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Standardized methods for generating angle-dependent, bidirectional, solar-optical
properties for complex fenestration systems do not exist, which means that energy and
daylight evaluations in building performance simulations often suffer from major
inaccuracies. This position paper provides an overview of state-of-the-art data-driven
methods for characterizing light scattering properties of fenestration materials and blind
systems (e.g. fabrics, metal slats, patterned glazing), validation via laboratory, simulation
and field tests, and salient issues in support of standardization of such methods via
the International Standardization Organization (ISO). The ISO standard is intended to
provide the fundamental underpinnings for recently mandated daylight standards
that rely on bidirectional scattering distribution function data for climate-based daylight
modelling and building performance simulations.

1. Introduction glazing for windows are well-established (i.e.
visible and solar transmittance, absorptance, reflec-
tance). Standardized methods do not exist however
for ‘optically complex’ or light scattering, shading
and daylighting systems, which in turn makes

Standardized methods for characterizing angle-
dependent, solar-optical properties of transparent

Address for correspondence: D Geisler-Moroder, Unit of Energy objective evaluation of energy performance,
Efficient Building, University of Innsbruck, Technikerstraf3e 13, .. . . .

Innsbruck 6020, Austria, solar distribution, daylighting, comfort and other
E-mail: David.Geisler-Moroder@uibk ac.at building performance qualities almost impossible.

© The Chartered Institution of Building Services Engineers 2024 10.1177/14771535241291838



2 D Geisler-Moroder et al.

Figure 1 Incident (i) and scattered (s) directions

Simplified methods for characterizing complex
fenestration systems (CFS) have been developed
based on normal-normal, normal-hemispherical
and diffuse-hemispherical transmittance and
reflectance measurements. These methods have
found their way into European standards (EN
14500, EN 14501%), and international standards
(ISO 52022-1,% I1SO 52022-3%, but are of limited
use and can contribute to significant errors in the
assessment of daylighting, indoor environmental
quality (e.g. glare, view out) and solar gain-related
building energy performance. This article
addresses methods used to derive bidirectional
scattering distribution functions (BSDFs) for
angle-dependent, solar-optical calculations involv-
ing CFS with a focus on daylighting. Methods
for determining thermophysical properties (e.g.
emittance, permeability) related to solar heat gains
are not addressed in this article.

The bidirectional reflectance distribution func-
tion (BRDF) describes how radiation incident
from one direction is reflected off a surface into
another direction.” If the same concept is applied
to scattering transmission, this is referred to as
bidirectional transmittance distribution function
(BTDF). BRDF and BTDF together form the
BSDFE.°® If a surface is viewed from direction
(6s, @), the observed luminance L is calculated
according to Equation (1) as:
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where Ly(6s, ¢,) is the luminance in the scattered
direction with polar and azimuthal angles
(6, @), and Li(6;, ;) is the luminance in inci-
dent direction (6;, ¢;), respectively. Figure 1
shows the geometric relationship between the
incident and scattered directions.

Re-written, the luminance can be described by
the illuminance E; from the solid angle element
w;j as given in Equation (2):

dLs(ws) = dEi(w;)BSDF (ws; w;) (2)
or, for the BSDF expressed as in Equation (3):

o dLs(ws)
BSDF(ws; wi) aE (@) (3)
Equation (3) shows that the BSDF has the unit
[1/sr] and describes the scattering properties of a
surface as the observed luminance depending
on the incident illuminance from a given
direction (i.e. solid angle element). The direct-
hemispherical transmittance 7 for radiation
incident from a direction (6;, ;) can thus be
calculated by Equation (4) as:

T(Oia @1) =
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J J BTDF(6;, ¢;; 05, @) cos 6 sin ,d0d g,
o Jo
(4)

In 1994, Klems”® proposed to discretize the
incident and exiting hemispheres of the BSDF,
that is, the bidirectional, angle-dependent, solar-
optical properties of CFS, by 145 regions each.
The discretization aims at approximately equal
projected solid angles for each region, reflecting



their cosine-weighting in the calculation of
transmittance and reflectance integrals. In 2000,
the International Energy Agency (IEA) Solar
Heating and Cooling (SHC) Programme Task 21
‘Daylight in Buildings: Design Tools and
Performance Analysis’® proposed a refined
hemispherical basis that better met the require-
ments for daylight performance analysis. The
IEA21 discretization combines a regular set of
145 incident directions (applying the subdivision
of the hemisphere proposed by Tregenza for sky
luminance scans) with an irregular set of exiting
directions that can adapt to the measured distri-
bution. In contrast to the Klems basis, the equal
solid angles of the incident regions give equal
weight to all regions. To allow efficient sam-
pling, the irregular exiting directions were
resampled to an equidistant angular subdivision
of 1297 regions (azimuth and elevation angles
(0, ) at intervals of 5° each).'® Numerous vali-
dation studies (cf. Section 3.2) have confirmed
that evaluations of integral values (e.g. horizontal
illuminance with Klems BSDF data) can be cal-
culated with sufficient accuracy. In this area, the
experts agree that these bases are sufficient and
can be transferred to standardization with a clear
conscience.

These rather coarse representations may how-
ever lead to significant errors with specular and
forward scattering systems, or whenever detailed
luminance-based evaluations (e.g. for daylight
glare calculations) are needed. To overcome this,
a variable resolution BSDF approach was intro-
duced by Ward er al'' In 2018, Lee et al.'*
showed that this approach enables simulations of
CFS at high accuracy. Since, for example, the
consideration of small, very bright glare sources
(e.g. the sun) is still a subject of ongoing
research, recommendations for generation and
application of high-resolution BSDFs are not yet
ready for standardization and need further
investigation.
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In 2021, experts collaborating in the IEA SHC
Task 61 Energy in Buildings and Communities
(EBC) Annex 77 ‘Integrated Solutions for
Daylighting and Electric Lighting’'® drew a dis-
tinction between analytical and tabulated BSDFs
in a white paper,'* excluding analytical BSDFs
from the scope since the method for deriving ana-
lytical models cannot be generalized (see Section
4.4 for further discussion). Analytical BSDF
models are described by an analytical function
specifying the scattering properties of a system.
Such models are widely used in computer gra-
phics and include models for reflection, transmis-
sion or subsurface scattering, but are for the most
part not intended to be photometrically accurate.
Guarnera et al.'® and Frisvad et al.'® comprehen-
sively summarize research in computer graphics
on BRDF and BTDF models. The mismatch
between the optical behaviour of CFS with irre-
gular light scattering or redirecting properties
(e.g. fabrics with partial openness and forward
scattering behaviour) and the inherent assump-
tions of generic analytical models often renders a
suitable parametrization impossible. An analytical
model assuming a single peak in transmission,
for example, cannot be fitted to the scattering
properties of prismatic glazing. This deficiency is
addressed instead by fabulated BSDFs, that rely
solely on known (measured) data for a set of
directions (i.e. are specified through a discrete set
of samples of the scattering distribution function),
which are then prepared as tabulated data
sets and provided in data formats accepted by
daylighting simulation software. If interpolation
is necessary, the employed algorithms are agnos-
tic to the sample and rely only on the provided
BSDF data, which is the reason for such models
being also referred to as ‘data-driven’. Compared
to analytical models, this approach offers general
applicability to any BSDF, but depends on the
availability of a sufficient quantity of discrete
BSDF data points to perform the interpolation.
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Measurements of the BSDF can be obtained
directly using goniophotometers (e.g. scanning or
imaging instruments'’'%). Alternatively, if there
are inherent physical limits of direct measurement
(e.g. maximal sizes for measurement probes,
instrument setup, collimated source), BSDFs can
be generated using a virtual goniophotometer (i.e.
simulation tools mimicking a goniophotometer
setup, e.g. genBSDF in Radiance’®"). This
approach uses a digital 3D model for representing
the geometrical system characteristics and a
material description (which again can be based
on direct measurements).

In the white paper,'* the terms “low-resolution
BSDF’ and ‘high-resolution BSDF’ are also
defined. In the present article as well as in the
proposed standardization activity, the focus is on
low-resolution BSDFs, which are defined as
‘tabulated BSDF with basis discretization using
hemisphere subdivisions with average patch sizes
covering solid angles corresponding approxi-
mately to cones with full opening angles of about
10° to 24°’. While BSDFs have found their way
into climate-based daylight modelling (CBDM)
and lighting and energy simulation tools (e.g.
Radiance, ClimateStudio, Ladybug Tools or
EnergyPlus, to name a few) and are used by
established lighting design offices and energy
consultants, the normative background on how to
generate and apply BSDFs is still missing. In
its latest revision, the ISO Standard 10916
‘Calculation of the impact of daylight utilization
on the net and final energy demand for light-
ing’** introduces a new ‘Comprehensive hourly
calculation’, that is based on the three-phase
calculation method®® and thus relies on BSDF
data. The data are used in other critical industry
applications, that is, innovative product research
and development (R&D), building-to-grid con-
trol systems and policy development in support
of greenhouse gas emission reduction goals.?*
This and the increased demand from daylight
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practitioners motivated the presentation of a case
to the ISO Technical Committee 274 ‘Light
and Lighting’ to initiate standardization of
daylighting system BSDFs.

This position paper establishes the case for
ISO standardization by delineating mandatory
and voluntary CBDM-based codes and standards
that are relevant to BSDFs, characterization
methods for generating tabulated BSDFs with
supporting validation and status of technical
issues given recent advances in the field. A dis-
cussion on process issues and plans for ISO stan-
dardization is also included.

2. Background

2.1 Existing standards

Standards and guidelines exist in various
application areas that relate to daylighting or
solar heat gains. In some, BSDFs are already
anchored, or methods and metrics are used that
can be supported by BSDFs. Of particular note
here is the revision of ISO 10916 (now ISO/CIE
10916), which requires BSDF data in the newly
introduced comprehensive hourly calculation
(i.e. three-phase method). In several other stan-
dards, shading devices/CFS must be taken into
account in standardized assessment methods, but
often the detailed information on how they
should be included is lacking. EN 17037, for
example, requires: °‘If the actual space is
expected to contain any moveable shading device
(e.g. blinds) then the dynamic modelling of these
should be included in the simulation’.*> BSDFs
offer an efficient possibility. In addition, BSDF
data and associated generation methods can be
used to complement or enhance simplified
assessment methods and to derive corresponding
parameters, simplified key figures or analytical
model parameters. Table 1 lists existing stan-
dards and guidelines and their connection to
BSDFs for CFS.



