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ABSTRACT

Bi-directional Transmission (or Reflection) DistributiGinctions, commonly named BTDFs
(and BRDFs), are essential quantities to describe any eaafphestration system in details.
They are defined as the ratio of the luminance diffused fromrtase element in a given di-
rection (after transmission or reflection), and the illuamnne incident on the sample. However,
these functions are capable of describing the regular ($@gas well as the diffuse compo-
nents of emerging light, and their mutual knowledge is ne@ssto assess a glazing or shading
system'’s optical performances properly. Although the wiGl expression of a BT(R)DF dif-
fers whether it is related to regular (specular) or diffught, a simultaneous assessment of the
two components can be achieved under certain conditioesepted in this paper. They are
thereafter analyzed for the particular data acquisitiacedure developed for a novel type of
bi-directional photogoniometer, based on digital imaging

RESUME

Les Fonctions de Distribution de Transmission (ou Réflexii-directionnelle, appelées BTDFs
(et BRDFs), sont des grandeurs essentielles pour dévaoguacision les proprits photomtriques
d’'un systeme de fenétre complexe. Elles sont définiesyoemhe rapport de la luminance dif-
fusée depuis un éléement de surface dans une directioas(@ansmission ou réflexion), et de
I'éclairement incident sur I'échantillon. Cependargsdonctions sont également capables de
caractriser la composante rgulire (spculaire) de la lumiraet la connaissance combinée de
cette derniere avec la composante diffuse est nécegsnirevaluer les performances optiques
de systemes de vitrage ou de protection solaire. Malgs@rlpressions analytiques differentes
d’'une BT(R)DF pour les composantes rgulire (spculaire) diwge, une mesure simultanée
des deux composantes peut étre effectuée sous certaimditi@ans, présentées dans cet article.
Elles sont ensuite analyses pour la méthode particuliErequisition de données développée
pour un nouveau type de photogoniometre bidirectionngt Isair 'imagerie numeérique.

INTRODUCTION

The detailed characterization of complex fenestratioriesygs requires the determination of
their Bi-directional Transmission (or Reflection) Distriton Function, named BTDF (or BRDF).
This function is defined for scattered light as "the quotiehthe luminance of a surface ele-
ment in a given direction, by the illuminance incident on daenple” [1], and is expressed by
equation (1). It is assessed with a specific measurementejesalled photogoniometer. An
important issue in its assessment is the separation ofsdifftom regular (specular) emerging
light, in order to meet the CIE specifications. More howeséhe fact that their expressions are
different: as illustrated by Fig. 2(A), the specular pamdd related to a solid angle, and varies
with the distance from source to detector, whereas thegdiffaart depends on the considered
solid angle, and therefore appears as a function of thentistttom sample to detector.
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where @, ¢,) are the polar coordinates of the incoming light flud, (p2) and Lo (61, ¢1, 02,
@) are respectively the polar coordinates and the luminahtieecemerging element of light
flux, and £ (6,) is the illuminance of the sample, due to the incoming ligink fl
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However, as pointed out in [2], BT(R)DFs are capable of dbswg both regular (specular)
and diffuse light components. In the first case, they willgkadinite value determined by the
incident angle, the transmittance (reflectance), and thececsolid angle, and only in the limit
of a vanishingly small source solid angle will a regular ggar) BT(R)DF approach infinity.
By expressing both types of BT(R)DFs and comparing thew@ased equations, one can find
out what conditions would be necessary for them to be coreides equivalent, and therefore
for accepting to assess experimentally both componengtheg

In this paper, these conditions are determined for the Bp@aise of a novel digital imaging-
based bi-directional photogoniometer [3]. Their impactassessed BT(R)DF values is there-
after investigated for prismatic panels, representativ®mplex glazing with strongly specular
transmission features.

BT(R)DF ASSESSMENT METHOD

The assessment method of the bi-directional photogonemeensidered in this paper differs
from conventional ones in the way that it splits the emerdiegisphere into a regular grid
of averaging zones of freely chosen angular dimensids,(A¢-), which therefore prevents
from missing any discontinuity in the emerging luminanceifeg The functioning principle,
illustrated by Fig. 1, is the following: light emerging frothe sample is reflected by a diffus-
ing triangular panel towards a charge-coupled device (Cé€2era, used as a multiple points
luminance-meter [3]. After six 60rotations of the screen-camera system, the emerging light
distribution is fully determined in a very short time (ab@uminute). For reflection measure-
ments (Fig. 1B), some additional constraints appear dueetodnflict of incident and emerging
light flux: the incoming beam needs to penetrate the measmespace and reach exactly the
sample surface, and requires a special opening througletberswhen the latter is obstructive.
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Figure 1: Functioning principles of bi-directional photogiometer based on digital imaging
techniques. (A) Detection of transmitted light flux. (B) &xion of reflected light flux.



