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BSDF Basics

BSDF, BTDF, BRDF, ... ?

BSDF bidirectional scattering

distribution function

BRDF bidirectional reflection

distribution function

BTDF bidirectional fransmission

distribution function
,BSDF = BRDF + BTDF*
we are talking about
= data-driven BSDFs

» BSDFs representing daylighting systems
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BSDF Basics
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BSDF discretization

Table 1.

Resolution of various data-driven BSDF angle bases.

Name

Number of subdivisions
per incoming * outgoing

Average patch

size cone with

Patch size: average
solid angle (st) per

N. where sun
{0.533° orb)

1,048,576%1,048,576

hemisphere apex angle (°) subdivision intensity is N
(2m/subdivisions) times less
than reality

Klems [Klems 1994]  145x145 13.5° 0.043000 64 1**
IEA SHC Task 21 10-15°
[Aydinli and Kaase, 145%1297 incident and 0.0048 253-792
1999] 59 exiting
Tensor tree* 27k x 22k

k=5, 1024=1024 5.06° 0.006136 90.3

k=6, 4096=4096 2.53¢ 0.001534 226

k=7, 16,384x16,384 1.27° 0.000383 5.6

k=8, 65,536%65.536 0.63° 0.000096 1.4

k=9, 262,144%262,144 0.32° 0.000024 0.4

k=10,

0.16° 0.000006 0.1

Source: Ward, G.J. et al., Modeling specular transmission of complex fenestration systems with data-driven BSDFs, Building and Environment 196 (2021) 107774,
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https://doi.org/10.1016/j.buildenv.2021.107774

BSDF Basics — Discretizations

 subdivision of hemisphere into 145 patches

« approx. equal illuminance from each patch if

luminance is constant in hemisphere

« 90ranges {0°-5° 5°-15°, 15°-25°, 25°-35°, 35°-45°,
45°-55°, 55°-65°, 65°-75°, 75°-90°}

» (¢ subdivisions per 6 range
{1, 8, 16, 20, 24, 24, 24, 16, 12}

« average solid angle 211/145 = 0.0433 sr,
l.e. cone with 2 x 6.73° apex angle [211*(1-cos(a/2)) = 211/145]

further reading:
Klems J.H.: A new method for predicting the solar heat gain of complex fenestration systems;
Overview and derivation of the matrix layer calculation. ASHRAE Transactions 100 (1), 1994

Incident Hemisphere
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BSDF Basics — Discretizations

* idea: high resolution for spikey regions

low resolution for smooth regions

* based on Shirley-Chiu-mapping

images from Shirley & Chiu paper

(preserves fractional area, i.e. projected solid angle)

« maximum dimensions in 4D 22n x 22n

* —no matrix structure (needed for daylight coefficient approach)

N

©

(n=4/5/6: 2562/ 10242 | 4096?) TETT T wowresotonregion -
e [ e ] | (nearly diffuse) Q

N . . Es ;ﬂ::':::'.:::: g

« + efficient data structure (ideal diffuse reflector needs 1 value {1/n}) = i =
. 11| [ =

: S S

©

i)

= :':';/Spike in BSDF

Hilbert curve winds through
our 2-D direction space
& subdivides each region

LITLTT™ Medium resolution region

further reading:

Shirley P., Chiu K.: A Low Distortion Map between Map and Square, Journal of Graphics Tools 2(3), 1977

Ward G.: Presentations at the 10th Radiance Workshop, radiance-online.org/community/workshops/2011-berkeley-ca
Ward G. et al.: Reducing Anisotropic BSDF Measurement to Common Practice," Workshop on Material Appearance Modeling, 2014
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BSDF peak extraction

Problem

High resolution BSDF vs. backward raytracing

(classical problem e.g. same with sun)

Backward raytracing




BSDF peak extraction

Problem

High resolution BSDF vs. backward raytracing

(classical problem e.g. same with sun)

Approach

Treat direct contribution separately:

deterministic sampling (single/multiple samples)

Indirect contribution

Is applied in Radiance for light sources already.

Direct contribution

-

But what if a BSDF is in the way?
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Example BSDFs
Variable Resolution BSDF of clear glazing

ILo.d a BSDF XML file | /nome/geisier-moroderfsoftware/BSDFViewerjtest8SOF s/dear_t4_6.xmi

|Save Image |
| Show Help |
[Show Patch Numbers |
[Eaucistant| [Orihographic|
[Cogsate ] [Linesr saae |

Scale Maximum:

Number of Decades:

BSDF Value
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Example BSDFs
BSDF of redirecting blinds, Klems resolution

‘ Load a BSDF XML file ‘ G\ TE\BEREICH|GE|\BSDF\PeakExtraction|os_DALEC_UL_oodeg_1uzpanesxml

Visible Transmission Front
|save Image | < Direct Hemispherical = 58,5% >

| Show Help |

| Hide Patch Numbers |
[Eids [orogarrd]
[EegSeta ] [Lnear scaie]

Scale Maximum:

Mumber of Decades:

Incident Hemisphere

ing Patch
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Example BSDFs
BSDF of redirecting blinds, Klems resolution