Table 1 Standards related to daylighting, CBDM and BSDFs
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Standard

Connection to/relevance of BSDFs for daylighting systems

ISO 10916:2014 (under revision)??

EN 17037:2022 (revision started recently)?®

IES LM-8326

ASHRAE 90.1,%7 90.2,28 189.1-2020,%° LEED 4.1%°

ISO 15099:2003°"

ISO 52022-1:20173
ISO 52022-3:2017*

ISO 9050:2003%3 and EN 410:20113*

EN 14500:2021" and EN 14501:20212

ASTM E2387-19%°

AERC 1.1:2019%

New ISO activity

New ‘Comprehensive hourly calculation’ based on three-phase
method relying on BSDF data for daylighting systems.

Annual (hourly based) daylight simulations for the verification
of daylight provision and for annual glare probabilities. Shading
devices are to be included in the dynamic simulation method.
Annual (hourly based) daylight simulations for the verification
of daylight provision (spatial daylight autonomy). Shading
devices are to be included.

Annual (hourly based) daylight simulations for lighting energy
use with manual or automatic interior shade operation and
dynamic glazing.

Analytical model based on a layer-by-layer approach and form
factors to derive thermal properties of windows, doors and
shading devices.

Simplified model to derive solar-optical or thermal properties of
combinations of transparent glazing and shading devices.*
Model based on layer structure and form factors to derive
thermal properties of windows, doors and shading devices.
Layer-based model to calculate transmittance values and
related factors for transparent glazing. The standards focus on
irradiation at normal incidence.

Latest revision to analytical models introduces the concept of
‘cut-off angle’ for solar-shading devices (e.g. fabrics) derived
from direct—direct transmittance (7 gir-qir) measurements.
Procedures to measure BSDFs of surfaces, that is, of planar
materials that can be measured directly with a
goniophotometer. Data can then be used with a virtual
goniophotometer to generate BSDFs for any arbitrary system.
Procedures for determining optical and thermal properties of
materials used in fenestration attachments. Describes
measurement procedures for inputs to, for example, analytical
BSDF models for isotropic fabric shades, venetian blinds with
Lambertian slat materials.

Standardization activity started on Building Information
Modelling (BIM) properties of daylight louvre systems (cf.
existing BIM properties for lighting systems®’). To describe the
photometric properties, BSDF data might be used in BIM
specifications.

In addition, there are several standards in other
areas of application that also deal with the char-
acterization of scattering properties.® While these

methods cannot be directly applied to daylighting
systems, the concepts may be transferable. Basic
considerations for the acquisition of the essential
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Table 2 Standards defined by other industries related to
BSDFs

Standard Field of application

SEMI ME1392%8 Semiconductors: Guide for
angle-resolved optical scatter
measurements on specular or

diffuse surfaces

MDL — Material Computer graphics: MBSDF

Definition specification as part of

Language®® NVIDIA’s Material Definition
Language 1.9 — Language
Specification (2024)

CIE TC2-85% Recommendation on the

geometrical parameters for the
measurement of the BRDF

parameters are the same; distinctions are to be
expected in the area of acceptable tolerances or
even the necessary resolution. Table 2 lists stan-
dards from other areas that relate to characteriza-
tion of scattering properties.

2.2 Existing databases

To enable users to work with BSDF data, the
appropriate methods must be implemented in
software, and users must have access to BSDF
datasets. Thus, it is important, not only to agree
on a limited number of documented formats so
that software applications can implement auto-
mated processing of such BSDF data (cf. ‘Data
issues’ in Section 4.3) but also to make the data
available.

At present, there are BSDF libraries publicly
available to the building simulation community
with varying levels of documentation on the pro-
cedures used to generate the data. BSDF data for
special materials or innovative products may be
available from manufacturers. For uncommon
applications, engineering firms commission
laboratories to measure and produce BSDF data
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or generate BSDF data in-house using proprie-
tary methods.

The Lucerne University of Applied Sciences
and Arts (HSLU) developed methods for gener-
ating data-driven tabulated BSDFs of high
(tensor tree) and low (Klems) angular resolution
from measurements using the pgll scanning
goniophotometer.*'** The work focused on
daylight-redirecting materials and an initial
library (BIMSOL*’) was produced including, for
example, prismatic materials and retro-reflective
louvre systems. Methods developed under the
project were used to inform procedures deli-
neated in the IEA Task 61 white paper and are of
direct relevance to ISO standardization efforts.

To complement the widely used International
Glazing Database (IGDB),** Lawrence Berkeley
National Laboratory has developed the Complex
Glazing Database (CGBD)™* in collaboration with
the Attachments Energy Rating Council (AERC),
an industry organization.***’ The CGDB has its
origin in the area of solar heat gain coefficient cal-
culations to enable energy-efficiency rating and
labelling of common residential shading systems,
such as louvred blinds, fabrics and honeycomb
shades. It contains low-resolution solar-optical
data (Klems format, photometric and solar), and
usage of the data is intended for evaluations of
integral values (solar gains, illuminance). At pres-
ent, characterization methods rely on models with
simplifying assumptions for material data (e.g.
isotropic behaviour, Lambertian properties) based
on limited measurements. Certified data are
tagged in the database, indicating whether the
BSDF is compliant with the AERC 1.1
Standard.*® Methods defined in AERC 1.1 vary
by CFS type. For example, BSDF data for fabric
shades are based on spectrophotometer measure-
ments at a single (normal) angle of incidence. For
blinds, visible reflectance is measured at a single
angle, assuming Lambertian diffusion, then used
with a geometric model to produce BSDF data.



WINDOW*® enables users to input geometric and
material parameters to produce BSDF layer
data and combine it with transparent glazing to
produce BSDFs for multi-layer systems. The
Radiance genBSDF and rfluxmtx tools have been
incorporated into WINDOW to generate BSDFs
(rfluxmtx for non-coplanar systems, e.g. awnings).
The resultant BSDF data are compatible with
tools based on Radiance and EnergyPlus core
engines.

Fraunhofer IBP provides BSDF data for more
than 100 systems including wvenetian blinds,
textile screens and roller shutters'® and tools
that produce BSDFs for multi-layer systems in
formats compatible with DIALux Evo software®
(IEA21 basis) and other WINDOW-reliant (Klems
basis) tools. Fraunhofer IBP is currently develop-
ing a RESTful application programming interface
(API) based webservice (‘IBPFacadeBuilding
Physics’) which will provide access to data
sources and libraries, with a primary focus on
CFS.

To connect databases from various sources
worldwide, the product data network ‘buildingen-
velopedata.org®>! is under development within
joint research projects led by Fraunhofer ISE.>*?
With the standardized API, software developers
and applications can easily access and use the
BSDF files. Currently, the product data network
contains BSDFs from the CGDB and from the
TestLab Solar Facades,* but is planned to be
extended to include more data sources of solar and
daylight-related low-resolution and high-resolution
BSDF. Both activities ‘buildingenvelopedata.org’
and ‘IBPFacadeBuildingPhysics’ are closely con-
nected. For example, application examples, refer
to the project website www.eqwinp.de.

3. BSDF generation methods

Accounting for the optical properties of different
systems requires different BSDF resolutions,

BSDFs for daylight applications 7

characterization methods and appropriate day-
light simulation algorithms. As articulated in the
Introduction, work towards ISO standardization
of BSDF generation methods will focus on low-
resolution data to support new building perfor-
mance standards. Subsequent work on methods
pertaining to high-resolution BSDF data is dis-
cussed in Section 4.

The requirements for accuracy also vary
depending on the application and phase in the
planning process. In the early design phase,
uncertainties in planning are still large.
Nevertheless, high accuracy should be aimed for
whenever possible, as important decisions for
the performance of the building are made in this
phase.

Targeted deviations for illuminance in day-
light simulation are a normalized mean absolute
error (nMAE) of less than 15%,>> normalized
mean bias error (nMBE) of less than = 15% and
normalized root mean squared error (nRMSE) of
less than 32%.°¢ Validation studies under con-
trolled laboratory conditions report errors for
matrix-based daylight methods in the range of
+20%,'*>° while errors of up to *+37% are
reported in a real occupied space.’’ Similar
accuracies should be achieved by tabulated
BSDFs that employ a fixed basis of low resolu-
tion (e.g. Klems, IEA21). Greater levels of error
at finer levels of resolution in simulated building
zones are acceptable as long as the average
workplane illuminance (within the region of an
exiting Klems patch) is within 15%.

For new products or related R&D, characteri-
zation of systems should aim for greater accuracy
to enable iterative improvements in design and
ensure intended performance in the field.

3.1 Methods for tabulated, data-driven BSDFs

Early efforts to standardize the generation of
BSDF data and to harmonize methods occurred
within the IEA SHC Task 21. As a result, a

Lighting Res. Technol. 2024; XX: 1-25
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report on the ‘Measurement of Luminous
Characteristics of Daylighting Materials’ was
written by international experts in the field.’
Within the recently completed IEA SHC Task
61/EBC Annex 77.'* a group of international
experts summarized the state of the art in a white
paper entitled ‘BSDF generation procedures for
daylighting systems’."*

Measurements capture not only one location
but an extended area of the sample — the sam-
pling aperture. To ensure a representative aver-
age, the relation between the dimensions of the
sampling aperture and of sample features must be
taken into account. The white paper’s methods
for deriving data-driven, tabulated BSDF datasets
are divided into applications for macroscopic and
microscopic systems, respectively. A macro-
scopic system thereby describes a ‘daylighting or
shading system that cannot be directly measured
with currently available goniophotometers®'*
because their spatial extent is too large for the
measuring device and/or illuminated area. This
assumes typical far-field measurements with a
spatially integrating sensor; customized instru-
mentation that spatially resolves over the sample
area have been demonstrated but are less com-
monly used. In contrast, a microscopic system
describes a ‘daylight system that can be directly
measured with a goniophotometer’.**

Given differences in goniophotometer ‘instru-
ment signature’ (i.e. opening angles of source
and detector, type of illumination source, angular
resolution, operating conditions) and internal
procedures for measurement per institution, IEA
SHC Task 61 experts documented approaches
implemented by various institutes together with
the results of an inter-laboratory round robin
test.'” It was shown that despite these differ-
ences, there was good agreement both in the
BSDF data sets provided by the various labora-
tories as well as in the evaluations of daylight
performance metrics based on these data sets.
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Such inter-laboratory verification is advised for
qualifying laboratories that provide ISO-certified
BSDF data entries.

