uni-
versallevel 2) placed onto the sample holder is used. First, the
sample holder’s level is adjusted to the position where align-
ment laser’s cross-shaped horizontal beam crosses the rota-
tional axis mark on either illumination or viewing zenith angle
rotary stage (figure 2, element 3 or 5). Horizontal line of the
cross-beam defines a plane in which rotational axes of both
stages should lie. If the laser beam does not cross the axis
mark on the remaining zenith angle rotary stage, the stage
is shifted to the level where the laser line does so. Next, the
alignment laser’s down- and upwards-pointing vertical beam,
passing through a dedicated opening in the sample holder,
is coaligned with the rotational axis of the azimuthal rotary
stage (figure 2, element 4). In all cases coalignment degree is
checked by measurement with caliper and evaluation of laser
beam displacement from the rotational axis mark on the rotary
stage. Usually, we achieve displacements less than 0.1 mm.
To check inclination of rotary stages, a mirror is temporarily
attached to them and back-reflection of laser lines and vertical
beam are studied. If reflected light follows the same path as the
light from the laser, then rotational axes are considered to be
aligned. If not, inclined axes are adjusted and above-mentioned
procedures are repeated.

When alignment of rotational axes is completed, the
upwards-pointing vertical laser beam denotes the zero of
zenith position and is used as a reference for illumination and
detection optics alignment. The former is aligned so that the
vertical laser beam passes through the center of all optical ele-
ments and focuses onto the illumination optical fiber and the
latter is adjusted to the position where the laser beam passes
through the center of the circular detection aperture. At the
same time, laser beam of an auxiliary laser (Kraft NLC02)
attached to the 3D goniometer compartment is coaligned with
the horizontal beam of the multi-beam laser to create a refer-
ence plane for future positioning of the measurement sample’s
surface.

As a final check, a mirror is placed on the sample holder
and its surface is brought to the vertical level indicated by the
auxiliary laser. Light from the illumination system is directed
vertically onto the mirror. If required, inclination of the sample
holder is adjusted so that the reflected beam follows the path
of the incident beam. After that the illumination and viewing
angles are checked via displacement of the specularly reflected
beam from the detection aperture center at different azimuthal
and zenith positions of the rotary stages. Whole alignment pro-
cedure is repeated until displacement of less than 0.5 mm at all
angular positions is achieved (i.e. cumulative angular error is
less than 0.15◦).

Alignment of the collimator inside the detector box is per-
formed by recording positions at which highest signal lev-
els from optical sensors are observed. Usually there is a
range of collimator rotational stage positions at which the sig-
nal level remains constant and for each detector the central
position within of corresponding range is chosen for regular
operation.

4.2. Measurement procedure

First, the sample is placed to the sample holder and its surface
is adjusted to the level indicated by the auxiliary laser, defin-
ing the position of the horizontal reference plane. Selected
polarization and/or optical filters are manually inserted into the
illumination system, wavelength range is chosen by selection
of VIS or NIR LLTF for filtering, and power of the illumina-
tion source is set to the appropriate value depending on the
measurement sample’s properties. Then an automated oper-
ation is started that, according to instructions entered by the
operator, scans through the whole set of viewing angles θv

and ϕv for each illumination angle θil, while varying illumi-
nation wavelengths at each position and recording radiance
and monitor signals at the same time. For each setting, 9
consecutive measurements are performed for signal averag-
ing purposes. Signals collected from the radiance sensor are
divided by the signals from the monitor detector to eliminate
low-frequency temporal variations. The final result is the sig-
nal Sr(λ, θil,ϕil, θv,ϕv) proportional to the observed radiant
power, corresponding to Sr(λ, θi,ϕi, θr,ϕr) in equation (6) after
conversion of angles as described in section 3.1.

