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ABSTRACT

The bidirectional scatter distribution function (BS) characterizes the scattering properties of teraé for any angle
of illumination or viewing, and offers as such amete description of the spatial optical charastiess of the surface.
An accurate determination of the BSDF is importanhany scientific domains, such as computer gieplarchitectural
and lighting design, and the field of material sgma@ce characterization (e.g. the color and glosgsepties).

Many BSDF measuring instruments have been repdrtethe literature. The majority of these instrunserire
goniometric measurement devices, by use of whielBBDF is determined by scanning all incoming amidj@ing light
flux directions in sequence. For this, the samgkitector, and/or source perform relative individoavements. In
result, the major restriction of this type of instrents constitutes the measurement time, which mmayo the order of
several hours depending on the accuracy (angulsolution) and the complexity (spectral coveragesoalie
measurement capability, etc.) of the reported measent data.

This paper describes the results of a feasibilitydy in which an alternative goniometric measunetmgystem is
designed, enabling to acquire the photometric B®DR full three-dimensional (3D) space, with a higlechanical
angular resolution (0.1°) in a time efficient wao6ut 30 minutes). A near-field goniophotometeiginally intended to
measure luminance intensity distributions and lwagfluxes of light sources and luminaires, wasvedied for this
purpose. Besides a discussion of the design anth#é@surement procedure, test sample measurementsegented to
illustrate the versatility of the device.

Keywords: bidirectional reflectance distribution functionear-field goniophotometry, optical metrology, métkr
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1. INTRODUCTION

The bidirectional reflectance distribution functiRDF) and bidirectional transmittance distributifunction (BTDF)
characterize the scattering properties of a materieeflection and transmission mode, respectivalyd are therefore
the most universal way of describing the opticatseing from a surface. The introduction of thenaept and the
notation of the BRDF is accredited to Nicodemual&t BRDF was defined in radiometric terms as theamefradiance
of a sample, in a particular viewing direction, daghe scattering of the radiation incident frompaaticular direction of
irradiation:
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0(6,9:6,9;1) = [sr], (1)
with p the spectral BRDF at wavelength, (6?,.,@) the spherical co-ordinates of the light incidenttbe surface,
(6.,¢) the spherical co-ordinates of the light scatterech the surfacedlL

e,Ar

the differential spectral radiance, and
dE, ,; the differential spectral irradiance. The sphérnicaordinates are referenced to the surface normal

An appropriate determination of the BRDF is impnottdor many applications, e.g. computer graphicgemote
sensin§®, appearance characterizafidmnd lighting desidt’. In result, many BRDF and BTDF measuring instrutsen
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have been reported in the literatdrahe majority of these instruments are goniometguices, in which incoming and
outgoing light flux directions are scanned in setuge For this, the sample, detector, and/or soperéorm relative
individual movements. With this type of instrumensaially a broad angular coverage may be realinéidib and out of
the plane of incidence, and even both in reflectaas well as in transmittance mode. However, onéh@fmajor
restrictions constitutes the measurement time, wvhi@y run to the order of several hours dependmghe accuracy
(angular resolution) and complexity (spectral cager, absolute measurement capability, etc.) of réqorted
measurement data.

To speed up acquisition without limiting the measnent to a scan of the plane of incidence onlyermadttive

measurement devices have been proposed which detéiple angles simultaneously. This can e.g. digeved by use
of a camera in combination with optical accessorsesh as a mirrored hemisphere which is used pmjection

surfacé’™2 or by use of a specimen holder with known surfagwature (e.g. a spherical material santpl@he major
drawback of these type of devices is however tthag, to the fact that they have been optimized tdirhe efficient,

other features become generally more restricted. (est the ability to perform measurements in eefhnce or
transmittance mode only)

Within the field of lighting research and technolpgear-field goniophotometry has recently beerothiced - although
the measurement principle is known for a longeretimas an alternative to model the luminous intgrdistribution
(LID) of light sources in far-field conditions (whethe photometric distance law is applicalflefor this, the relative
luminance distribution of the source is measuredanfrall light-emitting directions by use of an imagiluminance
camera. A normalization of the data is obtainednfam additional luminous flux determination witfplaotometer. Both
devices (camera and photometer) are installed eririme of a goniometer, such that they can raiatan imaginary
sphere around the light source. As such, the agfgit of the imaging luminance camera allows faompact set-up to
determine the LID.