The light source consists of a HMI 2.5 kW discharge lamp witfrasnel lens, placed at 6.5
m from the sample (it has been changed since and moved to @ piiivides a very uniform
illumination of the sample ared (1.8% relative mean deviation) and a beam collimation of
about 0.4 half angle [3]. The illuminance measured perpendicularithe incident beam has
been checked to follow Bouguer’s law{ o« ﬁ) with 99% accuracy; the beam can therefore

be considered as coming from a point source situated atandist = 3 D tan 0.4, whereD is
the sample diameter, i.e. at about 7.2 mfor= 10 cm.

As the source area is in practice larger than the sample, lameet of light flux received by

a surface elementA on the sample will be emitted from a source surface elenidng,, ..
comprised in a solid angle fromA of 0.4° half angle. Hence, the probability that an element
dAs.uree CONtributes talA’s illumination is inversely proportional to its distanaethe source
centre, maximal within the source disk of radi§® — 6.5 tan 0.4 and null outside radiu§D +

6.5 tan 0.4, which leads to an average emitting digk,,,,... Of radius%D.

REGULAR (SPECULAR) AND DIFFUSE COMPONENTS OF EMERGING LIGHT FLUX

As the incident illuminancé’; (¢ ) in equation (1) is independent of whether the emerging light
is diffuse or regular (specular), we can compare the exjpres®f BT(R)DFs by analyzing
those of the luminance emerging from the samipldor both cases. For the device described
here, it would actually be even preferable to compare theesgmons of the luminande,....,
emitted by the projection screen and detected by the CCD reanwhich is the quantity deter-
minant in the BT(R)DF assessment, as schematised in Fig. 2(B
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Figure 2: Detection of light transmitted through a samplar(e principle for reflection). (A)
Specular component against diffuse transmission. (B) dietewith screen and CCD camera.

Replacing the formal differential quantities by their eglent average values [2], equations (2)
respectively describe the luminance emitted from the scoee to regular k. cen_spec) and
diffuse (Lscreen_airr) transmission, the latter being deduced from equationBadh definitions
require the projection screen to be perfectly diffusingniertian), which, as shown in [3], is a
very reasonable assumption.

Psereen  h2cCOS Psereen Lo A cos By cos a
Lscreen_spec = Tan 2 1 Lscreen_diff = 2 (2)
7 (h+d)%cost, 0 d




wherer, is the directional-hemispherical light transmittancehs samplep,..c.,, IS the hemi-
spherical reflection factor of the projection screeis the distance from sample centre to screen
along direction 45, ¢,) anda is the angle between the latter and the normal to the scrieen; t
same development is valid throughout equation (8) for refiacreplacingry, with p,.

If the regular and diffuse components of the emerging lightreot separated during the mea-
surement phase, inducing that quantiti€s..c,,_spec aNALcreen_qairr @re converted likewise into
BT(R)DF data, expressions (2) must be equivalent under ¢heabexperimental conditions.
This condition is analyzed in the following section.

CONDITIONS FOR A SIMULTANEOUS ASSESSMENT OF SPECULAR AND DIF FUSE LIGHT
Considering equations (2) to be equivalent leads to reld8dto be verified:
d*h? 1
2 El (3)
(h + d)? Acos 0 cos b

ReplacingFE; by its definition as a function of luminance for a point souiice by L, cos 6,2,
wherel, is the luminance of the incoming light flux afiy its associated solid ang%),
we obtain relation (4):

Ly = 1y,

d2 ASO’MTC@
(h+ d)? Acos 0, L @)
ExpressinglL,, L, and 7, by their formal definitions (still in average quantities)yen by
equations (5), wher@; is the incident (i=1) and emerging (i=2) light flux anglthe solid angle
determined by outgoing directiofy ¢»), areaA,., .., being defined by40s, Ap,):
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Tan = ai (5)
we can rewrite relation (4) into (6):
1 d? 1
& (6)

Q, (h 4+ d)? 4 cos Oy

As A and A,,.... are considered equal (see above) and according to the sgjid definition
for 2, and(2,, we can write equations (7):