The 3D gonioreflectometer is operated in the relative mode
and its traceability to SI is achieved by comparing the mea-
surement results of a spectralon PTFE reference sample with
its sBRDF qref (λ, θi,ϕi, θr,ϕr) characterized by Aalto’s abso-
lute reference gonioreflectometer [26]. As was indicated in
section 3.3, the solid angles of both devices are very simi-
lar (difference less than 0.3%) meaning that equation (6) can
be utilized when Sr,ref(λ, θi,ϕi, θr,ϕr) is measured with the 3D
gonioreflectometer. Additionally, in our case, due to the design
of the illumination system the radiant power of the illumination
beam does not change with the zenith angle θil (ϕil is always
0), meaning that the test sample can be measured at com-
pletely different illumination and observation geometries than
the ones used for the reference measurements. The compari-
son of Sr,ref (λ, θi,ϕi, θr,ϕr) and qref (λ, θi,ϕi, θr,ϕr) is usually
performed at θi = 0◦ illumination incidence and θr = 10◦ or
θr = 15◦ observation zenith angles where errors due to solid
angle and alignment uncertainties are minimal. Because of
the isotropy of PTFE sBRDF, observation azimuthal angle ϕr

can be varied freely and, ordinarily, measurements at several
azimuthal angles are performed for the purpose of averaging
the qref/Sr,ref ratio.

5. Uncertainty estimation

5.1. Measurement model and uncertainty budget

The measurement procedure can be described by the following
measurement model based on equation (6):

qm
(
λ, θ′i ,ϕ

′
i, θ

′
r,ϕ

′
r

)
= f · Sr

(
λ, θ′i ,ϕ

′
i, θ

′
r,ϕ

′
r

)

Sr,ref (λ, θi,ϕi, θr,ϕr)

× cos(θr)
cos(θ′r)

qref (λ, θi,ϕi, θr,ϕr) (7)

where θ′∗i = θ′i as well as ϕ′∗
i = ϕ′

i due to independence
of Φi (λ, θi,ϕi) on illumination orientation and subscript

5
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‘m’ of q indicates the fact that measured sBRDF value
qm

(
λ, θ′i ,ϕ

′
i, θ

′
r,ϕ

′
r

)
might differ from the sample’s actual

sBRDF q
(
λ, θ′i ,ϕ

′
i, θ

′
r,ϕ

′
r

)
due to errors of various instrumen-

tal parameters and reference sBRDF data. In equation (7) this
is mathematically expressed by multiplicative factor f that in
explicit form is the product of various contributions:

f =
f test

noise f test
lin f test

stray f test
unif,b f test

λc
f test

angl f test
pol

f ref
noise f ref

lin f ref
stray f ref

unif,b f ref
λc

f ref
angl f ref

pol

f instr f lvl,Ω fqref (8)

with

• Measurement noise present during test and reference
sBRDF measurements: f ∗noise,

• Non-linearity of the detectors (Si or InGaAs): f ∗lin,
• Iso- and heterochromatic stray light contribution to the

signal: f ∗stray,
• Non-uniformity of illumination beam and sample’s reflec-

tive properties: f ∗unif,b,
• Errors due to uncertainty in illumination central wave-

length: f ∗λc
,

• Errors due to uncertainty in illumination and viewing
angles: f ∗angl,

• Errors due to impurity in illumination polarization state:
f ∗pol,

• Errors due to instrument instability: finstr,
• Errors due to the difference in test and reference sample

solid angles due to uncertainty in sample surface level:
flvl,Ω,

• Errors due to uncertainty in the reference sBRDF data
used for the measurement: fqref

where factors marked with ∗ refer to both test and reference
measurements. All factors have nominal value equal to 1 with
an uncertainty defined by the nature of the contribution. Esti-
mation of different f -factors’ uncertainties is described below
and summarized in table 1 as well as in figure 3.