Intensity C-Plane —C80-C270

—12.0000 !\
11.0000—] =

—9.65406 10,5000
10.0000—]
—7.60726 s 000 ]
£ 84567 9.00000]
' 50000
435465 £.00000]
' 750000
311870 ; 7.00000]
“_"- 6.500007]
—212132 S
I'DL 5 50000
—1.34479 W) 5000007
m 4500007
—0.769800 4.00000]
3.50000]
—0.375000 3.00000]
2.50000]
—0.136083 2.00000]
1.50000]
—0.0240563 1.00000|
0500000

—0.00000 0.00000 — Angle

900 700 500 300 100 10.0 300 50.0 70.0 %0.0
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Example BSDFs
BSDF of translucent material (2x5°), Klems resolution

‘ Load a BSDF XML file ‘ G\ TE\BEREICH\GE|\BSDF\PeakExtractionitrans_Klem s.xml

‘ ﬂ Visible Transmission Front [>
Direct Hemispherical = 50,0%

‘ Save Image

| Show Help |

| Hide Patch Numbers |
[Eids [orogarrd]
[EegSeta ] [Lnear scaie]

Scale Maximum:

Mumber of Decades:

Incident Hemisphere

N
| me ]
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Example BSDFs
BSDF of translucent material (2x5°), Klems resolution

Intensity C-Plane —C80-C270

—20.0000 !\
18,0000 [

—15.3687 17 0000
16.0000—]
—11.4487 16,0000
819927 14.0000—]
' 13.0000—]
557710 = 12,0000
w 11,0000
= 1000
—3.53553 L i
o) 5.00000
7)) |
—202386 m "]
7.00000]
—0.985901 60000071
5.00000]
—0.357771 4.000007]
3.00000]
—0.0632456 2.00000°]
1.00000—]

—0.00000 0.00000_ — T .lil._l\‘ SN I N U A N S lA"a_lg

900 700 500 300 100 10.0 300 50.0 70.0 %0.0
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Peak extraction algorithm _
28 surrounding test

directions at steps
0.6R, 1.2R, 1.8R, 2.4R

Ray direction
hitting BSDF
surface

(i) Shadow ray or view ray?
(i) BSDF minimum projected solid angle?

Evaluate 28 surrounding directions within
2.4 times the search radius

(i) Brightness of possible peak > 1.5
times surrounding brightness?

> If (1), (i), and (iii) are true: extract peak

Tensor tree
BSDF
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Peak extraction algorithm

If peak extraction is triggered:

= treat surface for sample ray as purely specular
transmitting, i.e., transmit ray unperturbed

= modify by direct-direct transmission value in this
direction computed from the BSDF data

= avoid double-counting of near-specular transmission

» substitute these ray contributions in the exclusion
zone with an average brightness determined from the
28 surrounding test directions*

» Higher accuracy (estimator for flux from surrounding of
the peak)

> Better appearance

* added July 2020, src/rt/m_bsdf.c version 2.61

28 surrounding test
directions at steps
/\O.BR, 1.2R, 1.8R, 2.4R
/ Ray direction
T hitting BSDF
L

| / surface

...............
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Enabling peak extraction: the aBSDF material

* Arguments to this material include optional diffuse colors.
*# String arguments include the BSDF and funmction files.
& For the MAT_BSDF type, a non-zero thickness causes the useful behavior
*# pof translating transmitted rays this distance beneath the surface
* (opposite the surface normal) to bypass any intervening geometry.
# Translation only affects scattered, non-source-directed samples.
* A non-zerc thickness has the further side-effect that an unscattered
*# (view) ray will pass right through our material, making the BSDF
* surface invisible and showing the proxied geometry instead. Thickness
# has the further effect of turning off reflection on the reverse side so
* rays heading in the opposite direction pass unimpedsd through the BSDF
. # surface. A paired surface may be placed on the opposide side of
| BSDF materlal (no PE) *# the detail geometry, less than thiz thickness away, 1f a two-way
* proxy is desired. MNote that t
* A positive thickness hides geo

mod BSDF material - vios semery 1 vort o+ w4 THE bESt dOCUMENtation

6+ thickness BSDFfile ux uy uz funcfile transform -+ renection 12 sporea n e[S the code:

For the MAT_ABSDF type, we
* Such a component will cause di
O * A separate test prewvents over- See
*# too close to this "through® di
O | 3 | 6 | 9 rdf gdf bdf # will also have & view Componen
* A MAT_BSDF type with zero thickness behaves the same as & MAT_ABSDF
r\d b d b bd b *# type with no strong through component.
g £ The "up” vector for the BSDF is given by three variables, defined
# (along with the thickness) by the named functiocn file, or "." if none.
r‘d -t g d t bd t * Together with the surface normal, this defines the local coordinate
* system for the BSDF.
* ke do not reorient the surface, so if the BSDF has no back-side

# reflectance and none iz given im the real arguments, a BSDF surface

* with zero thickness 1 appear black when wiewed from behind

u aBSDF “Iaterlal (Wlth PE) * unless backface wisibility is om, when it becomes invisible.
* The diffuse arguments are added to components in the BSDF file,
* not multiplied. However, patterns affect this material as & multiplier

m 0 d a BS D F m a .t e r\ i a l : on everything except non-diffuse reflection.