Since the basis for daylight metrics is primar-
ily illuminance (i.e. an integral value over the full
hemisphere) and thus the total transmitted flux is
most important, a separate step ‘Validation of
direct-hemispherical transmittance values’ via
independent integrating sphere measurements is
also prescribed to ensure conservation of energy.

The white paper’s method relies on a set of
Radiance tools that process measured goniophot-
ometer data into final tabulated BSDF data
(Figures 2 and 3). For systems involving scanning
goniophotometer measurements, the program
pabopto2bsdf;>® for example, generates so-called
Scattering Interpolant Representations (SIR) from
sparse incident measurements. These SIRs are
BSDF representations based on radial basis func-
tions,'" which define a full 4D function. The pro-
grams bsdf2klems™ or bsdf2ttree®® (which calls
rttree_reduce to reduce tensor tree data to variable
resolution) can then be used to generate tabulated
BSDF data as XML files in either a Klems matrix
representation, or a variable resolution, tensor tree
representation, respectively. Basis representations
are summarized in the white paper. These BSDFs
are now either the final result for CFS for which
the base material corresponds to the overall sys-
tem (e.g. fabrics), or can be further used as a
description of the base material in the configura-
tion of the overall CFS in a virtual goniophot-
ometer (e.g. slat finish for venetian blinds). For
such systems involving geometric models and
backwards (genBSDF) or forward ray tracing
(Photon Map), interpolation per incident angle is
not required. For both methods, tools to view and
troubleshoot BSDF data are available,m’64 for
example, check BSDFs for proper angle conven-
tion, anomalies (specular when should be diffuse)
or errors in direct-hemispherical or direct-direct
transmittance values for single incident directions
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Measurement Fitting
gonio-photometer pabopto2bsdf
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2D matrix
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genBSDF
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Figure 2 Workflow for generating tabulated BSDFs with a matrix (e.g. Klems) basis
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Interpolation,
rasterisation

BSDF as
tensor-tree

BSDF of base material can be used in simulation
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reduction

rttree_reduce

BSDF as
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model
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reduction

BSDF as
4D tensor

ray-tracing rttree_reduce

Geometric
model

BSDF as
tensor-tree

genBSDF Measurement-based

Simulation-based

Figure 3 Workflow for generating tabulated BSDFs with a tensor tree basis
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or pairs of directions. Furthermore, the code that
implements the loading and processing of BSDFs
in Radiance is isolated in a set of files that allow
it to be used as a library in other software, or
accessed through the pyradiance module.®

As noted above, various daylight and building
energy simulation software already support
BSDF data in Klems format (WINDOW,
Radiance, Relux, Ladybug Tools, ClimateStudio,
DIVA4Rhino, Fener, DALEC, LightStanza,
COMFEN, IDA ICE, SPOT Pro, OpenStudio,
vi-suite, EnergyPlus, TRNSYS). The IEA21 for-
mat (Tregenza basis for incident light, 5° regular
grid on exiting side) is by far not as widespread
(DIALux Evo, Relux). High-resolution BSDF
data are supported in Radiance and in software
tools that build upon Radiance (Honeybee,
ClimateStudio, DIVA4Rhino, LightStanza). As
mentioned earlier, the CGDB currently only
contains low-resolution data in Klems format.

3.2 Validation of methods

Validation of the workflow defined in the
white paper'*~ tabulated BSDF measurement
protocols, BSDF-related tools for checking, pro-
cessing and interpolating measured data, and use
in CBDM simulations — has been conducted to
debug procedures and code, determine limitations
of use and quantify errors. Table 3 provides a
chronological summary of validation studies per-
formed to date on various stages of the workflow,
including complete end-to-end validation of
multi-phase building simulation methods using
backward and forward ray tracing (i.e. photon
mapping (PM)). With these studies, researchers
have been able to establish that the methods are
sufficiently accurate (to within the 10% to 15%
limits for illuminance calculations stated above)
for three-phase calculations. There has also been
considerable work to validate methods to model
the direct component (e.g. for LM-83 ASE
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calculations of shade use). Including attributes
related to modelling direct sunlight in ISO
standardized methods such as proxy geometry or
analytical models for illuminance-based metrics
will be subject to discussion as the standard is
developed (see Section 4). Validation of analytic
models, which are outside the scope of the
planned ISO standardization, are not investigated
here.

4. Issues and open questions

There are still open points of discussion when it
comes to BSDF characterization of daylighting
systems and their application in simulation tools.
The experts of IEA SHC Task 61 have summar-
ized some of these points in the Discussion sec-
tion of the white paper.'* In addition, other and
more far-reaching questions arise in this context.
We try to address these and make clear that in
some areas (e.g. high-resolution BSDF data for
daylight glare evaluation) further research is
needed before moving to standardization.

4.1 Intended uses of BSDF data

The overview in Section 3 summarizes BSDF
characterization methods and related validation
work and shows that there is broad consensus on
the accuracy of such BSDFs for building perfor-
mance and indoor environmental quality assess-
ments based on illuminance or irradiance. The
initial focus of ISO standardization work will
therefore be on these methods. However, the
methods do not appear to be well suited for mod-
elling view, privacy and black-out capabilities.

For systems like fabrics and daylight-
redirecting systems, with sharp, peaky reflection
or forward-scattering transmission of specular
sources (e.g. sun orb at 0.5° opening angle),
BSDF models for daylight glare assessments are
particularly important and challenging since they
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Table 3 Validation studies related to methods of BSDF generation or their use

Study

Findings

Andersen et al.%®

Andersen et al.%®

Grobe et al.®®

Ward et al.2®

McNeil and Lee™

McNeil et al.”’

Geisler-Moroder”?

Grobe et al.”™®

BTDF data from a goniophotometer with a digital-imaging detection system agreed with ray
traced (TracePro®”) virtual goniophotometer data to within 10% (overall average error).
BTDF output resolution of A =5°, Ap =5°. Two acrylic prismatic (refractive and specular)
panels, approx. 40 angles of incidence.

BTDF data from an imaging goniophotometer agreed with TracePro to within 8% (average
error). BTDF resolution of A8 =10°, Ap =15°. Venetian blind with curved, mirrored slats;
validated for two slat angles, 15 angles of incidence.

Inter-laboratory comparison of goniophotometer (PAB pgll-0B14%) measurements between
three laboratories. Direct-hemispherical transmittance (7 qir-n) and reflectance (py,gir-n)
measurements (Delaunay interpolant) at three laboratories agreed with spectrophotometer
measurements with an integrating sphere (Perkin EImer Lambda 9500, 150 mm sphere) to
within = 5% and up to = 12% for clear glass, respectively. Isotropic glazings: scattering
mirror, clear low-e glass, ground glass.

Checked Radiance’s use of WINDOW 6 BSDF data coordinate system and allocation of flux
between Klems basis and polar representation applied by mkillum (precomputes light output
from CFS portal). Evaluation of mkillum per patch luminance with and without proxy
geometry for Venetian blinds and fabric shades: identified need for high-resolution angle
bases and sky divisions for CFS with specular transmission. mkillum and rtcontrib
compared to ground truth rpict renderings.

End-to-end validation of three-phase simulations with 1-min timestep data for six horizontal
illuminance sensors, 58 days spanning one year from a full-scale outdoor testbed with
optical light shelf. nMBE < 13%, nRMSE < 23%. BSDF produced using genBSDF, handheld
spectrophotometer measurements of mirrored and matte surfaces, and WINDOW 6.

Validation of genBSDF. BTDF data (i.e. per patch comparisons, Klems basis) were shown
to agree to within <0.02% per patch (air) and <0.89% nRMSE (Lambertian diffuser). BTDF
data for a mirrored blind exhibited greater overall error compared to TracePro, where
significant error from five patches was due to inadequate sampling for specular reflections.
BTDF data for a micro-perforated metal shade agreed (r* = 0.9993) with measured
goniophotometer data (pgll, 6;=0° to 82.5°, ¢;=90°; Klems), where genBSDF errors were
likely due to underestimated forward scattering caused by diffraction.

Simulation-based sensitivity analysis to check and debug parameter settings of BSDF-
related tools. Tensor tree, isotropic and anisotropic BSDFs generated using genBSDF and
Radiance material primitives (plastic, plastic2, trans, trans2, glass) with varying rendering
parameters (specular samples, data reduction, basis resolution). High data reduction
(rttree_reduce), low basis resolution and low specular sampling led to artefacts around
direct specular highlights, blurred reflections and other undesirable effects.

Validation of forward ray tracing photon-mapping to generate BSDF data for tilted aluminium
louvres. In qualitative comparisons between simulated and pgll-measured BSDF data,
topology of peaks and ridges of the redirected and specular exiting flux matched well for
three incident directions. Errors of —6% to +15% in direct-hemispherical transmittance.

(continued)
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Table 3 (continued)

Study

Findings

Krehel et al.”*

Noback et al.”®

Geisler-Moroder et al.”®

McNeil et al.””

Lee et al.™?

Bueno et al.”®

Comparison between two goniophotometers. Image-based goniophotometers (LESO EPFL)
produced lower resolution and coherence compared to the scanning goniophotometers
(pgll) due to larger beam diameter, fixed directional resolution and lower total number of
sampled datapoints. 7, 4ir.n values differed by 10 to 30%. Laser-cut panel, daylight-
redirecting film, daylight-redirecting prisms; measurements for one incident angle.

Manufactured samples can vary from intended design geometry. Compared differential
scattering function data from a scanning goniophotometer (pgll, >250k sample datapoints)
and simulated data with photon map extension of the original design and a variant of the
manufactured sample using two metrics: (1) global agreement quantifies local deviations in
sample data between two hemispherical distributions, (2) local agreement quantifies local
deviations between two biconical (direct) transmission distributions. Sources of error were
due to manufacturing, installation and limits of simulation tool (e.g. tessellation of geometry).