5.2. Detailed evaluation of the uncertainty contributions

5.2.1. Measurement noise. Noise characterizes small-scale
electrical signal fluctuations caused by temporal variations in
the optical sensors, acquisition electronics and illumination
source radiant power. It affects the measurement of signals
Sr and Sr,ref required for sBRDF calculations. Standard devi-
ation of Sr and Sr,ref observed during a period significantly
larger than the time required for measurement of a single
value is equal to the uncertainty of these values due to mea-
surement noise. Since Sr and Sr,ref both are always obtained
using the same devices, their uncertainties are identical at
the same signal level and can be denoted simply by unoise.
Noise is independent on the measurement sample and con-
tributes to sBRDF uncertainty directly through the observed
signals Sr + Enoise and Sr,ref + Enoise, where Enoise is a zero-
mean Gaussian statistical variable with variance u2

noise. The
related f -factor

f test
noise = 1 +

Enoise

Sr
(9)

has the relative standard uncertainty equal to unoise/Sr and cor-
respondingly for f ref

noise. The uncertainties related to noise can
be reduced by taking multiple (N) measurements and calculat-
ing average value in which case unoise is reduced by the factor
of

√
N.

To estimate the value of unoise/Sr for typical operation sig-
nal levels, the responses of the sensors to the light reflected
from the PTFE sample were recorded with 2 s intervals over
the period of 20–40 min at different wavelengths and viewing
angles. Wavelengths were scanned with the step of 100 nm
from 500 nm to 1700 nm and viewing zenith angles changed
from 10◦ to 80◦ with the step of 35◦. For each wavelength and
observation angle, signal Sr and its relative standard deviation
were calculated. For Si detector the maximum value amounted
to 0.4% and for InGaAs to 0.3%. The results did not show any
significant dependence on varied measurement parameters.

5.2.2. Non-linearity of the radiance detectors. Application of
the measurement model presented in equation (7) assumes
linearity of the used radiance and monitor detectors since,
theoretically, ratios qref/Sr,ref and Sr/Sr,ref measured at differ-
ent illumination radiant power levels should remain the same.
However, in practice, selected Si and InGaAs photodiodes
have an uncertainty in their linearity that in turn affects the
uncertainty of sBRDF measurements. The linearity of Si and
InGaAs photodiodes has been extensively studied in [31, 32]
which showed that for the photocurrents of 10−11–10−3 A
and 10−8–10−4 A these sensors might be non-linear within
0.05% and 0.09%, respectively. As typical photocurrents of 3D
gonioreflectometer optical sensors are around 10−11–10−8 A
for Si and 10−8–10−5 A for InGaAs, the provided non-linearity
values can be safely used as estimates of their relative standard
uncertainties. The effect of non-linearity on Sr and Sr,ref yields
relative standard uncertainties of 0.07% and 0.13% of f ∗lin for
the Si and InGaAs detectors, respectively, taking into account
radiance signal and monitor detectors.

5.2.3. Stray light. Another possible source of errors in signals
Sr and Sr,ref is the stray light that contributes to the increase
of the level of radiance signals and depending on its wave-
length might be iso- or heterochromatic. Isochromatic stray
light has the same wavelength as incident illumination and
reaches radiance sensor after scattering inside the instrument.
Heterochromatic light has a different wavelength as illumina-
tion and might appear due to leaks from used LLTF filters.
For present instrument, stray-light can be only internal (i.e.
from the used illumination source) since sample holder and
goniometer arms are located in a dark compartment. Stray-
light experiments, as described below, could not reveal any
substantial contribution of stray-light to the measured sig-
nals meaning that f test

stray and f ref
stray can be equaled to 1 with

negligible uncertainty ustray < 0.01%.
Isochromatic stray-light contributions were estimated by

measurement of radiance signals from a spectralon PTFE sam-
ple with the surface moved away from its usual position (point
of intersection of goniometer arms’ rotational axes) so that the
illuminated area of the sample was not within detector’s view-
ing area at ±20◦, ±45◦, ±75◦ zenith and 0◦, 90◦ azimuthal
viewing angles. The sample was illuminated at the zenith

6
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Table 1. List of 3D gonioreflectometer’s standard uncertainty components and their effect on the relative uncertainty of measured sBRDF
determined by the reference sample and diffusely reflecting colored test samples. The rightmost column gives the quadratic sum of the
uncertainties of radiance signals of the reference and test samples.