*  Arguments for MAT_ABSDF are:

5+ BSDFfile ux uy uz funcfile transform

* a
O * al36]e raf  gdf bdf
& rdb gdb bdb

0|3|6|9 rdf gdf bdf S

*  Arguments for MAT_BSDF are:

r\d b d b bd b & G+ thick  BSDFfile ux uy uz funcfile transform
* a

* a|3|6|o rdf gdf ndf

rdt gdt bdt

* rdt gdt bdt
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https://radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/rt/m_bsdf.c?revision=2.63&view=markup&pathrev=MAIN

Enabling peak extraction: the aBSDF material

cd/m2
G050YY
o
56234.132
1 14
162,277,
74! 4

7
10

= BSDF material (no PE)

void BSDF my BSDF

6 0 system.xml O O 1
0

0

» aBSDF material (with PE)

void aBSDF my_ aBSDF
5 system.xml 0 O 1
0

0
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Field validation at LBNL

= Completed initial validation of modeling workflow
using field measured data from the Advanced
Windows Testbed at LBNL*

= Verified that intensity and distribution of transmitted
flux are accurate using point measurements and
calibrated high dynamic range (HDR) imaging

= |nitiated second phase field validation of a broader
range of materials to test robustness of the
algorithms

* Ward, G.J. et al., Modeling specular transmission of complex fenestration systems
with data-driven BSDFs, Building and Environment 196 (2021) 107774 (open access),
https://doi.org/10.1016/j.buildenv.2021.107774

2 Cd/m?
1000000
137.
56234.132
13335.214
3162.277.

749,894
177.827
42.169

. . 10
Simulation

Measurement

\ )
|

Example: Check for energy conservation
at various solid angles
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Examples: (i) MechoShade fabric

= Textile roller blind (MechoShade)
» Fabric sample

Tupt
INTERIOR

Ji==s——al
{[ 1Uey

INTERIOR
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Examples: (i) MechoShade fabric: BSDF t35
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

cd/m2
1399999

237187.570

56234.132

,BSDF*: without PE

13335.214

Ev = 446lx i e Ev = 446lx

177,827

Lmax = 47K cd/m? Lmax = 47K cd/m?

10

14152800}

cd/m2
160000
237137.370
y 56234.132
: 13335.214
— 3162.277 —

EV I 397|X ? 749,894 EV - 437|X
177,827

Lmax = 4.13M s Lmax = 4.15M

,aBSDF*: with PE

rpict parameters: -ps 1 -pj 0 -ab 2 -aa 0.1 -ad 1024 -ss 64 -dj 0.6
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Examples: (i) MechoShade fabric: BSDF t35
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

L
o
5
®)
S
=
L
o)
)
m

,aBSDF*: with PE

rpict parameters: -ps 1 -ab1-ss0 _dJ 0 19th Radiance Workshop | To B(SDF) or not to B(SDF) | August 19-20, 2021, Bilbao, Spain




Examples: (i) MechoShade fabric: BSDF t36
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

=

cd/m2
237137.370
56234.132
13335.214

Ev = 445Ix S Ev = 443Ix
177.827

Lmax = 132K ¢d/m?2 - Lmax = 133K ¢d/m?2

,BSDF*: without PE

cd/m2

237187.370
56234.132
13335.214

Ev = 413Ix S ' Ev = 441Ix

Lmax = 4.31M Lmax = 4.35M

10

,aBSDF*: with PE

rpict parameters: -ps 1 -pj 0 -ab 2 -aa 0.1 -ad 1024 -ss 64 -dj 0.6
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Examples: (i) MechoShade fabric: BSDF t36
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

o766 | 4 ; 170766

L
o
5
®)
S
=
L
o)
)
o0

,aBSDF*: with PE

rpict parameters: -ps 1 -ab1-ss0 _dJ 0 19th Radiance Workshop | To B(SDF) or not to B(SDF) | August 19-20, 2021, Bilbao, Spain




Examples: (i) MechoShade fabric: BSDF t37
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

,BSDF*: without PE

Ev = 442Ix Ev = 442Ix

Lmax = 132K ¢d/m? ; Lmax = 133K ¢d/m?

1955900

cd/m2

I237137.370

56234.132
13335.214

Ev = 403Ix e Ev = 434|x

Lmax = 3.96M Lmax = 3.97M

10

,aBSDF*: with PE

rpict parameters: -ps 1 -pj 0 -ab 2 -aa 0.1 -ad 1024 -ss 64 -dj 0.6
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Examples: (i) MechoShade fabric: BSDF t37
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

L
o
5
®)
S
=
L
o)
)
m

My

&J! =
« ;
P

,aBSDF*: with PE

rpict parameters: -ps 1 -ab1-ss0 _dJ 0 19th Radiance Workshop | To B(SDF) or not to B(SDF) | August 19-20, 2021, Bilbao, Spain




Examples: (ii) Redirecting blinds

rpict parameters: -ps 1 -pj 0 -ab 2 -aa 0.1 -ad 1024 -ss 64 -dj 0.6
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Examples: (ii) Redirecting blinds: BSDF Klems
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

,BSDF*: without PE

Ev = 22167Ix Ev = 22167Ix
Lmax = 669K cd/m? | Lmax = 669K cd/m?