Validation of five-phase method with field measurements from a full-scale office testbed.
BSDFs for daylight-redirecting films and micro-louvred shade generated from pgll
goniophotometer data. BSDF for venetian blinds generated with genBSDF and
spectrophotometer measurements. NMAE < 20% for 74% to 94% (horizontal illuminance),
65% to 96% (vertical illuminance) and 98% to 100% [Daylight Glare Probability (DGP)] of
the measured data (approx. one week per system) for six test conditions.

Comparison of 7y gir-n and BSDF data (6;=0° to 82.5°, ¢;=90°) generated from
goniophotometer measurements vs. synthetic BSDF data generated by genBSDF from
design and measured profiles of a prismatic daylight-redirecting film using an electron
microscope. Discrepancies between BSDF dataset for 6; > 60° were due possibly to
experimental noise. NMBE of —44% to 46% (0;=20° to 70°) in average horizontal
illuminance in zones far from the window were due to differences in the angular direction of
peak redirected flux. Identified critical challenges related to generating BSDFs.

Validation of pabopto2bsdf interpolation tool used to generate full BSDF dataset from
sparse set of BSDF measured data. Relative error was <4% for 90% of interpolated values
for incident angles <75° when comparing interpolated BSDF data to simulated ‘measured’
BSDF data from a hypothetical reflectance model. RMSE increased from 0.114 to 0.744 as
the number of measured incident angles decreased from 88 to 7. Extends validation of five-
phase method from Bueno et al.”® with sub-analysis of DGP and DGI Daylight Glare Index
(DGl) errors due to proxy geometry, differences in geometry between model and testbed
installation, sky subdivision, sun position and sensor position.

Comparison between field measurements in an unoccupied office and three-phase
simulations of horizontal illuminance, where BSDF data for a metallized textile shade were
generated from scanning goniophotometer (pgll) data. Average error was 26% over the one
month, winter solstice, monitored period.

(continued)
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Study

Findings

Grobe™®

Grobe and Noback®®

Wilson et al.®

Lin et al.%2

Geisler-Moroder'®

Validation of PM for CBDM simulations of reflective and refractive devices that deflect or
concentrate light. Images generated via PM vs. backward ray tracing simulations differed
due to PM artefacts (noise, bias) from contribution photon density. Good agreement in
annual glare metrics between PM, five-phase method and three-phase method; however,
DGP data were governed by the saturation term (vertical illuminance E,) so methods were
not fully tested for representation of glare sources. Errors were due to insufficient density of
photons with PM and insufficient density of stochastic rays sent towards the sun with the
five-phase method. BSDFs for sunlight-redirecting louver systems, prismatic film and fabric
roller shade generated from pgll data.

Comparison of methods for generating BSDFs for irregular glazing materials. BSDFs were
generated by (1) sample measurement with a scanning goniophotometer (pgll) or (2) use of
genBSDF given direct measurements of surface micro-geometry with the refractive index of
clear glass. BSDF distributions and visualizations through the glass indicated good overall
agreement with measured data. Comparison of illuminance and luminance data indicated
that the genBSDF method produced stronger directional scattering, likely due to omission of
inclusions and bubbles in the sample. BSDFs based on goniophotometer data were
recommended.

Comparison between direct-hemispherical transmittance values obtained by spatial
integration of BSDFs from scanning and imaging goniophotometers and spectral integration
of integrating sphere measurements for solar-shading textiles.

Comparison of simulated data with low-resolution (Klems) vs. high-resolution (tensor tree)
BSDF data for a prismatic, daylight-redirecting film. Large discrepancies between the two
cases occurred when direct sun was transmitted with a low or downward outgoing angle
(*=0.66 for horizontal illuminance, December 21). Discrepancies were small with diffuse
sky conditions (equinox and solstice conditions) and with direct sun at high solar altitude.
Differences in intolerable glare (DGP) were small due likely to saturation conditions.

Survey of instruments, methods and workflows used by nine laboratories to generate
BSDFs. In a round robin test, each lab generated BSDFs for a sample venetian blind and a
textile roller shade according to their unique methods. While direct-hemispherical
transmittance matched well between labs, there was considerable variation in relative error
in direct—direct transmittance in some cases, which significantly compromised accuracy of
discomfort glare simulations. Point-in-time rtpict simulations of an office space were used to
understand how variations in BSDF data influenced results. Annual simulations via three-
and five-phase method with peak extraction®® demonstrated insensitivity of frequency
distributions of illuminance and discomfort glare for the blinds. Significant sensitivity for the
textile were due to both stochastic sampling of the sun and characterization of the forward
scattering component. Differences in BSDF datasets are attributed to variations in method
and instrument signatures of the various labs.

(continued)
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Table 3 (continued)

Study Findings

Ward et al.®*

Validation of data-driven methods used to characterize an anisotropic fabric shade with

quadrilateral symmetry. Measurements were performed with a scanning goniophotometer
(pgll). Assuming isotropic behaviour, E,, source luminance (Ls.3-) and DGP were
significantly overestimated (nMAE of 40%, 127% and 27%, respectively) compared to
outdoor field measurements. With proper symmetry assumptions, errors were 9%, 23% and
13%, respectively. Factors invoking peak extraction were explained.

Wang et al.®®

Validation of data-driven BSDF workflow for eleven fabric shades. 7y n.qit, Tv.n-ns Pv,n-ait @nd

pv.n-n (Mountain/pgll goniophotometer data) agreed with integrated sphere data to within
4.4%. Klems and tensor tree 7, gir.n and py qir-nh data agreed with Mountain data for all fabrics
and measured incident angles to within 2.2% and 4.7% nMAE, respectively. Ray tracing
simulations (rtrace) with tabulated BSDFs produced using pabopto2bsdf, bsdf2klems and
bsdf2ttree and peak extraction were compared to monitored data from a full-scale office
testbed over a 28-day, clear sky winter period. E, data from anisotropic Klems and tensor
tree BSDFs were within 10.1% and 12.9% nMAE, respectively, while DGP agreed to within
0.035 and 0.044 MAE. Klems produced significantly less accuracy in predicting binary glare
discomfort, especially for no-glare cases. Triggering peak extraction, variations in weave
between lab and field samples, and the interpolation tool contributed to errors.

Haghani et al.2°

Comparison of low-resolution (Klems) and high-resolution (tensor tree) BSDFs for two

prismatic materials. Tabulated data generated from genBSDF or pgll goniophotometer
measurements. Simulation and measurement-based methods deliver comparable results,
but deviations exist due to methodological differences (e.g. focused vs. patch-sized

illumination).

need to achieve high accuracy also in terms of
directional resolution. The defined requirements
and thus the specification and use of BSDFs in
daylight glare evaluations are still open research
questions. Industry will continue, however, to
move forward on standards like EN 17037 that
include glare ratings using practical means, for
example, prescriptive specifications according to
EN 14501.% For some systems, current methods
can only produce binary assessments of glare/no-
glare, for example, four-point scale, categorical
assessments of discomfort glare were unreliable
for textiles.*>*° In a recent investigation of sub-
jective response to glare from the sun behind
clear and tinted glass,®’ the sun was averaged
over a diameter of 5.8° in order to allow compar-
isons between scenes. Analysis showed that
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imaging the sun in its real size (~0.5° diameter)
can lead to completely different results in a glare
evaluation.®® This implies that for BSDFs, which
average over certain solid angles due to their dis-
cretization, the question of which resolution is
necessary and sufficient for glare evaluation can-
not yet be answered and thus shall not be
included in the current standardization efforts. In
further work on this, the concept of BSDF peak
extraction must also be included, which can help
to improve the mapping of the direct peak com-
ponent (see also Section 4.4).

Light and its spectral composition influence
human health and well-being. The evaluation of
non-visual lighting effects raises the question of
the relevance and necessity of spectrally resolved
BSDF data. Methods that handle XYZ colour



data with BSDFs work well for rendering but not
for the evaluation of circadian effects. Fully spec-
trally resolved BSDFs require considerable effort
for both measurements and data processing (see
also Section 4.2). This is still ongoing research
and therefore will not be included in the initial
efforts for standardization. Furthermore, vali-
dated BSDF concepts and methods are well sui-
ted for the determination of the angle-dependent
irradiation and thus for the evaluation of the
radiative part of solar gains as well as solar irra-
diation on the body for evaluation of thermal
comfort, if the entire solar spectrum beyond the
visible range is taken into account.

Depending on the optical properties of the sys-
tems and the simulations in which the data are
used, there are different requirements for the data
resolution and thus for the underlying simulation
or measurement methods for generating BSDFs.
The standard must therefore address which meth-
ods can be used to generate the BSDF data, for
which types of systems and at what resolution. It
must also clarify for which simulation methods
or evaluations (metrics) the data can be used.
Point-in-time and annual CBDM sensitivity anal-
yses such as'**" would be informative for
these determinations.

4.2 Measurement and modelling issues
Measurement quality and limitations have
been summarized in the IEA SHC Task 61 white
paper.'* The inter-laboratory comparison con-
ducted under IEA SHC Task 61'° demonstrated
sufficiency of angle-resolved measurements
between participating institutes. However, there
are only a handful of institutes that possess the
capabilities needed to make the measurements
delineated in the white paper. Most research
laboratories operate instruments that were not
designed for standardized measurements and
efficiency, but for general applicability and con-
figurability. Once detailed characterizations have
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been performed, efficiency can be increased
knowing the implications of simplifying assump-
tions on accuracy. For standardization, a proce-
dure to ensure quality and repeatability of BSDF
measurements could involve a test of each instru-
ment setup using primary reference samples
(‘gold standards’ with known BSDFs). Such pro-
cedures have already been developed for high-
resolution BRDFs by some national metrology
institutes. The comparison between BSDF data-
sets opens another question. For CFS the BSDF
might include peaks, either by light that is trans-
mitted directly without scattering, or by light that
is reflected off specular surfaces. These ideal
delta peaks in the theoretical true BSDF result in
peaks of a finite width in the measured BSDF.
The height and width of these measured peaks
depend on the instrument signature. Direct com-
parison therefore requires a common instrument
signature. These are common problems in all
BSDF comparisons, but they are particularly pro-
nounced with materials for daylighting that often
feature sharp peaks due to mirror-like reflection
or direct transmission. In the course of the stan-
dardization project this needs to be addressed,
for example, by investigating whether and how
existing approaches from related fields**®" might
be adopted.