Source of uncertainty
Standard

uncertainty

Uncertainty in
radiance signal of

reference sample/%

Uncertainty in
radiance signal of

test sample/%

Uncertainty in
sBRDF of

test sample/%

Measurement noisea 0.30%–0.40% 0.30–0.40 0.30–0.40 0.42–0.57
Non-linearity of the detectorsa 0.05%–0.09% 0.07–0.13 0.07–0.13 0.10–0.18
Stray light <0.01% <0.01 <0.01 0.01
Beam and sample nonuniformityb 0.14% <0.01 0.14 0.14
Wavelengthb 0.15 nm 0.015 0.015–0.15 0.02–0.15
Illumination and viewing angleb

Illumination zenith angle 0.09◦ 0.04 0.08 0.09
Viewing azimuthal angle 0.09◦ <0.01 0.06 0.06
Viewing zenith anglec 0.09◦ 0.02 0.02–0.9 0.03–0.9

Polarizationb 0.10% <0.01 0.1 0.1
Instrument stability 0.1% 0.1 0.1 0.14
Sample surface level 0.1 mm — — 0.14
Reference sBRDF data 0.20% — — 0.20
Combined standard uncertainty of qm

(
λ, θ′i ,ϕ

′
i, θ

′
r,ϕ

′
r

)
0.56–1.14

aThese uncertainties depend on detector type at different wavelength ranges of measurements.
bThese uncertainties depend on measurement sample.
cThis uncertainty depends on viewing zenith angle.

Figure 3. Dependence of relative standard uncertainty of spectral BRDF on viewing zenith angle θ′r for sBRDF measured by the 3D
gonioreflectometer. Uncertainty components are listed in table 1.

angle of 0◦ at wavelengths of 550 nm, 800 nm, 1200 nm and
1600 nm. This allowed to achieve conditions at which light
scattered from the sample would be present and could undergo
secondary scattering from instrument elements and measure-
ment compartment walls reaching radiance sensor while light
scattered directly from the sample would not be observed.
Nevertheless, signal levels recorded at mentioned observation

geometries were indistinguishable from dark signals of Si and
InGaAs sensors indicating that uncertainty due to isochromatic
stray light is non-substantial.

Heterochromatic stray light leaks from LLTF were previ-
ously studied in [33]. Studies showed that for both LLTF (VIS
and NIR) the typical out-of-band rejection level was more than
−40 dB (corresponding to optical density OD of 4 and higher),

7
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i.e., possible uncertainty due to heterochromatic stray light is
less than 0.01%. However, for NIR LLTF the leaks of the sec-
ond and third harmonics were observed. To solve this problem,
RG1000 NIR cut-on filter is used during measurements within
(1000–1700) nm wavelength range. It has OD of 5 for wave-
lengths shorter than 800 nm and thus removes leaking of higher
harmonics. Thus, BRDF uncertainty due to heterochromatic
stray light is also non-substantial.

5.2.4. Non-uniformity of illumination beam and sample’s
reflective properties. The application of measurement model
of equation (7) implies that illumination radiant power Φi is
distributed evenly over the illuminated area and the reflective
properties of the measurement sample are spatially uniform
(i.e. sBRDF does not vary across sample’s surface). In prac-
tice, these assumptions may not hold which may lead to errors
in the measured sBRDF. The related uncertainty can be esti-
mated with the help of difference between spatially uniform
and non-uniform sBRDF values

q (x0, y0) − qnonuniform (x0, y0) = q (x0, y0)

−
∫

Ar
(x, y)q (x, y) dx dy
∫

Ar
ρ(x, y)dx dy

(10)

where coordinates x and y are used to indicate the spatial vari-
ation, x0 and y0 denote the coordinates at the center of the illu-
minated area Ar, and ρ(x, y) and q (x, y) are the spatial profiles
of the beam intensity and sBRDF, respectively.