Three near-field goniophotometers (Technoteam Bi@&0O 801) have been installed at the Light&Lightingboratory

in 2010. A picture of the largest device is presdnin Figure 1. The camera and photometer movendrdhe

geometrical center located at the intersectionhef tivo rotation axes of the goniometer, at a degtaof 1.54 m. In
addition to these two detectors, a spectrometeed®@®ptics QE65000) coupled to an optical fibansalled on the
rotation frame, such that radiometric measuremesntsalso be performed (see inset picture). The @neiai combined
imaging luminance/color camera (LMK 98-4, manufaetl by Technoteam) is equipped with a set of chalige
objective lenses, enabling to measure the LID ofihaires with various dimensions of up to 2 m diteneThe

photometer consists of an 18 bit illuminance metdrich can also be used for far-field photometrigagsurements if the
dimensions of the device under test (DUT) are gdgk in comparison with the distance to the deteciVhen both

detectors are used, an LID measurement (scanning/ttible sphere around the DUT with an angular amyuset to 1°
for both rotation angles) can generally be perfatrire approximately one hour (the exact time alspetels on the
integration time of the camera). Yet, when only phetometer can be used, the same measuremene gaerfbrmed in

a reduced time of approximately 20 min.

Figure 1. Picture of the near-field goniophotometieset picture: detail of the three detectorsalhst on the rotation frame
of the device; optical fiber/spectrometer, imadimginance/color camera, and photometer (top — down)



From this given, the idea has arisen to use thefiedd goniophotometer as a photometric BSDF measent device.
Indeed, if an illumination and sample holder systeould be developed and integrated into the dewiceapid
acquisition of the entire 3D photometric BSDF cohkl performed with the photometer as detector. pajger reports
on a feasibility study, in which the possibility tese a converted near-field goniophotometer fortgunetric BSDF
acquisition has been investigated. Further on i ghper, the design of the system and the measutgmnocedure are
discussed, and finally, some test measuremenisrasented.

2. INSTRUMENT DESIGN

Our aim was to convert the large near-field gonapmeter device to a full 3D photometric BSDF meament
instrument with the following basic requirements:

- an adjustable (large) sample illumination area,
- arelative determination of the photometric BSDg® broadband illumination,
- areasonable acquisition time.

The minimal diameter of the illumination spot wasteimined based on the surface structure propertide samples
intended to be characterized. Since we wanted tahbie to quantify the mean scattering propertieseéiéctors and
filters which are used in luminaires, and which neatibit a macro-structured surface with a peritgiin the order of
mm, an adjustable sample illumination area of attid 0 mm was put forward.

A picture of the constructed illumination systenpigsented in Figure 2.To achieve the intendednithation spot, a
tungsten halogen light source (50W bulb) was uSedrealize an acceptable uniformity of the spothst sample
location, a combination of collector and field leesand a condenser lens was used, based on tieglariof Kohler
illumination. The combination of collector and fidenses images the light source on an adjustadybdichgm in front of
the condenser lens, acting as the illuminationesyst aperture stop. This avoids the reimaging ef lbn-uniform
radiance of the filament of the source. A seconpistdble diaphragm, positioned behind the fields)eselects the
central part and acts as the field stop of themihation system. In turn, the condenser lens imabes second
diaphragm onto the system’s image plane, locatdédeasample position. The diameter of the illumbratspot can be
changed by adjusting the diaphragm acting as thtesys field stop, while the intensity can be reged by adjusting
the aperture stop diaphragm. In result, an illutidmaspot with an adjustable diameter between 8 amch 50 mm is
realized, producing an average illuminance at thmpde position of maximally 700 lux. Additional flak are
introduced to reduce stray light. If necessary,obored glass filter with a dedicated interferenaating can be
introduced to produce, in combination with the tsteg halogen lamp, a good representation of a D@&inanf. The
total distance of the illumination system is lintiteo 0.60 m, such that the goniometer is able ¢elyr rotate in space
without being obstructed. The entire system is ndion an optical bench, which in turn is mountacadrame made
of construction profiles (Bosch Rexroth), such thatan be easily installed into, or taken downnir¢he near-field
goniophotometer.

Experiment Lamp

Figure 2. Picture of the illumination system mouhie the near-field goniophotometer setup.



The same frame carries the sample holder, whictbeaotated around its horizontal and vertical atisugh a rotation
stage. In this way, any incident illumination diiea can be installed. The sample reference surtarefurther be
adjusted to coincide with the center of the gonitemby a translation of the sample holder overdbrstruction profile,
thereby allowing for different sample thicknessEgact positioning of the sample can be easily afletd with the
imaging luminance camera of the near-field goniapheter device.