291770000}

,aBSDF*: with PE

Ev = 17489Ix Ev = 17661Ix
Lmax = 292M cd/m? Lmax = 292M cd/m?2

rpict parameters: -ps 1 -pj 0 -ab 2 -aa 0.1 -ad 1024 -ss 64 -dj 0.6
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Examples: (ii) Redirecting blinds: BSDF t44
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

,BSDF*: without PE

Ev = 22149Ix Ev = 22149Ix
Lmax = 1.45M cd/m?2 Lmax = 1.45M cd/m?2

,aBSDF*: with PE

Ev = 19460Ix Ev = 19521Ix
Lmax = 340M cd/m? Lmax = 340M cd/m?2

rpict parameters: -ps 1 -pj 0 -ab 2 -aa 0.1 -ad 1024 -ss 64 -dj 0.6
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Examples: (ii) Redirecting blinds: BSDF t45
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

,BSDF*: without PE

Ev = 22352Ix Ev = 22352Ix
Lmax = 5.44M cd/m? Lmax = 5.44M cd/m?2

,aBSDF*: with PE

Ev = 18512Ix Ev = 18597Ix
Lmax = 319M cd/m?2 | Lmax = 319M cd/m?2

rpict parameters: -ps 1 -pj 0 -ab 2 -aa 0.1 -ad 1024 -ss 64 -dj 0.6
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Examples: (ii) Redirecting blinds: BSDF t46
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

d - i
- -
P, - P, -

L d v

,BSDF*: without PE

Ev-=18899Ix Ev-=18899Ix
Lmax = 19.6M-ed/m?3 Lmax = 19.6M.cd/m?2

311460000)

: a

,aBSDF*: with PE

Ev = 18444Ix Ev = 18458lIx
Lmax = 311M cd/m?2 | Lmax = 311M cd/m?2

rpict parameters: -ps 1 -pj 0 -ab 2 -aa 0.1 -ad 1024 -ss 64 -dj 0.6
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Examples: (iii) Translucent material

» BSDF generated from Radiance trans material
(10° full width tenth max):

void trans 2x5deg_tenth

0

0

7 0.5 0.5 0.50.00.02874 1.0 1.0
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Examples: (iii) Translucent material: ground truth
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

Ev = 30266Ix s Ev = 30266Ix
Lmax = 13.2M 433 Lmax = 13.2M

rpict parameters: -ps 1 -pj 0 -ab 2 -ss 64 -dj 0.6 19th Radiance Workshop | To B(SDF) or not to B(SDF) | August 19-20, 2021, Bilbao, Spain 33



Examples: (iii) Translucent material: BSDF t35
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

4725600 3

,BSDF*: without PE

Ev=30633Ix | WEPT Ev = 30633Ix

Lmax = 4.73M ; Lmax = 4.73M

562060000

,aBSDF*: with PE

Ev = 282411x . Ev = 30137Ix
Lmax = 562M ’ Lmax = 562M

rpict parameters: -ps 1 -pj 0 -ab 2 -ss 64 -dj 0.6
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Examples: (iii) Translucent material: BSDF t36
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

cd/m2 cd/m2
4742747.41 4742747.41
1124682.65 1124682.65!

,BSDF*: without PE

266704.28¢ 266704.28¢
—_ 63245,653 A E = 30379' 63245553
EV = 30379')( 14997.884 V = X 14997.884

3556,5658 3556.558

200 200

LmaX = 101M it Lmax = 101M 843303

538790000

cd/m2 cd/m2
4742747.41 4742747.41
1124682.65! 1124682.65
26670428t ggg:g‘;:gi
Ev = 27430l - Ev = 28666| :
V X 14997.884 V X 14997.884.
3556.558 i 3556,558
Lmax = 539M Lmax = 539M

200 200

,aBSDF*: with PE

rpict parameters: -ps 1 -pj 0 -ab 2 -ss 64 -dj 0.6
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,BSDF*: without PE

,aBSDF*: with PE

Examples: (iii) Translucent material: BSDF t37
src/rt/m_bsdf.c: v 2.60 src/rt/m_bsdf.c: v 2.61

cd/m2 cd/m2
474274781 474274781
1124682.65! 1124682.65!
266704.28¢ 266704.28¢
2 63245553 o 63245553
Ev = 30259Ix fovr e Ev =30259Ix fovr e

3556558 3556558

200 200

Lmax = 15.6M Lmax = 15.6M

255240000

cd/m2 cd/m2

(4742747.41 474274781
1124682.65! 1124682.65
266704.28¢ 26670428t

- 63245553 5 63245558
Ev = 26998lIx eovr 554 Ev = 27079Ix oo s
3556,558 3556.558

Lmax = 458M PR Lmax = 458M 543,393

200 200

rpict parameters: -ps 1 -pj 0 -ab 2 -ss 64 -dj 0.6
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When to Use Each Type

ither:
hick > 0), of

pomn’c

Choose “gQPF” when &

A)Uses proxy geometry (t
B) Lacks significant view cowm

.use 2BSOF otherwise

and take care about
near-specular scattering
(BSDF resolution)!

i in 2018
} r Radiance in
R Workshop
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When to use aBSDF or BSDF?