As can be noted, at given angular parameters and wave-
length, measured sBRDF value qm represents a weighted (by
beam profile ρ(x, y)) average of all sBRDF values q (x, y)
within the illuminated area around the point (x0, y0). If q (x, y)
does not vary with x and y, weighting by ρ(x, y) has no effect on
measured sBRDF and the related uncertainty is zero. The same
can be achieved if ρ(x, y) is symmetrical around the center
(x0, y0) of illuminated area and q (x, y) changes linearly across
measurement sample’s surface.

Presented 3D gonioreflectometer’s illumination profile of
the 8 mm beam at 550 nm wavelength was measured by
Thorlabs scanning-slit optical beam profiler BP209. The result
showed that illumination radiant power is distributed symmet-
rically around illumination beam center and follows Gaus-
sian distribution. Slight asymmetries in the beam profile may
affect the results as calculated by equation (10). To estimate
this effect, slices of measured 3D profile were taken in dif-
ferent directions and for each slice (2D profile) the difference
between the areas under the two sides around the maximum
was calculated. The maximum difference was 0.5% of the total
area. For test samples with linear spatial variation of sBRDF
this leads to a maximum relative difference (error) of ±0.25%
in equation (10). The uncertainty of the related factor f test

unif,b can
be estimated as in section 5.2.1 but using a rectangular prob-
ability distribution for the error. The relative standard uncer-
tainty of f test

unif,b is thus 0.25%/
√

3 = 0.14%. Reference samples
like PTFE spectralon have uniform reflective properties and
for them the relative uncertainty of f ref

unif,b is zero. For sam-
ples with prominent non-linear spatial variation of sBRDF, the

uncertainty analysis needs to be carried out separately, but
the case of linear spatial variation should cover most cases of
practical interest.

5.2.5. Illumination central wavelength. As sBRDF varies
with wavelength, uncertainty in the set illumination wave-
length can have an effect on the measurement results. The
uncertainty of qm

(
λ, θ′i ,ϕ

′
i, θ

′
r,ϕ

′
r

)
due to wavelength depends

on test and reference measurement samples and, in general,
should be estimated individually for each sample or at least
for specific types of samples. This can be done by estimating
the slope of the samples’ sBRDF spectra in the vicinity of the
illumination central wavelength λc and multiplying the result
by central wavelength uncertainty uλc .

In the 3D gonioreflectometer, wavelength uncertainty orig-
inates from the limitations of LLTF filters that were previ-
ously studied in [34]. The study showed that after corrections
applied in the operation software, the standard uncertainty
of wavelength is uλc = 0.15 nm. White diffuse reflectance
samples as, for example, spectralon PTFE reference sample
have flat sBRDF spectra with the relative slope less than
0.1%/nm meaning that the relative standard uncertainty in
qm

(
λ, θ′i ,ϕ

′
i, θ

′
r,ϕ

′
r

)
is less than 0.015%. Typical test samples

are colored samples with wide and smooth spectral features
that have relative slopes around 0.1%/nm–1%/nm, yielding
0.015%–0.15% as the contribution to relative standard uncer-
tainty in the measured sBRDF. For samples with sharp spectral
features and relative slopes >1%/nm, the relative uncertainty
due to wavelength might be significantly larger than 0.15%.

5.2.6. Illumination and viewing angles. Dependence of
reflective properties on illumination and viewing angles
is the main reason for studying sBRDF. The main source
of angular uncertainty in the 3D gonioreflectometer is the
residual error in coalignment of rotational axes of all rotary
stages. Its cumulative value of 0.15◦ was estimated during the
alignment process via recording of specularly reflected beam
displacement from the detection aperture center at different
azimuthal and zenith angle positions of the rotary stages (see
section 4.1). Since this displacement is the result of potential
slight misalignments in orthogonal directions of rotational
axes, the resulting error is assumed to be a quadratic sum of
equal contributions by zenith angles θi and θr and azimuthal
angle ϕr, i.e., uθi = uθr = uϕr = 0.09◦ for the reference
sample angles and correspondingly for the test sample angles
θ′i , θ

′
r and ϕ′

r.
The uncertainties in illumination and viewing angles have

a direct impact on the uncertainty of measured sBRDF values.
The level of the impact should be estimated either individually
for the studied sample or for certain type of samples. For each
set angle, sample’s sBRDF gradient is calculated in the vicin-
ity of the operating point and the result is multiplied by the
corresponding angular uncertainty. Gradients can be estimated
either using sBRDF data from similar samples or by studying
changes in the radiance signals Sr,ref and Sr while varying a
single angular parameter.