A
Ql == ﬁ
Ascreen Cos &
Qy=——"5—— (7)

d2
This finally leads to the conditions that have to be fulfillgdtbe digital imaging-based pho-
togoniometer for assessing both regular (specular) aridséiflight components, which are
expressed by relation (8): the ratio of squared distanoes fample to source and from detec-
tor to source must be as close as possible to the ratio of freremt surfaces of the sample and
the averaging (discretization) zone, apparent in the sehbeing seen respectively along the
incident and emerging directions.

h? N Acos b,
(h+ d)? " Ayeroen COS O

(8)



IMPACT ON BT(R)DF ASSESSMENT ACCURACY

In order to evaluate how strongly the fulfillment of relati(®) influences the BT(R)DF results
provided by the experimental facility presented above,nautation model of the latter was
constructed with the commercial ray-tracing softwarA€eEPRO®!. Measured BTDFs for

prismatic glazing were compared first to simulated valugainbd with a faithful copy of the

experimental device, then to new simulation results, aglievith an ideal set-up model [4].

This ideal set-up consists of a virtual sun as the light saupcesenting a beam spectrum and
spread (0.29 as close as possible to the real sun, and a hemispheriegtdetperfectly ab-
sorbing to avoid inter-reflections, and of optimized diagnéb satisfy relation (8): as the light
source is considered infinitely far away, the ratfg (i + d)* tends to 1, and therefore, the ratio
(A cosBy)/(Asereen cos ) (OF ratherA cos 0 / Agereen @S the averaging areas,.,.,, are normal
to the rays for a hemispherical detector) needs to be as tWdsas possible. Both the sample
area A and the averaging grid resolutidxtf, A¢,) being fixed by the experimental conditions,
the values ofA,...., over the hemisphere will be determined only by the virtuakdr’s ra-
dius. The latter is therefore calculated in order that thexaye value of the right-hand part of
equation (8) equals 1 over the default set of 145 incideettions ¢, ¢,) (or more specifically
over the set of values f@y weighted by each one’s occurence in the default incideettons
set).

By observing the discrepancies between BTDF values olatdmreoptimal conditions (ideal
set-up model) and measured data or simulated values uralezarditions, one can find out
how the fulfillment of equation (8) influences the the resaltsuracy, and to what extent an
approximation is acceptable, as the relation will of coursebe perfectly verified in practice.
As a matter of fact, as is equal to 7.2 m and the average distaiiédeom sample to diffusing
screen is 0.905 m; we thus obtain a distance ratio of 0.79eslsdhe average value of the area
ratio is 1.01 [4].
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Figure 3: Relative increase of discrepancies for BTDFs gkdted with the ideal model com-
pared to measured and simulated data under real conditions.

1TRACEPRO®, v. 2.3 & 2.4, Lambda Research Corporation.



However, as observed on Fig. 3, the impact of condition (&herBTDF values is by far lower
than 22%: more than 9 out of 10 remain inferior to 10%. Thiswshthat although equa-
tion (8) is only approximately fulfilled for the present pbgbniometer set-up, BTDF results
(and likewise BRDFs) remain coherent and reliable everhi@strongly regular (specular) light
distributions observed with prismatic panels. One canrefioee reasonably admit a simultane-
ous measurement of light emerging in diffuse and regulaedsiar) ways for this particular
digital imaging-based assessment device.

CONCLUSION

The separation of the diffuse component of emerging light fitam its regular (specular) fea-
tures is a critical issue in characterizing the bi-direttiboptical properties of a fenestration
system in transmission (or reflection), because the two corts differ in their analytical def-
inition. However, when the BT(R)DF assessment methodgeliethe splitting of the emerging
hemisphere into a grid of adjacent angular zones insideWRI(R)DF values are averaged,
the simultaneous assessment of both components can beteatesmer specific geometric
conditions, that are presented in this paper. They determicompromise to find between the
distances from the sample to the source or the detector,hendpparent areas of the sample
and the averaging zones.

In order to estimate how strongly these geometric condstiofiluence the accuracy of BT(R)DF
results achieved with a digital imaging-based photogomeieam two ray-tracing simulation mod-
els of the latter were constructed: one as faithful as ptessibd the other based on optimal
components and geometry that fulfilled the conditions p#fe The comparison of BT(R)DF
results showed that the assumptions made for the buildird the instrument were reasonable,
the assessment method allowing as a consequence to medtige and regular (specular)
components together, which suggests to revisit in the éutibe formal CIE definition of the
corresponding photometric figure.
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