Proposed type

Choose BSDF resolution adequate for
forward scattering portion

Example

() MechoShade fabric aBSDF

aBSDF does not represent geometric
patterns, i.e. averages over area — can
be ok for small geometry

BSDF with proxy

(i) Redirecting blinds geometry

Choose BSDF resolution to resolve

2S00 scattering distribution

(iif) Translucent material
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Rendering examples

BSDF (no PE) aBSDF (with PE)
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BSDF (no PE) aBSDF (with PE)
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Peak extraction in daylight simulations using BSDF data

David Geisler-Moroder!, Gregory J. Ward®, Tacning Wang’, Eleanor 5. Lee®
'Bartenbach GubH. Aldrans, Austria
*Anyhere Software, Berkeley, California, USA
*Lawrence Berkeley National Laboratory, Berkeley, California, USA

Abstract

Bidiractionz] scattering distribution finetion (BSDF)
data are used m design practice to represent ophcally
complex daylighting and solar coniel systems
Lightng and energy simulation software. Visual comfort
assessments (e Z. d.r_',hght g]are) Tequire  accurate
salid
angle of g]are sources. For dne cun, the necessary
resolution of the BSDF causes problems both in terms of
data volume and computational effort. With “peak
extraction” (PE), we present 3 mew method that
simulates the direct solar contribution at its real size and

* DMovel pesk extraction method to extract direct
transmmszion from dayhghting and solar control
system BEDF data

* TDmproved accuracy of glare caleulations (eg..
DGP) nd  daylight renderings (shadow

materizls (thst ez can make up 2 shading system cuch
as slats of a Vemetan blnd) BIDFs (T for
transnuttance)  describe  properties of fEnsmissive
materials and systems (eg.. translucent panels or acid
etched lamellas) Both reflectance and transmittance
seattering properties are included in BSDFs.

BSDF datz can be genarsted using parzmetic or data-
driven models. Parametric or analytical BSDF models
are widely used m computer graphics. As examples, a
clear glazing or an ideal minor are described by Dirac
delta functions defining the transmuttance or reflectance
for the direct transmutted or mimored direction,

simmlations, but their asmumptions must be reviewed if
applied o figade systems that differ from those initially
comsidered Data-driven models are based on measnred
angulariy-resolved datz of reslworld materials amd
systems. A detailed descripfion on how to gemerate
BSDF: fom these measurement data i3 given by Ward

d the size and luminance
f view (Figures 5 and 6).
15 example changes from
+ 5) to 4,260K cd/m® with
te, 3 metric for daylight
1 0.248 (“imperceptible”
we).

ct of the PE algorithm for
utions. Figure 7 shows a

he direct colar e repectively, wnd za  slewhere Ewamples for = ;
(T intervatonal o7 whle ofciontly wng e weduyng BSDE dos L Vil e b P modl (v e b i
11— Buildi = da:‘. ":l. “;{Mdef ®  1975). Cook-Tomance model (Cook and Tomnce, 1 shows the results for
' uilding evaliate daylight perfommance metres S5 1981), and Ward-Geisler-Moroder-Diir model (Geisler- the right colum with
|::._ Performance P HIPIOVRG 3cCRY: Moroder and Dir, 2010). These analytical models are asults in the first row use
:n-_— Key Innovations widely used for gemenc matenal deseriphions m 2 of 145x145. the second.

ropic vanable resolution
naximum resolutions of
1384x16384, respectively.
racts the “direct through”
lux mto the correct solid

patterns) 11 yellow dot in cloze-up
. A etal (2014), Lee etal. (2018), and Geisler-Moroder and images in Figure 7 the
Practical Implications Lee (2021} d the DGP values

The PE algorithm presented in this study provides
practifioner: with 2 method of simulamng davlighong
systems at higher aceuracy and efficiency. It is suited for
systems with a view compenent such 2 typical Eabrics
with some openness which we widsly wed s glae
protection devices. It can also be applied for Venstian
blinds, but the use of prowy geometry is praferred hers to
allow also the characteristic striped shadow pattern. The
method should not be applied to systems that do not
have 3 direct, “sea-throngh” companant

Introduction

Oiwﬂlpﬂsthr tools and processes have been
ize and simmlate the
perﬁm:uance ufophca]l} complex daylighting and solar
confrol  systems buildmgs wsng BSDF data
(Micodemus et al., 19?'.'= IEA, 1999; Ward et al, 2011).
BS5DF: describe how lizht from each incident direction
is ccatterad (reflacted and by 2 simple ar
compesite surface, such as 3 window shade. BRDF: (R
for reflectance) describe swrface properties of opaque

Tabulated BSDFs are derived from BSDF models, ie.,
BSDF datz described by a discrete set of values for a
defined number and set of directions (Ward et al, 2021).
Various angular basis representafions for tabulsted
BSDFs have been defined for different simmlation
pwposes (Gesler-Moroder and Lee. 2021). The
tesolution of tabulsted BSDF datz needs to match the
optical properties of the reprasented system and the
respective application.
While low resclution BSDF data 15 likely sufficient for
calenlations of dayhight awtonomy based on howly
ilhuminance, kigh resolution BSDF data are needed to
1epresent the divect solar component for caloulations of
discomfort glare and othar matrics requiring gamilar
spatizl modeling of sunlizht, especially for systems that
a]lowﬂpemlarhm_.mlssnmcneﬂechpn e.g., for fabries
with openness, blinds, or (mimor) louvers (Ward and
MeMedl, 2011; Mceil, 2011; Ward et al. 2012; Guisler-
Moroder & s, 2017; Lee at al, 2018; Grobe, 2019).
Sunlight, whether transmitted, scattered, or reflacted,
needs to be predicted at highest acouracy due to its high