For white and colored diffuse reflectance test samples, the
typical gradient in the direction of θ′i is around 0.002 sr−1/◦,
in the direction of ϕ′

r less than 0.0015 sr−1/◦ and in the
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Figure 4. In-plane spectral BRDF of a ceramic diffuse reflectance sample measured by the 3D gonioreflectometer and absolute reference
gonioreflectometer at wavelengths of 530 nm and 830 nm under normal illumination θil = 0◦ and viewing azimuthal angles of ϕv = 0◦ and
ϕv = 90◦. Uncertainty bars indicate expanded uncertainties. Sample positioning in reference instrument was equivalent.

direction of θ′r around 0.0005–0.01 sr−1/◦. Assuming sBRDF
value of 0.25 sr−1, the corresponding relative standard uncer-
tainties of the f -factors corresponding to angles θ′i , ϕ

′
r and

θ′r are 0.08%, 0.06% and 0.02%–0.9%, respectively. The
last uncertainty contains also the contribution of the factor
1/ cos(θ′r) that depends on the observation zenith angle θ′r.

For the reference PTFE sample, the relative uncertain-
ties are lower since reference measurements are performed at
geometries where the gradients of sBRDF are minimized. Typ-
ically, the reference sample is illuminated at fixed incidence
θi = 0◦ and the observation zenith angles close to θr = 10◦

where respective reference sBRDF gradients are 0.001 sr−1/◦

and 0.0005 sr−1/◦. Observation azimuthal angle ϕr can be var-
ied freely since due to isotropy of PTFE reference sample
under 0◦ illumination, the sBRDF gradient in the direction of
ϕr is close to 0 sr−1/◦. At specified geometry the usual sBRDF
value of the reference sample is around 0.3 sr−1 and corre-
sponding relative standard uncertainties are 0.04% and 0.02%
for the angles θi and θr, respectively.

5.2.7. Polarization. Spectral BRDF of some materials may
depend on illumination light polarization. For this reason,

errors in the set illumination polarization state introduce addi-
tional uncertainty in sBRDF measurements. In the 3D goniore-
flectometer polarization error can be estimated from the extinc-
tion coefficient of utilized linear polarization filters that has
the value of ca 1000:1. The extinction coefficient defines the
weights of the weighted average of sBRDF for two orthogonal
polarization states. According to [35], the variation between
sBRDF of PTFE samples for p- and s-polarized illumination
can be up to 5% meaning that the relative difference between
sBRDF for fully p-polarized and weighted average of sBRDF
for p- and s-polarization is less than 0.01%. For samples where
the sBRDF changes by a factor of two between orthogonal
polarization states, the standard uncertainty of f test

pol is estimated
to be 0.1%.

5.2.8. Instrument stability. The uncertainty that depends on
instrument stability depicts the reproducibility of the measure-
ments. Several measurements of a single sample were made on
different days. The sample was removed from the instrument
between consecutive measurements. Average relative standard
deviation of 0.1% of measured sBRDF was estimated across
different wavelengths as well as illumination and viewing
angles.

9
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Figure 5. In-plane spectral BRDF of a ceramic diffuse reflectance sample measured by the 3D gonioreflectometer and absolute reference
gonioreflectometer at wavelengths of 1200 nm and 1600 nm under normal illumination θil = 0◦ and viewing azimuthal angles of ϕv = 0◦

and ϕv = 90◦. Uncertainty bars indicate expanded uncertainties. Sample positioning in reference instrument was equivalent.