As already mentioned in the introduction sectiaur, idea was to use the photometer of the near-fielilophotometer
setup as detector in order to speed up the adouisit the entire 3D scattering properties of theface. Since the field
of view of the detector is larger than the illuntina spot, the sample becomes underfilled. Furtbeemin this

configuration (combination of a broad band illuntioa with a broad band detection) the measurenesltris in fact a
luminance coefficieny or luminance factois, , depending on the fact if measurements are peegriman absolute or

relative way, respectively:

The luminance factops, is defined as the ratio of the luminance of théame element, in the given directio(¥,,¢),

to that of the perfect reflecting or transmittini§fubser, L, , identically irradiated and view&d

PRD !

L(6.9:6,,9)
Lo (6.9:6,,0)

The perfect reflecting or transmitting diffuseriisfact a theoretical concept, defined as a diffuskich exhibits an
isotropic diffuse reflection, resp. transmissiorithwa reflectance, resp. transmittance, equal t®. &m practice, this
theoretical diffuser can be approximated by a maiteitral white, reference standard with nearly bartian direction
characteristics.

B,(6.9:0.9)= ()

The relation between the luminance of the practielrence standard,,, , and the luminance of the theoretical perfect

diffuser, L,,,, can be formulated from the definition of the lmamce factors, (Eq. 2):
L (8,9:6.,9) g
B 3,@;9“@ — REFNTIP T e P ) — AREF (3)
V‘REF( ) LPRD (9,':%’29,; ) Qpro
From the definition of the perfect reflecting digler, the luminance coefficient,,, , in any direction of viewing, is
known to be

[sr]. (4)
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In result, EQ. 2 can be rewritten to
L(6.4:6.9)
Ler (6.9:6.90)

with g, being the luminance coefficient of the referentandard in the given direction of viewing, and untiee
specified conditions of illumination.

B, (6.9:0.9)= Grer 7T (5)

3. MEASUREMENT PROCEDURE

From Eg. 5 it can be concluded that the deternonadif the luminance factor of a surface in a giveawing direction
and under specified conditions of illuminatiof, , is reduced to the execution of three measuremiesits

- the measurement of the luminance coefficient ofrélierence standard,,; ,
- the measurement of the luminance of the referetacelard,L,,, , and

- the measurement of the luminance of the surfacenuedt,L .



While for a complete characterization of the scattpproperties of a surface theoretically all thxariables have to be
determined in every measurement geometry, the epiotif g,,. to L, remains constant if the incident illumination

direction is kept invariant (e.g. for a charactatian of the scattering properties of a surfaceeantbrmal incident
illumination). As such, only the luminance of tlengple surfaced has to be determined by scanning the entire teflec
or transmission hemisphere. For the determinatfog,Q and L., , a predetermined geometry can be put forward; e.g.

the 0°:45° geometry in case of normal incidentdiation.

In the further description of the measurement pdaoe, a normal incident irradiation, and the 0°:48bmetry for
determination ofg,,, and L., will be supposed by way of example. The samegqmtoe is however applicable for any
other choice of incident illumination direction.

3.1 Determination of g,

A matte white Ceram tile was used as referencedatan The absolute spectral BRO#;,, , determined in a 0°:45°

geometry by use of a home-built BSDF measuremevitel8, is presented in Figure 3. As can be seen, thetrspe
drops down below 530 nm. In result, the luminanefficient g,,. will depend on the relative spectrum of the irethl

illumination system.S

e,Arel !

and a correction according to Equation 6 is neargs

LREF _ aj IoREF se,/] ,relv/l d/]
EREF GI Se,ﬁ Jrel VA d/1

(6)

qREF =

In this equationg is a constanty, being the photopic eye sensitivity function.
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Figure 3. Absolute spectral BRDB;,, of the matte white Ceram standard, determineddii45° geometry.

The spectrometer/optical fiber combination of tleamfield goniometer was used to determine thdivelspectrum of
the applied tungsten halogen illumination systg According to Eq. 6, the luminance coefficieft, in the 0°:45°

e, Arel *
geometry was calculated to be 0.280% sr
3.2 Measurement of Lggeand L

In order to determine the luminance of the prattiekerence standard,,,, the Ceram tile must be put into the sample
holder of the illumination/sample holder systemd gositioned in the center of the goniometer. Bglagy with g,,, ,

L., can then be quantified in a 0°:45° geometry. Tdmaes procedure can be repeated to determine theduce. of

the sample under test for any viewing angle needed.