illuminance values show
ions with and without the
. differ siznificantly. For
ut use of PE, the DGP
to 028 with increased
md thus brighter — peak:
nble” glare. When usmg
42 predicts “disturbing”
)F basis resolution used.
highest resolution is due
:aused by sampling noise
tabulated BSDFs. The
for the highest resolution
¢ this modeled condition
' rating), however such
for other conditions or
otyping). The lower Ev
hue to a lower
ection of the sun. This is
1 is close to the cut-off
ample and lies wiathm a
12, chaded directions are
ems resolution would not
system accwrately, but a
resolution of 1024x1024

nce and DGP values
lerings in Figure 7 using

different BSDF resolutions with and without PE.

Figure 7: Test room renderings for Klems 145x145
(upper row) and tensor tree bases with resolution:
1024x1024 (sscond row), 4096x4096 (third row), and
10384x16384 (lower row) for a fabric shade at the
Jfagade with PE (right column) and without PE (left
column).

Discussion

current 1 of the PE algorithm is
limuted to direct-through contributions, which is often
the most crifical peak contnbution for huminance-based

145x145

388kx

0.191 | 3891x | 0.389

Without PE | With PE daylight performance metncs, especially for glare
BSDF Ev | DGP | Ev | DGP However, if off:specular and upward-
Klems: reflected pezks are expected, the method of photon

mapping with high-resolution BSDFs (Grobe, 2019a) 15
ded Photon mapping adds the benefits of

HHx

0222 [ 4331x | 0415

H0kx

0267 | 43%1x | 0.418

forward raytracmg for small and high mtenaty hght
sources (e.g., the sun) to the general backward raytracmg

max. 16384x16384 | 441kx | 0.276 | 430Ix | 0.409 functionality and thus allows one to simulate reflected
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Effect of peak extraction on results (work in progress)

BSDF (no PE) aBSDF (with PE)
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Effect of peak extraction on results (work in progress)

EN17037 limit: DGP above 0.45

Daylight Glare Probability (DGP) for max. 5% of working hours

t47, BSDF (no PE)

Aug|
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mL<3k

mL<3k

DGP vs. average L in 5° cone

Klems BSDF t44 BSDF t45 BSDF t46 BSDF t47 BSDF
L:3k-5k L:5k-10k = L:10k-20k wL:20k-50k w®mL:50k-100k mL>100k = DGP<0.34 =DGP:0.34-0.38 mDGP:0.38-0.45 mDGP>0.45

DGP vs. average L in 5° cone

Klems aBSDF t44 aBSDF t45 aBSDF t46 aBSDF t47 aBSDF
L:3k-5k L:5k-10k = L:10k-20k ®L:20k-50k m®mL:50k-100k ®=mL>100k =DGP<0.34 =DGP:0.34-0.38 mDGP:0.38-0.45 mDGP>0.45



IEA SHC Task 61 / EBC Annex 77
Integrated solutions for daylight and electric lighting

From component to user centered system efficiency

Operating Agent: J. de Boer, Germany

Subtask A Subtask B Subtask C Subtask D

B. Matusiak, Norway M. Fontoynont, D. Geisler-Moroder, N. Gentile, Sweden

User Perspective, Denmark Austria W. Osterhaus,
Requirements Integration and Design support for Denmark
optimization of practioners Lab and field study
daylight and electric

S (Tools, Standards, performance tracking
lighting

Guidelines)

Joint Working Evaluation method for integrated lighting solutions

Group
Virtual reality (VR) based Decision Guide
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IEA SHC Task 61 / Annex 77

Subtask C: Design Support for Practitioners

Objective

Focus on the application of technical innovations in the field of integrated
lighting solutions in practitioners’ workflows. Bring findings onto the
desktops of designers by integration into widely used software tools,
standards and codes, and design guidelines.

C.1 Review of state of the art design workflows
C.2 Standardization of BSDF daylight system characterization
C.3 Spectral sky models for advanced daylight simulations

C.4 Hourly rating method for integrated solutions
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BSDF generation procedures: white paper SHC
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BSDF generation procedures: white paper

5.3.6 Step 6 (optional): Use the BRTDfunc model as proxy geometry in the
simulations

The BRTDfunc model developed in Step 2 can directly be used, e.g. to calculate simplified images for
the Enhanced Simplified DGP method in annual glare risk assessments. This ensures that the direct-
direct transmittance is treated purely specular in the simulations. More details are given in the
Discussion Section 7.8. As described in Section 4.2, the proxy mode! of the daylight system can be
included in the BSDF XML file.

4 BSDF resolution

Tabulated BSDFs are specified via a discrete set of values for a defined number and set of directions

2 BSDF definitions

This section provides a summary of fundamental concepts and term definitions related to BSDFs. For
more detailed backg see |l 1977, Lewis 1994].