New BSDF measuring devices have recently
been or are currently being developed in various
laboratories. Two are mentioned here as exam-
ples, both focusing on deriving BSDF data in
Klems resolution. Researchers at RPTU
Kaiserslautern and Fraunhofer CSP (Center for
Silicon Photovoltaics) worked on a near-field
measurement method to speed up acquisition of
BSDFs using laterally extended structures with
angular selectors. The measurement procedure is
part of the expert recommendation VDI-EE
2068°* published by The Association of German
Engineers. Within the project MEZeroE,”
researchers at the University of Innsbruck aim at
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generating BTDFs in a time and cost-efficient
way by using a hemisphere equipped with 145
illuminance sensors located in the respective cen-
tres of the 145 Klems patches for simultaneous
measurements.

It will take time and investment by industry to
generate a comprehensive, standardized BSDF
library of products of sufficient accuracy to meet
the necessary error limits. As with any industry,
trade-offs will need to be made between accu-
racy and the cost of producing characterization
data. Initial efforts to create a BSDF library
within practical limits are underway with the
goal of making some data available to practi-
tioners now, albeit limited in accuracy for some
CFS. Until resolved, practitioners must be
advised to use caution when using BSDF data
and be proactive in understanding the limitations
of such data. Example rules of thumb are: if the
geometry of the CFS is regular and large in scale
and the opaque surfaces of the material are of
matte finish, practitioners can be confident that
data produced using a virtual goniophotometer
such as genBSDF are reasonably accurate; tabu-
lated BSDF data are more accurate with an
increased number of measured angles of inci-
dence; assuming homogeneity of a material that
is non-homogeneous or isotropic when clearly
anisotropic will reduce accuracy. Industry can
and should test the limits associated with simpli-
fying assumptions for their systems via sensitiv-
ity analysis and continued validation studies.

As noted in Section 4.1, other applications
require BSDF data for different spectral regions
(UV, IR) or increased spectral resolution as pro-
vided by spectrophotometers. This poses chal-
lenges for both measurement infrastructure and
methods. As long as the separation of scattering
(i.e. spatial resolution) and colour (i.e. spectral
resolution) is possible, the BSDF and the spec-
trum can be characterized separately. This is the
case for most common daylight and shading
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systems. Although approaches for measuring
spectrally resolved BSDFs using spectrophot-
ometers or filters exist, they have not yet been
commonly adopted into practical application in
the field of CFS and are therefore not yet being
considered for transfer into standardization.

In a purely simulation-based workflow, the 3D
geometrical model of the daylighting system has
a special significance. The model is usually theo-
retical in nature and originates from an idealized
world. The manufactured product, on the other
hand, is subject to manufacturing tolerances and
thus may deviate from the model. The same
applies to material and surface properties which
may degrade in time due to oxidation, corrosion
or other effects of weathering. If geometry and
material data for a CFS are available at all,
special attention must be paid to these issues as
demonstrated in references 76,78,79,81.

Currently, there are no simulation tools avail-
able to generate BSDFs for CFS and daylighting
systems with micro- or nano-scale materials. Due
to the strong wave-like interactions exhibited by
light at the micro-nanoscale, ray tracing methods
are not applicable to these materials.

Generally, standardization can and shall pro-
vide requirements and methods for a defined set
of applications, but specific measurement para-
meters depend on the sample — a one-fits-all
approach would render the method either
inefficient or inaccurate in many cases.

4.3 Data issues

4.3.1 Qualifying or certifying BSDF data

BSDFs are often generated in-house by engi-
neering consultants and manufacturers. For
regulatory agencies and consumer protection,
there is an absolute need to have products
certified to a standard level of quality. Software
companies as well as end users (planners, archi-
tects, engineers), not just the experts, need to



understand whether data sets are suitable for the
intended application, that is, concerning the for-
mat and generation method. Existing BSDF
libraries provide insufficient to no information
on the method of derivation for data entries,
making it difficult for end users to determine
associated error. An ISO standard can ensure
adequate quality and applicability of such BSDF
data. In support of this objective, the product
data network buildingenvelopedata.org® has
enabled data formats and methods to be regis-
tered with a unique ID. This will allow end
users’ software applications to search for certi-
fied records that are available in the product data
network.

Standardization bodies, associations and insti-
tutions can define data formats and methods to
create data. For data formats, schemas should be
made available which can be used to validate
with one single command whether a data set ful-
fils all requirements of the schema. The schema
must contain all relevant requirements and
should be designed such that software develo-
pers can easily understand and work with the
data. For methods, a cryptographic signature can
be used to verify that data sets have been created
according to a certain method.

4.3.2 Meta-information in BSDF files

To enable end users to understand the purpose
and quality of BSDF tabulated data, the source
and methods of generating the data must be
documented and attached as metadata to database
entries. Just as one example, information on the
measurement instrument and the instrument sig-
nature (see Section 4.2) should be included. This
is needed to know whether direct comparisons
with other BSDF measurement data are possible.
The WINDOW XML format supports typical
product data and is extendable.”® Lanevski
et al.” attempted to define a sharable JSON for-
mat for BRDF data, including metadata, together
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with approaches to make a standard format cus-
tomizable. [SO standardization will also work on
defining the metadata required for such entries
for BSDF datasets.

The product data network buildingenvelope-
data.org offers with its API specification®® a
JSON format for optical datasets in general.
With the possibility to query the metadata via
GraphQL,”® users can efficiently retrieve data
sets. The metadata of optical data sets currently
includes the method which was applied to create
the data set, the component which was measured,
the institution which has created the data set,
name, description and ID of the data set. In addi-
tion, a URL is stored via which the data set can
be accessed. To make the origin traceable, (i) all
methods and data formats must be described
either in a document, in a software repository, or
as a web service; (i) methods need to be regis-
tered in a global dictionary and (iii) each method
receives a unique identifier. Methods can be
defined rather generically or in great detail. For
example, a method can be defined by a certain
standard or by one equation of a standard.
Several detailed methods can be combined to
define a more general method. A higher level of
detail of the methods requires more effort in
defining the methods but facilitates the search
for suitable data sets.

For the integration with BIM, it is not recom-
mended to store the BSDF data within the build-
ing components because the size of the model
becomes too large. Instead, it is recommended to
store the URL of the data source with each com-
ponent together with the unique ID of the com-
ponent. This allows software developers to
access and automatically process the BSDF data
of the building components. At the same time,
parameter standardization to support open-BIM
data exchange (e.g. via IFC) are in the new
CEN/ISO standardization activity on BIM prop-
erties of daylight louver systems. In this regard,
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the newly established Global Lighting Data
Format (GLDF)’” data container for luminaires
could be considered a blueprint for daylighting
systems.

4.3.3 Data formats

Tabular formats, which are developed from
the perspective of simulation tools, are typically
assuming a regular grid of incident and exiting
directions. On the other hand, formats developed
by instrument developers (at least for scanning
instruments) use an adaptive resolution matching
the measured signal. When drafting a standard,
care must now be taken to ensure that this
circumstance is taken into account and that the
two worlds of measurement and simulation are
coordinated.

4.4 Further issues

Analytical models are broadly acknowledged
to be more practical for characterizing products
with hundreds or thousands of permutations (e.g.
fabrics) since angle-dependent measurements
can be costly and require significantly more
complex instrumentation. The EN 17037 and EN
14501 standards for example have adopted the
use of the adapted Roos model by Wienold
et al.®® for deriving look-up tables and prescrip-
tive guidance for selecting fabric, textile shades.
A field validation study was conducted with 11
fabric shades, demonstrating acceptable error for
simulations of vertical illuminance (rtrace, ten-
sor tree resolution), but not for luminance-based
studies, when using the adapted Roos or
Modified-Kotey analytical models.*® While ana-
lytical models can be sufficient for some sys-
tems, the development and standardization of a
general approach to derive analytical models
from measurements presents a number of
unresolved issues. Existing frameworks may be
considered to link discrete and functional
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representations — the Alta BRDF library®® being
one example. These open questions warrant fur-
ther investigation and suggest that the derivation
of analytical models may not be covered in the
first step in ISO standardization.

As described above, accurately modelling
peak values such as the direct solar component is
of major relevance. When the use of proxy geo-
metry is not possible, analytical models may pro-
vide a smooth and less noisy alternative to data-
driven approaches but not necessarily greater
accuracy. They can preserve the magnitude of
peak intensity, whereas tabular BSDFs
reduce peak intensity through interpolation (e.g.
SIR interpolant® for goniophotometer-derived
BSDFs) and discretization into tabular formats.
Peak extraction,®® which is possible in Radiance
with aBSDF, concentrates directly transmitted
sunlight of a discretized BSDF region into the
true solid angle of the sun. This is however pro-
blematic for materials with partial forward scat-
tering, which is particularly the case if the BSDF
has a coarse resolution (e.g. Klems) and com-
bines much of the forward-scattered light
together with the direct peak into one patch. The
peak is then assigned the entire luminous flux
and is thus overestimated. Further discussion on
methods is needed prior to standardization efforts
addressing the refined modelling of direct
transmission.

For the application of BSDF data in daylight
simulations, CFS must usually be combined with
transparent glazing layers into a single, merged
model. Additional complexity comes into play as
soon as more than one layer with scattering
behaviour is to be modelled. Methods were
established (i.e. in WINDOW) for combining
Klems layers for glazing and shading layers with
dissimilar periods. Grobe'® developed a tool
that combines tensor tree layers into a single
high-resolution BSDF dataset. ISO standardiza-
tion will initially aim at characterizing the basic



BSDF of the shading layer. The fusion with
other layers or transparent glazing will follow
later.

5. Conclusions

As an interface between interior and exterior
spaces, facades have a special significance in
buildings. For the area of daylight alone, they
serve several purposes: daylight provision and
distribution, solar control, glare protection
and view to the outside. This is reflected in the
corresponding building codes, standards and cer-
tificates. To account for this during design, day-
lighting systems must be adequately represented
in building simulations. In this paper, we estab-
lished that data-driven, tabulated BSDF models
provide a general means to achieve accuracy and
efficiency in simulations.