In fact, the reported measurement results throdnghpthotometer detector are not luminance valuesluminous
intensities. Yet, since both the reference samptethe sample under test are measured under the camditions of
illumination, the apparent light emitting surfacebmth samples will be equal for any viewing difent As such, the
exact apparent surface need not to be known.



4. MEASUREMENT EXAMPLES

To illustrate the versatility and utility of the stgm, three test sample measurements are preséiitst].a BRDF
measurement of the Ceram reference tile under doneident irradiation is described. Second, BTD&asurements of
two lighting diffusers, again under normal incid@nadiation, are considered.

4.1 BRDF of the Ceram reference sample

The measurement results for the Ceram referereeand presented in Figure 4. Half of the reflectiemisphere was
scanned,d ranging from 0° to 90° as seen from the surfagenab with a 2° interval, angy ranging from 0° to 180°,

also with a 2° interval, respectively. The measweintook less than 9 minutes.

Figure 4. LID of the Ceram reference tile measuneldailf of the reflection hemisphere.

While the luminous intensity is supposed to bediyeproportional to the cosine of the viewing amgls seen from the
surface normal due to the expected nearly Lambergflection behavior of the matte Ceram tile, @aoatican be

observed within a segment of the sphere aroundahmal direction (ford ranging from 0° to 25°). In this region, the

illumination system obstructs the detector fromwiteg the sample, and the measurement results becorakd. The
obstructed solid angle can be diminished by inéngathe total distance of the illumination systemaking use of
another lens combination. Moreover, this restricti@comes less important when larger incident ithation angles are
to be applied, for example for the investigatiortha surface scattering properties of glossy sasrgleund the specular
peak direction.

In order to validate the results, absolute spe@RDF measurements of the same sample were madaeimplane
(normal incident irradiation) by use of the homeltbBSDF device mentioned earlier. Luminance fastavere
determined from these measurements, taking intoumdtcthe relative spectral distribution of the tstem halogen
illumination system. A comparison between the [umnice factors derived from the absolute spectral BRD
measurements, and from the measured LID in thefieddrgoniophotometer, is presented in Figure & &l viewing
angles, a satisfactory correspondence is obsewnaijating the measurement results obtained in ribar-field

goniometer device.
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Figure 5. Comparison between the luminance fagfoas a function of the viewing angle, as determiinech the measured
LID in the near-field goniophotometer, and derifiein absolute spectral BRDF measurements.



4.2 BTDF of alighting diffuser

Lighting diffusers are used in luminaires to rediréhe light coming from the light source(s). Theywy be a good
alternative for lenses, especially in typical apations where a specific light distribution hastobtained without too
much loss of efficiency, and avoiding visual diséorhcaused by glare.

A 3D representation of the measured LID, resulfiogn a normal incident irradiation being transndttérough a linear
and a circular MesoOptics diffuser, respectivedyptiesented in Figure 6 and Figure 7. In both nreasents, the entire
transmission hemisphere was scann@dand ¢ ranging from 0° to 90° and from 0° to 360°, regmety, with a 2°
increment. For both measurements, the measurenmeatwas restricted to 18 minutes. The LIDs cleathpw the

typical dispersion of the incident irradiation into narrow plane and a cone, respectively. Theictetr of the
obstructing illumination system is not present aogen

Figure 7. LID of a circular MesoOptics diffuser, asered in the transmission hemisphere.

5. CONCLUSIONS

In this paper the results of a feasibility studywéndeen reported, in which an alternative gonioimeatreasurement
system was designed for measuring the photomet8DPBin full 3D space, in a time-efficient way. Aandield

goniophotometer, originally intended to measure 4.18nd luminous fluxes of light sources and lumimirwas
converted for this purpose. Within the near-fietthipphotometer, a tungsten halogen illuminatiorrsewvas installed,
designed based on the principle of Kéhler illumiorat and providing a uniform illumination spot adjastable diameter
at the sample position. Photometric measuremestsrexde by use of a photometer which is moved ophargal

surface around the measurement sample. Furtherri@egoniophotometer is equipped with a colorincet@mera,



which is used to check the adjustable sample posftiariable incident irradiation direction), bubish can also be used
to acquire colorimetric data if required. Measurataeare made relative to a white Ceram referenaglea for which
the spectral BRDF has been characterized in andthere-built measurement setup, capable of perfayraipsolute
spectral BSDF measurements.
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