A bidirectional scattering distribution function (BSDF) f{8:, §4; Bz, §2) describes the scattering
properties of a material by specifying the amount of radiance incident from direction (8,, §,) that is
reflected andlor transmitted in the exiting direction (B2, #2) (see Figure 1), i e., the overall radiancs
exiting in direction (62, $2) is given as:

LB @) = Iy I Lu(6s, @0) F(By, i B2 62) lcosB | sinf; d6 ey, )

(84, ¢; B2, 2). As an example, they can be generated from discrete measured BSDF data and using
an interpolation model [Ward et al. 2014]. The resolution of measured- and tabulated BSDF data
needs to match the optical properties of the represented system and the respective application. For
example, a pismatic, daylight-redirecting film with pronounced peaks in the scattering distribution
requires significantly higher resolution BSDF data than a nearly-Lambertian, translucent panel.

Likewise, the calculation of daylight autonomy, which is based on hourfy il

year, is less crifically dependent on high-resolution BSDF
based metrics, such as discomfort glare.

For the remainder of this document, we use the nomencia
resolution BSDF to refer to fabulated BSDFs as follows:

» BSDF resolutions based on hemisphere subdivis
angles corresponding approximately to cones wit
referred to as low-resolution BSDFs.

Examples: Klems, Tregenza, McNeil, Tensor free

& BSDF resolutions with average patch sizes cover
to cones with full opening angles of smaller than 1
Examples: Tensor tree with basis resolution 1024

inance readings over the

5 Proposed BSDF generation procedures

We deseribe empirically-based procedures for generating BSDF data sets for fagade systems
subssquent use in lighting simulation software. The overall procedure differs for microscopic ¢/
macroscopic systems. A simplified procedure for generating BSDFs for microscopic systems |
rotational symmetry is also given.

For macroscopic systems, the procedure consists of four main steps and one optional step
including system geometry:

6 Proposed characterization types for various kinds of
daylight systems

As stated in Section 0, different systems require different BSDF data resolutions for different
applications. Based on several studies [McNeil 2011, Geisler-Moroder et al. 2017, Kurt 2018, Geisler-
Moroder 2019, Pedersen and Rasmussen 2019, the following tables recommend characterization
methoeds and BSDF resolutions for different classes of systems. The classes of systems are clustered
according to their optical properties and the resulting requirements for data resolutions.

For selected mefrics, some system types are best modelled using an analytical or material mode!
(e.g., clear glazing via a single transmittance value without any scattering) or even using a geometric
model of the system with an appropriate base material (e.g., diffuse venetian blinds), as described in
Section 5.1. This however presumes that either an adequate analytical model or the system geometry
is available.

The “peak extraction” algorithm, which is for example implemented in Radiance, enables modelling of
peaks in the unscattered direct-through direction of a tabulated BSDF. For systems with a strong
'specular transmission component such as clear windows, venetian blinds (direct transmission
between slats) or perforated fabrics (with a relevant openness factor), this algorithm enables
calculation of the direct solar confribution to the interior light levels based on a transmission value

estimated from the directional BSDF value. This is also assumed to be the most critical peak
-appearance for the investigated performance metrics, especially for glare evaluations. However, if off-
specular and upward-reflected peaks are expected, the method of photon mapping with high-
resolution BSDFs [Grobe 2019] is recommended.

4.1 BSDF angular bases

_— - 1. Characterize the base material using fundamental data (e.g., index of refraction, diffu

Vanous angular bases for tabulated BIDFs have been de refiectance) or BSDF data generated for mi ic: systems using the at

PUIPOSES. 2. Set-up a three-dimensional geometric model of the window attachment; then,

3. Use simulations to produce a tabulated BSDF in the desired resolufion using a virtual
goniophatometer (optical ray-tracing software) As another option for detailed ealeulations of the: direct solar compenent, proxy geomatry can be

4. Validate the direct-hemispherical transmission values. useful in various simulation methods. The pros and cons of having proxy geometry available are given

he Klems 145x145 subdivision of the incident and exitinc e P ion i 5 i i
1 1. (oplional): Prepare proxy geometry fol lusion in the BSDF XML fil in Step 5 in Section 5.1.
solar heat gain calculations [Klems 1994]. See Figure 2. ( - Prej geom: rinclusion in fhe < =

4.1.1 Klems basis

In the tables, the “example simulation methods” (middle column of the tables) provide working
examples but makes no claim to be complete. The “proposed system characterization™ {right column)
'or BSDF resclution applies to the overall system, not to the base material.

For microscopic systems, the procedure consists of four steps:

2. Tak of exiting and for sel
incident directions

3. Compute a four-dimensional interpolant from the measured daia

4. Sample the interpolant to derive a tabulated BSDF in the desired resolution.

5. Validate the direct-hemispherical transmission values.

Figure 1. Polar and azimuthal angles of incident and exiting directions. Source: LENL.