In Section 2, we highlighted that numerous
standards and guidelines already reference or
could be supported by BSDFs. A few BSDF
databases are publicly available, some of which
may be certified by organizations within a coun-
try for a particular purpose (e.g. solar gains).
Due to the lack of required documentation, the
methods used to generate the data are not trans-
parent so associated accuracy is unknown. This
underscores that a uniform approach to the pro-
duction of BSDF data should be elaborated and
normatively anchored. In Section 3, we refer to
established methods for deriving data-driven,
tabulated BSDF datasets that have been devel-
oped through international collaboration among
experts in the field. We delineate empirical stud-
ies that validate the methods used to generate
tabulated BSDF data and the simulation tools
that use the BSDF data to produce daylight per-
formance data. Continued validation is needed as
new methods and tools become available.
Section 4 summarizes open issues in the area of
BSDF data generation and application, which
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still call for future research. Generating tabular
data may be cost-prohibitive for some classes of
shading systems. Resolving this challenge will
involve further development of instrumentation
or accepting compromises in accuracy.

Given the weight of evidence, standardization
efforts can and should proceed to the ISO level.
Standardization efforts shall initially focus on
generally applicable methods for data-driven,
tabulated BSDF characterization of CFS for
evaluating the performance criteria based on
integral radiation quantities (illuminance, solar
irradiance) and thus on definitions and specifica-
tions for generating low-resolution BSDF data.
There is no question that methods (e.g. analyti-
cal®®) must subsequently be derived in order to
characterize some systems with a large number
of variations. The content from the IEA SHC
Task 61/EBC Annex 77 reports C2.1'* and
C2.2" is the main starting point for the standar-
dization work. The topic was presented to the
ISO/TC 274 ‘Light and Lighting’ where positive
feedback was given to start a new standardiza-
tion activity. The project was launched in mid-
2024. Parts of the work on the ISO standard
will be carried out under the new IEA SHC Task
70/EBC Annex 90 ‘Low Carbon, High Comfort
Integrated Lighting’,'®" but we would also like
to invite all those who can contribute to the topic
to participate in the standardization work.

We also want to make clear that the goal is not
to mandate that every daylighting system must
be measured and BSDF data generated. Rather,
the goal is to provide certainty and support for
manufacturers and designers who need these data
in order to perform high-quality simulations and
evaluations for their projects.

Acknowledgements

The authors would like to thank the many brilliant
minds worldwide who have contributed to the task of

Lighting Res. Technol. 2024; XX: 1-25



20 D Geisler-Moroder et al.

optical characterization of complex fenestration
systems over the past several decades.

Declaration of conflicting interests

The authors declared the following potential conflicts
of interest with respect to the research, authorship,
and/or publication of this article: P Apian-Bennewitz
has been working on BSDF measurements in research
and industry since 1989, and specialises in scanning
goniophotometers, including designing and marketing
a model (pab PG2) since 2007. R Weitlaner at
HELLA, a manufacturer of solar-shading products, is
focusing on daylight and daylighting controls research
and is providing BSDF data for daylighting simulation
tools. The other authors declare no potential conflicts
of interest with respect to the research, authorship and/
or publication of this paper.

Funding

The authors disclosed receipt of the following financial
support for the research, authorship, and/or publication
of this article: This work was funded by the Austrian
Federal Ministry for Climate Action, Environment,
Energy, Mobility, Innovation and Technology (BMK)
through the ‘IEA Research Cooperation’ programme,
managed by the FFG, through Contract No. 900356
and through the ‘TECXPORT Bilateral Cooperation
Austria — PRC/MOST 2022’ programme through
contract FO999903877 ‘CFS4LowCarb’; the Assistant
Secretary for Energy Efficiency and Renewable
Energy, Building Technologies Office of the U.S.
Department of Energy under Contract No. DE-ACO02-
05CH11231; the Daylight Fellowship at ETH Zurich
supported by the Velux Stiftung; the German Federal
Ministry for Economic Affairs and Climate Action
under Grant 03EN1070A, based on a decision by the
German Bundestag; and the National Key R&D
Program of China under Grant No. 2023YFE0106700
and National Science Foundation of China under
Grant Nos. 51978429 and 52378096.

ORCID iDs

D Geisler-Moroder
3641-6182

https://orcid.org/0009-0002-

Lighting Res. Technol. 2024; XX: 1-25

B Deroisy () https://orcid.org/0000-0002-3704-8222
C Maurer () https://orcid.org/0000-0002-3811-5466
S Subramaniam () https://orcid.org/0000-0002-0641-
6715

Z Tian (1% https://orcid.org/0000-0001-7616-873X

References

1 Comité Européen de Normalisation. Blinds and
Shutters — Thermal and Visual Comfort — Test
and Calculation Methods. EN 14500:2021.
Bruxelles: CEN, 2021.

2 Comité Européen de Normalisation. Blinds
and Shutters — Thermal and Visual Comfort —
Performance Characteristics and Classification.
EN 14501:2021. Bruxelles: CEN, 2021.

3 ISO 52022-1:2017. Energy Performance of Build-
ings — Thermal, Solar and Daylight Properties of
Building Components and Elements — Part 1:
Simplified Calculation Method of the Solar and
Daylight Characteristics for Solar Protection
Devices Combined with Glazing.

4 ISO 52022-3:2017. Energy Performance of Build-
ings — Thermal, Solar and Daylight Properties of
Building Components and Elements — Part 3:
Detailed Calculation Method of the Solar and
Daylight Characteristics for Solar Protection
Devices Combined with Glazing.

5 Nicodemus FE, Richmond JC, Hsia JJ, Ginsberg
IW, Limperis T. Geometrical Considerations and
Nomenclature for Reflectance. NBS Monograph
160, U.S. Department of Commerce, 1977.

6 Stover JC. Optical Scattering: Measurement and
Analysis, 3rd edition. Bellingham, WA: Society of
Photo-Optical Instrumentation Engineers, 2012.

7 Klems JH. New method for predicting the solar
heat gain of complex fenestration systems — 1.
Overview and derivation of the matrix layer
calculation. ASHRAE Transactions 1994; 100:
1065-1072.

8 Klems JH. New method for predicting the solar
heat gain of complex fenestration systems - 2.
Detailed description of the matrix layer
calculation. ASHRAE Transactions 1994; 100:
1073-1086.


https://orcid.org/0009-0002-3641-6182
https://orcid.org/0009-0002-3641-6182
https://orcid.org/0000-0002-3704-8222
https://orcid.org/0000-0002-3811-5466
https://orcid.org/0000-0002-0641-6715
https://orcid.org/0000-0002-0641-6715
https://orcid.org/0000-0001-7616-873X

9

10

11

12

13

14

15

16

17

18

Aydinli S, Kaase H, editors. Measurement
of Luminous Characteristics of Daylighting
Materials. A Report of IEA SHC Task 21/ECBCS
Annex 29. Paris: International Energy Agency,
1999.

Kampf JH, Scartezzini J-L.Ray-tracing simulation
of complex fenestration systems based on digitally
processed BTDF data. Proceedings of CISBAT
2011, Lausanne, Switzerland, 14—16 September
2011.

Ward G, Kurt M, Bonneel N. Reducing anisotro-
pic BSDF measurement to common practice. Pro-
ceedings of the Workshop of Material Appearance
Modeling, Lyon, France, 25 June 2014.

Lee ES, Geisler-Moroder D, Ward G. Modeling
the direct sun contribution in buildings using
matrix algebraic approaches: methods and
validation. Solar Energy 2018; 160: 380-395.
International Energy Agency, Solar Heating &
Cooling Programme. [/EA SHC Task 61/EBC
Annex 77 — Integrated Solutions for Daylighting
and Electric Lighting. Retrieved 22 October 2023
from https://task61.iea-shc.org/

Geisler-Moroder D, Lee ES, Ward G, Bueno B,
Grobe LO, Wang T, et al. BSDF Generation
Procedures  for Daylighting Systems. White
Paper, T61.C.2.1 — A Technical Report of
Subtask C, IEA SHC Task 61/EBC Annex 77.
Paris: International Energy Agency, 2021.
Guarnera D, Guarnera GC, Ghosh A, Denk C,
Glencross M. BRDF representation and acquisi-
tion. Computer Graphics Forum 2016; 35:
625-650.

Frisvad JR, Jensen SA, Madsen JS, Correia A,
Yang L, Gregersen, et al. Survey of models for
acquiring the optical properties of translucent
materials. Computer Graphics Forum 2020; 39:
729-755.

Andersen M, de Boer J. Goniophotometry and
assessment of bidirectional photometric properties
of complex fenestration systems, FEnergy and
Buildings 2006; 38: 836-848.

Apian-Bennewitz P. New scanning gonio-
photometer for extended BRTF measurements.

19

20

21

22

23

24

25

26

27

28

BSDFs for daylight applications 21

SPIE Optics + Photonics, San Diego, CA,
USA, 2010, paper 7792-24.

Geisler-Moroder D, editor. Analysis and Evalua-
tion of BSDF Characterization of Daylighting.
T61.C.2.2 — A Technical Report of Subtask C,
IEA SHC Task 61/EBC Annex 77. Paris:
International Energy Agency, 2021.

Haghani M, Jonsson JC, Salamati M, Place W.
Comparative assessment of optical characteriza-
tion of prismatic materials (PMs), using genBSDF
tool for virtual simulations and a goniophotometer
for physical measurements. Building and Environ-
ment 2023; 238: 110323.

Molina G, Bustamante W, Rao J, Fazio P, Vera S.
Evaluation of Radiance’s genBSDF capability to
assess solar bidirectional properties of complex
fenestration systems. Journal of Building Perfor-
mance Simulation 2015; 8: 216-225.

ISO 10916:2014. Calculation of the Impact of
Daylight Utilization on the Net and Final Energy
Demand for Lighting.

Ward G, Mistrick R, Lee ES, McNeil A, Jonsson
J. Simulating the daylight performance of com-
plex fenestration systems using bidirectional scat-
tering distribution functions within Radiance.
LEUKOS 2011; 7: 241-261.

Ward GJ, Bueno B, Geisler-Moroder D, Grobe
LO, Jonsson JC, Lee ES, et al. Daylight
simulation workflows incorporating measured
bidirectional scattering distribution functions.
Energy and Buildings 2022; 259: 111890.