5.2.9. Sample surface level. When samples of different
height are placed on the sample holder, their surfaces are
brought to the horizontal plane defined by the auxiliary laser.
This process may affect the distance from the sample to the
aperture and hence the solid angle of measurements. To esti-
mate the uncertainty introduced, the same sample was placed
to the sample holder several times. The sample holder was mis-
aligned to an arbitrary position between sample placements.
After sample surface levelling, the position values from the
vertical fine-adjustment knob with a resolution of 0.05 mm
were recorded. Their variance indicated that the sample sur-
face could be placed to the desired level with a standard
uncertainty of ulvl = 0.1 mm. This introduces a 0.14% rela-
tive uncertainty to the ratio of solid angles Ωr,ref/Ωr shown in
equation (5) and described by factor flvl,Ω in equation (8).

5.2.10. Reference data. The uncertainty estimate of refer-
ence sBRDF data used for 3D gonioreflectometer calibration
originates from the instrumental parameters of Aalto reference
gonioreflectometer [26] used for initial absolute characteri-
zation of the reference sample sBRDF. For illumination and
observation zenith angles of θi = 0◦ and θr = 10◦, the relative
standard uncertainty of reference sBRDF data is 0.2%.

6. Results of the test measurements

To test the performance of the 3D gonioreflectometer, in- and
out-of-plane sBRDF of a ceramic diffuse reflectance sample
was studied. The reflectance was measured at wavelengths
ranging from 530 nm to 1600 nm and at three illumination
angles equal to θil = 0◦, 22.5◦ and 45◦. Viewing zenith angle
θv was varied from −80◦ to 80◦ with the step of 5◦ and view-
ing azimuthal angle ϕv was scanned from 0◦ to 150◦ with the
step of 30◦. The results can be seen in figures 4 and 5 and in
appendix A.

Figures 4 and 5 show the comparison of sBRDF values
measured under normal (θil = 0◦) illumination at ϕv = 0◦ and
ϕv = 90◦ with the values acquired using reference goniome-
ter and different sample positions. As can be seen, within the
expanded uncertainties (k = 2) the sBRDF values measured
by both devices are in good agreement. This confirms that the
new set-up can be successfully used for sBRDF measurements
and its uncertainty estimation is realistic.

In appendix A, ceramic tile’s sBRDF is presented on the
3D graphs and corresponding heatmaps that feature represen-
tation of BRDF in cylindrical coordinates (ρ,ϕ, z) where ϕr
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is the azimuthal angle, θr denotes the radii and BRDF val-
ues q signify the elevation along Z-axis [36]. Graphs show
the 3D shape of the sBRDF measured at 530 nm and 830 nm
as well as its transformation with the change of illumination
zenith angle. The results are very similar to the ones reported
in [37] adding confidence that the out-of-plane sBRDF
measured under non-normal illumination is also measured
correctly.

7. Conclusion

We have successfully developed a 3D gonioreflectometer with
horizontal sample alignment capable of in- and out-of-plane
spectral BRDF measurements. The design of the new set-up
as well as its alignment and measurement procedures were
described. Relative operation mode was explained, and an
uncertainty budget of measurement results was established.
The performance of the 3D gonioreflectometer was validated
by the measurements of a ceramic diffuse reflectance sample.
The comparison of the results with spectral BRDF measured
by absolute reference gonioreflectometer available at Aalto

University confirmed the capabilities and the correct operation
of the new instrument.
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Appendix A.

Ceramic tile’s sBRDF presented on the 3D graphs and cor-
responding heatmaps that feature representation of BRDF in
cylindrical coordinates (ρ,ϕ, z) where ϕr is the azimuthal
angle, θr denotes the radii and BRDF values q signify the
elevation along Z-axis [36] (figures A1 and A2).
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Figure A1. Transformation of the BRDF of the ceramic diffuse reflectance sample with the change of illumination angle θil from 0◦ to 45◦

measured using 3D gonioreflectometer at illumination wavelength of 530 nm.

Figure A2. Transformation of the BRDF of the ceramic diffuse reflectance sample with the change of illumination angle θil from 0◦ to 45◦

measured using 3D gonioreflectometer at illumination wavelength of 830 nm.
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