A physically plausible BSDF exhibits three properties:

1. Positivity: For microscopic systems with rotational symmetry without h\ghhghls (e 4., isotropic fab

flBu 02 8:) 20 @ or without a direct, through , but without fight and for which 7 Di A

b

2. Helmholiz reciprocity: optical can by a sp use split, an alterate procedure ISCUssIon

F(B1,91; 82 82) = f(B2@2: 61 81) @) follows:

S RLAE VRS (CHE SN 5 - - N
3 Ene i 1. Take integrating sphere measurements of normal-hemispherical and normal-diffuse There are "’:‘:‘V‘?I Dm;"c‘::lm% "I)' ?ﬁmﬁ,m"‘ w::"t“ n‘om::": 3z‘ﬂsnzrmamdenzah:| of daylight
- 9y conservafion transmittance and reflectance, and cut-off angle. Ensure that the angular range exclu SYS‘;’“*;"" ‘“Law.' ﬂ"&'g..‘gl 51".9 i‘;‘"“ ah n sh‘?“ s. =5 discussion poinis are
al8y91) = [ ] F(By by B2 92) |cost|sind,dBad, < 1 For all (B,..) @ “nommal-diffuse” is well-defined (see e.g., NFRC 300 or EN 14500:2020 [CEN 2020]) menticned here, knowing is list is not exhaustive.

2. Calculate normal-normal transmittance by subtracting the normal-diffuse transmittanc

i.e., the overall reflected and ransmitted energy is bounded by 1. Figure 2. Klemms BSOF angular basis [Klems 1;4] the normal-hemispherical transmittance. 7.1 Intended uses of BSDF data
This BSDF definition in four dimensions (two for the incident direction and twa for the exiting direction) 3 Fﬂfie a Radiance BRTDﬁJnIﬂ model‘ aigescnmidd:; [Wienold et al 201;] This mtdel he s supsortthe of eneray effciancy and visual
implicitly assumes spectral uniformity and insensitivity to polarization at least for two broadband np: al use frar & normal 1
spectral ranges (visible with wavelengths from alout 380 nm to 760 nm and solar from 280 nm to hemispherical reflectance, and the eut-off angle of the fabric. discomfort. Further work is needed to determine whether these procedures are sufficient for modelling
4000 nm). For typical window attachments in combination with uncoated glazing units, the angular 4. Use simulations to produce a tabulated BSDF in the desired resolution using a virtual Page 27 wiew, privacy, b\agk o_ut capabilities, or other qualities desired by the consumer. Mcl_mna\ work is
differences in spectral reflection or transmission behavior for finer spectral ranges is negligible, thus goniophotometer (optical ray-tracing software). 1EA SHC Task &1/ EBC Annsx T7- Integy needed to determine if spectrally resolved BSDFs are needed to evaluate the non-visual, heaith-
this assumption is legitimate in this context. The assumptions need to be re-sxamined for the 5. Validate the direct-hemispherical fransmission values. related performance of daylighting products.

combination with coated glazing units. Spectral characterization for analysis of the non-visual effects 6. (optional): Use the BRTDfune model as proxy geometry in the simulations.

of lighting and daylighting for atypical materials may be addressed in future work 7.2 Analytical models

‘As mentioned in the introduction, this white paper does not discuss methods for deriving analytical

osiis BSDF madels from measured goniophotometer data such as e g. the model developed in [Kotey
1EA SHC Task 61/ EBC Annex 77. Integraled Solutians for Daylighiing and Bect 2009] from spectrophotometer data for solar heat gain simulations of fabrics. However, there is
Page 13 considerable importance and urgency for further research to develop adequate methods to derive

such analytical models. This issue is particularly relevant for products that are available in hundreds or
thousands of permutations of design, shape, and color (e.g_, fabrics). Analytical models will enable
generation of extensive databases that include the most relevant shading and daylight systems. There
is an open question as to who should be responsible for creafing such parametric models and how
they can be verified sufficiently against measurements

IEA SHC TasK 61/ EBC ANNGX 77 IMEQrAtE SOMIBONS for DIYIQNINg ane Eecinc Lighang

3 Scope 7.3 Measurement quality

The proposed procedures are intended to be used to ize the light- il ofa
single layer, planar window attachment, i e, an attachment that can be represented as a thin flat
surface with analogous light-scattering properties (layer model). This includes systems like clear or
translucent glazing, fabries, films, or blinds. The resulting BSDF is independent of the intended
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BSDF round robin test
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BSDF round robin test

HELLA venetian blinds — Klems: AOI = 30°

[LabB

Frone

Parcont o biden i g Patch

Td-h = 48. 1%

Td-d = 33.1%

v3

T, = 48.4%

T, = 46.0%
T,.4=20.1%

td-h = 47.1%
td-d = 32.5%

T, = 54.5%
e o | Tgg=40.3%

T

..‘.M...a.m.,..,.,..

Td-h — 49.9%
T, .= 38.4%
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BSDF round robin test

HELLA venetian blinds — Klems: 1,

Lab A

vl

LabB

Th-h = 49.1%

v2

v3

T, = 42.0%

T, = 50.3%

19th Radiance Workshop | To B(SDF) or not to B(SDF) | August 19-20, 2021, Bilbao, Spain

51



BSDF round robin test

HELLA venetian blinds — Klems, BSDF (no PE; top) / aBSDF (with PE; bottom)
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BSDF round robin test

HELLA venetian blinds — Klems, BSDF (no PE)
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BSDF round robin test

Simulation Setup: 71T testbed @ LBNL
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BSDF round robin test

Simulation Setup: 71T testbed @ LBNL
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BSDF round robin test

HELLA blinds — Klems
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BSDF round robin test
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IEA SHC Task 61 / Annex 77

Report C.2 to be finished soon and published on

https://task61.iea-shc.org/publications

Stay tuned!
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