Comité Européen de Normalisation. Daylight in
Buildings. EN 17037:2022. Bruxelles: CEN, 2022.
American National Standards Institute. Approved
Method: IES Spatial Daylight Autonomy (sDA)
And Annual Sunlight Exposure (ASE). ANSI/IES
LM-83-23.

American National Standards Institute. Energy
Standard for Sites and Buildings Except Low-Rise
Residential Buildings. ANSI/ASHRAE/IES Stan-
dard 90.1-2022.

American National Standards Institute. Energy-
Efficient Design of Low-Rise Residential Build-
ings. ANSI/ASHRAE/IES Standard 90.2-2018.

Lighting Res. Technol. 2024; XX: 1-25


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

22

29

30

31

32

33

34

35

36

37

38

39

D Geisler-Moroder et al.

American National Standards Institute. Standard for
the Design of High-Performance Green Buildings
Except Low-Rise Residential Buildings. ANSI/
ASHRAE/ICC/USGBC/IES Standard 189.1-2020.
U.S. Green Building Council, Inc. Leadership in
Energy and Environmental Design, Building
Design and Construction. LEED v4.1, 2023.
International Organization for Standardization.
Thermal performance of windows, doors and
shading devices - Detailed calculations. ISO
15099:2003.

Bueno B, Cejudo-Lopez JM, Kuhn TE. A general
method to evaluate the thermal impact of complex
fenestration systems in building zones, Energy
and Buildings 2017; 155: 43-53.

International Organization for Standardization.
Glass in building - Determination of light trans-
mittance, solar direct transmittance, total solar
energy transmittance, ultraviolet transmittance
and related glazing factors. ISO 9050:2003.
Comité¢ FEuropéen de Normalisation. Glass in
Building — Determination of Luminous and Solar
Characteristics of Glazing. EN 410:2011. Brux-
elles: CEN, 2011.

ASTM International. Standard Practice for
Goniometric  Optical Scatter Measurements.
ASTM E2387-19. West Conshohocken, PA:
ASTM International, 2019.

Attachments Energy Rating Council. Procedures
for Determining the Optical and Thermal Proper-
ties of Window Attachment Materials, Revision 5.
AERC 1.1. 2019. Retrieved 24 October 2023 from
https://aercenergyrating.org/wp-content/uploads/
2023/02/AERC-1.1-Revision-5.pdf

ISO/TS 7127:2023. Light and Lighting — Building
Information Modelling Properties for Lighting —
Lighting Systems.

Semiconductor Equipment and Materials Interna-
tional. Guide for Angle Resolved Optical Scatter
Measurements on Specular or Diffuse Surfaces.
SEMI ME1392. Milpitas, CA: SEMI, 2016.
NVIDIA. NVIDIA Material Definition Language
1.9.2. Retrieved 21 October 2024 from https://ray
tracing-docs.nvidia.com/mdl/specification/MDL
spec_1.9.2 16Sep2024.pdf.

Lighting Res. Technol. 2024; XX: 1-25

40

41

42

43

44

45

46

47

48

49

50

Commission Internationale de ’Eclairage. Recom-
mendation on the Geometrical Parameters for the
Measurement of the BRDF. CIE TC2-85. Vienna:
CIE. Retrieved 22 October 2023 from https://cie.
co.at/technicalcommittees/recommendation-geome
trical-parameters-measurement-bidirectional-refl
ectance

Grobe LO, Wittkopf S, Kazanasmaz ZT. High-
resolution data-driven models of Daylight
Redirection Components. Journal of Facade
Design and Engineering 2017; 5: 87-100.
Apian-Bennewitz P. Designing an apparatus for
measuring bidirectional reflection/transmission.
Proceedings of 13th International Symposium on
Optical Materials and Technology for Energy Effi-
ciency and Solar Energy Conversion, SPIE, Frei-
burg, Germany, 18-22 April 1994: 697-706.
Grobe LO. High Resolution Complex Glazing
Library. Retrieved 22 October 2023 from https://
www.hslu.ch/en/lucerne-university-of-applied-
sciences-and-arts/research/projects/detail/?pid=
3576

Lawrence Berkeley National Laboratory. Interna-
tional Glazing Database (IGDB). Retrieved 22
October 2023 from https://windows.lbl.gov/soft
ware-tools#igdb-heading

Lawrence Berkeley National Laboratory. Complex
Glazing Database (CGDB). Retrieved 22 October
2023 from https://windows.lbl.gov/software-too
Is#cgdb-heading

Attachments Energy Rating Council (AERC).
Website. Retrieved 18 October 2023 from https://
aercenergyrating.org/

Attachments Energy Rating Council (AERC).
AERC Complex Glazing Database. Retrieved 24
October 2023 from https://aercenergyrating.org/
certification-program/complex-glazing-database/
Lawrence Berkeley National Laboratory. WIN-
DOW software. Retrieved 24 October 2023 from
https://windows.lbl.gov/window-documentation
DIAL GmbH. DIALux Evo software. Retrieved
21 October 2024 from https://www.dialux.com/
de-DE/download.

Maurer C, Wacker S, Bueno B, Jonsson JC, Lamy
H, Bush D, et al. Optical and calorimetric product


https://aercenergyrating.org/wp-content/uploads/2023/02/AERC-1.1-Revision-5.pdf
https://aercenergyrating.org/wp-content/uploads/2023/02/AERC-1.1-Revision-5.pdf
https://raytracing-docs.nvidia.com/mdl/specification/MDL_spec_1.9.2_16Sep2024.pdf
https://raytracing-docs.nvidia.com/mdl/specification/MDL_spec_1.9.2_16Sep2024.pdf
https://raytracing-docs.nvidia.com/mdl/specification/MDL_spec_1.9.2_16Sep2024.pdf
https://cie.co.at/technicalcommittees/recommendation-geometrical-parameters-measurement-bidirectional-reflectance
https://cie.co.at/technicalcommittees/recommendation-geometrical-parameters-measurement-bidirectional-reflectance
https://cie.co.at/technicalcommittees/recommendation-geometrical-parameters-measurement-bidirectional-reflectance
https://cie.co.at/technicalcommittees/recommendation-geometrical-parameters-measurement-bidirectional-reflectance
https://www.hslu.ch/en/lucerne-university-of-applied-sciences-and-arts/research/projects/detail/?pid=3576
https://www.hslu.ch/en/lucerne-university-of-applied-sciences-and-arts/research/projects/detail/?pid=3576
https://www.hslu.ch/en/lucerne-university-of-applied-sciences-and-arts/research/projects/detail/?pid=3576
https://www.hslu.ch/en/lucerne-university-of-applied-sciences-and-arts/research/projects/detail/?pid=3576
https://windows.lbl.gov/software-tools#igdb-heading
https://windows.lbl.gov/software-tools#igdb-heading
https://windows.lbl.gov/software-tools#cgdb-heading
https://windows.lbl.gov/software-tools#cgdb-heading
https://aercenergyrating.org/
https://aercenergyrating.org/
https://aercenergyrating.org/certification-program/complex-glazing-database/
https://aercenergyrating.org/certification-program/complex-glazing-database/
https://windows.lbl.gov/window-documentation
https://www.dialux.com/de-DE/download
https://www.dialux.com/de-DE/download

51

52

53

54

55

56

57

58

59

60

61

data in Building Information Modelling. Proceed-
ings of Building Simulation 2021, International
Building Performance Simulation Association,
Bruges, Belgium, 1-3 September 2021.

Wacker S, Maurer C. Website of the product data
network buildingenvelopedata.org. Retrieved 26
September 2023 from https://www.buildingenve
lopedata.org/

Wacker S, Maurer C. API specification of the
product data network buildingenvelopedata.org.
Retrieved 26 September 2023 from https://github.
com/building-envelope-data/api

Wacker S, Maurer C. Reference implementation
of a product data server as part of the network
buildingenvelopedata.org. Retrieved 26 Septem-
ber 2023 from https://github.com/building-envel
ope-data/database

Wacker S, Maurer C. Website of the product data
server of TestLab Solar Facades of Fraunhofer
ISE. Retrieved 26 September 2023 from https:/
www.solarbuildingenvelopes.com/

Werner M, Geisler-Moroder D, Junghans B, Ebert
O, Feist W. DALEC — a novel web tool for inte-
grated day- and artificial light and energy calcula-
tion. Journal of Building Performance Simulation
2017; 10: 344-363.

Reinhart C, Breton PF. Experimental validation of
Autodesk® 3ds Max® Design 2009 and DAY SIM
3.0. LEUKOS 2009; 6: 7-35.

Brembilla E, Drosou NC, Mardaljevic J. Assessing
daylight performance in use: a comparison between
long-term daylight measurements and simulations.
Energy and Buildings 2022; 262: 111989.

Ward G. pabopto2bsdf.c, v 2.42. Retrieved 18
October 2023 from https:/www.radiance-online.
org/cgi-bin/viewcvs.cgi/ray/src/cv/pabopto2bsdf.c
Ward G. bsdf2klems.c, v 2.35. Retrieved 18
October 2023 from https://www.radiance-online.
org/cgi-bin/viewcvs.cgi/ray/src/cv/bsdf2klems.c
Ward G. bsdf2ttree.c, v 2.60. Retrieved 18
October 2023 from https:/www.radiance-online.
org/cgi-bin/viewcvs.cgi/ray/src/cv/bsdf2ttree.c
McNeil A. BSDF Viewer. Retrieved 16 November
2023 from https://www.radiance-online.org/down
load-install/third-party-utilities/bsdf-viewer

62

63

64

65

66

67

68

69

70

71

72

BSDFs for daylight applications 23

Ladybug Tools LLC. BSDF Viewer. Retrieved 16
November 2023 from https://www.ladybug.tools/
bsdf-viewer/

Ward G. bsdfview.pl, v 2.8. Retrieved 16 November
2023 from https://www.radiance-online.org/cgi-bin/
viewcvs.cgi/ray/src/util/bsdfview.pl

Ward G. testBSDF.c, v 1.17. Retrieved 19 April
2024 from https://www.radiance-online.org/cgi-
bin/viewcvs.cgi/ray/src/common/testBSDF.c
Wang T. pyradiance — Python wrapper for the vali-
dated RADIANCE ray-tracing engine. Retrieved
22 October 2023 from https://github.com/LBNL-
ETA/pyradiance

Andersen M, Rubin MD, Scartezzini J-L.
Comparison between ray-tracing simulations and
bi-directional transmission measurements on pris-
matic glazing. Solar Energy 2003; 74: 157-173.
Lambda Research Corporation. TracePro — Sofi-
ware for design and analysis of illumination and
optical systems. Retrieved 22 October 2023 from
https://lambdares.com/tracepro

Andersen M, Rubin M, Powles R, Scartezzini
J-L. Bi-directional transmission properties of
Venetian blinds: experimental assessment com-
pared to raytracing calculations. Solar Energy
2005; 78: 187-198.

Grobe LO, Wittkopf S, Apian-Bennewitz P, Jons-
son JC, Rubin MD.Experimental validation of
bidirectional reflection and transmission distribu-
tion measurements of specular and scattering
materials. Proceedings of SPIE Photonics Europe
2010, Brussels, Belgium, 2010: 772510.

McNeil A, Lee ES. A validation of the Radiance
three-phase simulation method for modelling
annual daylight performance of optically complex
fenestration systems. Journal of Building Perfor-
mance Simulation 2013; 6: 24-37.

McNeil A, Jonsson CJ, Appelfeld D, Ward G,
Lee ES. A validation of a ray-tracing tool used to
generate bi-directional scattering distribution
functions for complex fenestration systems. Solar
Energy 2013; 98: 404—414.

Geisler-Moroder D. Validation of Variable Reso-
lution BSDFs in Radiance. TL + FFF — Project
Report, Bartenbach GmbH, 2014. Retrieved 22

Lighting Res. Technol. 2024; XX: 1-25


https://www.buildingenvelopedata.org/
https://www.buildingenvelopedata.org/
https://github.com/building-envelope-data/api
https://github.com/building-envelope-data/api
https://github.com/building-envelope-data/database
https://github.com/building-envelope-data/database
https://www.solarbuildingenvelopes.com/
https://www.solarbuildingenvelopes.com/
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/cv/pabopto2bsdf.c
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/cv/pabopto2bsdf.c
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/cv/bsdf2klems.c
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/cv/bsdf2klems.c
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/cv/bsdf2ttree.c
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/cv/bsdf2ttree.c
https://www.radiance-online.org/download-install/third-party-utilities/bsdf-viewer
https://www.radiance-online.org/download-install/third-party-utilities/bsdf-viewer
https://www.ladybug.tools/bsdf-viewer/
https://www.ladybug.tools/bsdf-viewer/
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/util/bsdfview.pl
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/util/bsdfview.pl
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/common/testBSDF.c
https://www.radiance-online.org/cgi-bin/viewcvs.cgi/ray/src/common/testBSDF.c
https://github.com/LBNL-ETA/pyradiance
https://github.com/LBNL-ETA/pyradiance
https://lambdares.com/tracepro

24

73

74

75

76

71

78

79

80

81

D Geisler-Moroder et al.

October 2023 from https:/facades.lbl.gov/sites/
default/files/varresbsdf-validation.pdf

Grobe LO, Noback A, Wittkopf S, Kazanasmaz
ZT.Comparison of measured and computed BSDF
of a daylight redirecting component. Proceedings
of CISBAT 2015, Lausanne, Switzerland, 9-11
September 2015.

Krehel M, Kampf J, Wittkopf S.Characterisation
and modelling of advanced daylight redirection
systems with different goniophotometers. Pro-
ceedings of CISBAT 2015, Lausanne, Switzerland,
9-11 September 2015.

Noback A, Grobe LO, Wittkopf S. Accordance of
light scattering from design and de-facto variants
of a daylight redirecting component. Buildings
2016; 6: 30.

Geisler-Moroder D, Lee ES, Ward GJ.Validation
of the five-phase method for simulating complex
fenestration systems with Radiance against field
measurements. Proceedings of Building Simula-
tion 2017, International Building Performance
Simulation Association, San Francisco, CA, USA,
7-9 August 2017.

McNeil A, Lee ES, Jonsson JC. Daylight
performance of a microstructured prismatic
window film in deep open plan offices. Building
and Environment 2017; 113: 280-297.

Bueno B, Cejudo-Lopez JM, Katsifaraki A, Wilson
HR. A systematic workflow for retrofitting office
facades with large window-to-wall ratios based on
automatic control and building simulations. Build-
ing and Environment 2018; 132: 104-113.

Grobe LO. Photon-mapping in climate-based
daylight modelling with high-resolution BSDFs.
Energy and Buildings 2019; 205: 109524.

Grobe LO, Noback A.Daylight scattering by late
antique window glass from Ephesus: reconstruct-
ing the distribution of daylight in lost architecture.
Proceedings CHNT 24, Vienna, Austria, 46
November 2019.

Wilson HR, Bueno B, Baesch B, Illg H. Gebaude-
hiille: Textil-KFFS — Bewertung textiler Son-
nenschutzkomponenten. In: Miller D, editor.
EnergieWendeBauen — Forschungserkenntnisse

Lighting Res. Technol. 2024; XX: 1-25

82

83

84

85

86

87

88

89

90

von der Komponente bis zum Quartier. Stuttgart:
Fraunhofer IRB Verlag, 2020: 90-98.

Lin P, Tian Z, Jonsson JC. Analysis of the perfor-
mance of prism daylight redirecting systems with
bi-directional scattering distribution functions.
Building Simulation 2020; 13: 305-316.
Geisler-Moroder D, Ward GJ, Wang T, Lee
ES.Peak extraction in daylight simulations using
BSDF data. Proceedings of Building Simulation
2021, International Building Performance Simu-
lation Association, Bruges, Belgium, 1-3 Septem-
ber 2021.

Ward GJ, Wang T, Geisler-Moroder D, Lee ES,
Grobe LO, Wienold J, et al. Modeling specular
transmission of complex fenestration systems with
data-driven BSDFs. Building and Environment
2021; 196: 107774.

Wang T, Lee ES, Ward GJ, Yu T. Field validation
of data-driven BSDF and peak extraction models
for light-scattering fabric shades. Energy and
Buildings 2022; 262: 112002.

Wang T, Lee ES, Ward GJ, Yu T. Field validation
of isotropic analytical models for simulating fab-
ric shades. Building and Environment 2023; 236:
110223.

Jain S, Wienold J, Lagier M, Schueler A, Ander-
sen M. Perceived glare from the sun behind tinted
glazing: comparing blue vs. color-neutral tints,
Building and Environment 2023; 234: 110146.
Geisler-Moroder D, Knoflach C, Pohl W. What is
the (relevant) size of the sun? Glare in the periph-
eral field of view. 20th International Radiance
Workshop 2022, Toronto, ON, Canada, 3-5
August 2022.

Deroisy B, Maskarenj M, Altomonte S.Modelling
solar shadings with metallic slats for optimal
daylighting. What parameters should we focus
on? Proceedings of Building Simulation 2021,
International Building Performance Simulation
Association, Bruges, Belgium, 1-3 September
2021.

Zhao Y, Tian Z. Modified climate-based daylight
modeling methods for buildings. Building and
Environment 2023; 242: 110598.


https://facades.lbl.gov/sites/default/files/varresbsdf-validation.pdf
https://facades.lbl.gov/sites/default/files/varresbsdf-validation.pdf

91

92

93

94

95

Obein G. BxDiff: New quantities for the measure-
ment of appearance. Retrieved 20 October 2023
from https://bxdiff.cmi.cz/

VDI Verein Deutscher Ingenieure e.V. Measure-
ment and Calculation Method for Determining the
Angle-Dependent Solar Radiation Transmission
of Building Enclosures with Extended Patterns.
VDI-EE 2068. Diisseldorf: VDI-Gesellschaft
Bauen und Gebéudetechnik (GBG), 2024.
MEZeroE H2020 Project. MEZeroE — Measuring
Envelope systems for Zero Energy buildings.
Retrieved 23 November 2023 from https:/www.
mezeroe.eu/

Lawrence Berkeley National Laboratory. LBNL
Window technical documentation, Section 16.2.4.
Retrieved 24 October 2023 from https://windows.
Ibl.gov/sites/default/files/software/ WINDOW/
WINDOW%20Technical%20Documentation.pdf
Lanevski D, Ferrero A, Perales E, Manoocheri F,
Ikonen E. Machine-readable universal data format
for bidirectional reflectance distribution function
and BiRDview: an open-source web-based appli-
cation for viewing and comparing bidirectional

96

97

98

99

BSDFs for daylight applications 25

reflectance data. Color Research and Applications
2022; 47: 1177-1192.

The GraphQL Foundation. GraphQL: A query
language for your API. Retrieved 26 September
2023 from https://graphgl.org/

DIAL GmbH; RELUX Informatik AG. GLDF —
Global Lighting Data Format. Retrieved 12
November 2023 from https:/gldf.io/

Wienold J, Kuhn TE, Christoffersen J, Andersen
M.Annual glare evaluation for fabrics. Proceed-
ings of PLEA 2017, Edinburgh, 3-5 July 2017.
Inria. ALTA — A library for the analysis of
bidirectional reflectance distribution functions
(BRDFs). Retrieved 19 October 2023 from
https://gitlab.inria.fr/alta

100 Grobe LO. Computational combination of the

optical properties of fenestration layers at high
directional resolution. Buildings 2017, 7: 22.

101 International Energy Agency, Solar Heating &

Cooling Programme. Low Carbon, High Com-
fort Integrated Lighting. IEA SHC Task 70/EBC
Annex 90. Retrieved 24 October 2023 from
https://task70.iea-shc.org/

Lighting Res. Technol. 2024; XX: 1-25


https://bxdiff.cmi.cz/
https://www.mezeroe.eu/
https://www.mezeroe.eu/
https://windows.lbl.gov/sites/default/files/software/WINDOW/WINDOW%20Technical%20Documentation.pdf
https://windows.lbl.gov/sites/default/files/software/WINDOW/WINDOW%20Technical%20Documentation.pdf
https://windows.lbl.gov/sites/default/files/software/WINDOW/WINDOW%20Technical%20Documentation.pdf
https://graphql.org/
https://gldf.io/
https://gitlab.inria.fr/alta
https://task70.iea-shc.org/

