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ARTICLE INFO ABSTRACT

Keywords: A Bidirectional Scattering Distribution Function (BSDF) describes how light from each incident direction is
Bidirectional scattering distribution function scattered (reflected and transmitted) by a simple or composite surface, such as a window shade. Compact, tabular
Daylighting . BSDFs may be derived via interpolation, discretization and/or compression from goniophotometer measure-
S\Zﬁgﬁ:’,{s fenestration systems ments. These data-driven BSDFs can represent any measurable distribution to the limits of their tabulated reso-

lution, making them more general than parametric or analytical BSDFs, which are restricted to a particular class
of materials. However, tabulated BSDFs present a trade-off between higher sampling loads versus lower direc-
tional accuracy during simulation. Low-resolution BSDFs (e.g., Klems basis) may be adequate for calculating
solar heat gains but fall short when applied to daylight glare predictions. The tensor-tree representation mod-
erates this trade-off using a variable-resolution basis, providing detail where needed at an acceptable cost.
Independently, a peak extraction algorithm isolates direct transmission from any tabular BSDF, enabling high-
resolution beam radiation and glare analysis through transmitting systems with a “vision” component. Our
data-driven BSDF methods were validated with a pilot study of a fabric shade installed in an outdoor, full-scale
office testbed. Comparisons between measurement and simulation were made for vertical illuminance, specular
and near-specular transmission, and daylight glare probability. Models based on high resolution BSDF mea-
surements yielded superior results when accounting for anisotropy compared to isotropic models. Models with
higher resolution produced more accurate source luminance data than low-resolution models. Further validation
work is needed to better characterize generality of observed trends from this pilot study.

Building energy efficiency
Discomfort glare

1. Introduction Angular selective films with inclined columnar nanostructures enable

seasonal admission of sunlight for passive solar heating during the

There are a wide variety of window shading and daylighting mate-
rials and systems — venetian blinds, fabric roller shades, films, awnings,
expanded metal mesh, fritted and patterned glass — that affect the in-
tensity and distribution of incoming solar radiation and daylight in
buildings. Advanced materials R&D have investigated complex struc-
tures at micro- and nanoscales to improve energy efficiency [1].
Microprismatic films and macroscopic louvers provide daylight redi-
rection to the core of sidelit perimeter zones. Z-pleated fabrics reflect
direct solar radiation to the outdoors but admit diffuse daylight [2].

winter and solar occlusion during the summer [3]. Dynamic meta-
materials with deformable prisms track and redirect sunlight over the
course of the day [4]. Coatings, films, and laminates such as switchable
transparent liquid crystal devices produce anisotropic properties that
deviate from Fresnel angle-dependent models [5].

These optically complex fenestration systems (CFS) affect window
heat gains, daylight, thermal and visual comfort, and view. They can be
used as a retrofit measure or for new construction in both residential and
commercial buildings and can thus help to reduce the 4.33 x 10' J (4.2
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x 101 Btus) or 3668 kWh per capita of primary energy use attributable
to windows in the United States [6]. If operable and automated, fenes-
tration systems are integrated with HVAC and lighting controls to enable
demand responsive, grid-interactive buildings, increased use of renew-
able energy and reduction of carbon emissions may occur [7].

New calculation methods have been developed that enable speedy
annual energy performance evaluations of CFS materials and systems.
The methods use a multi-phase matrix approach where each phase of
flux transfer from one discretized element to the next is pre-computed
using ray tracing. Then, the total flux transfer is determined on a
timestep basis using matrix multiplication [8-11]. For some methods,
flux transfer through the fenestration layer is represented with a bidi-
rectional scattering distribution function (BSDF) matrix, facilitating
modeling of operable or dynamic shading and daylighting systems
through substitution of the BSDF matrix without having to recompute
the other matrices [12-18].

BSDF models developed for determining solar heat gains (e.g.
Ref. [19]) utilize the Klems hemispherical basis which has low spatial
resolution (i.e., exiting flux averaged over a 10-15° apex angle, 145
patches in the outgoing hemisphere). Consequently, flux from narrow
sources is spread over a larger area and its intensity is reduced accord-
ingly. This does not impact the calculation of integral solar heat gains,
but can introduce a significant bias in predictions of visual comfort. The
latter is impacted by highly directional scattering of light from narrow
light sources; e.g., the deflection of sunlight or its specular or
near-specular transmission without change of direction in and around
the line of sight from the source. High-resolution models more accurately
represent the intensity and peaky distribution of specular and redirected
solar transmission. In this research, the resolutions are parameterized by
hemispherical subdivision into 2%-2k patches of equal solid angle [20]; e.
g., k = 7 corresponds to 227 = 16, 384 patches of solid angle 0.004 sr, or
an average apex angle of 1.3°.

There are significant measurement and computational costs associ-
ated with generating such high-resolution models, deterring develop-
ment of industry standards and production of a certified BSDF database.
Analytical models that can be parametrized by a few, easily measurable
properties have been produced for a subset of materials to meet urgent
industry demands (see Section 2). Their development and validation are
elaborate, and applicability is limited to the particular class of BSDFs
and assumptions that they have been developed for. Data-driven
modelling allows one to replicate arbitrary BSDFs and lends itself to
bypass the elaborate development of analytical models [21], e.g., in the
case of complex fenestration systems featuring highly irregular scat-
tering properties, or as an intermediary representation that can guide
the development and validation of analytical models addressing entire
classes of BSDFs, e.g., of fabrics.

In this study, we present a general method for generating data driven

Table 1
Resolution of various tabulated BSDF angle bases.

Building and Environment 196 (2021) 107774

BSDFs and results from validation of the method. We describe current
methods used to measure and interpolate BSDF data. In light of instru-
ment and computational constraints, a new peak extraction algorithm
was developed to be used during time-step simulations to model spec-
ular and near specular transmission. The described methods were vali-
dated in an evaluation of a single roller shade fabric using laboratory
and full-scale outdoor field measurements. This pilot evaluation pro-
vides insights into sources of error across the entire workflow and is
illustrative of model performance. We discuss results and next steps to
further develop methods for generating and using high-resolution BSDF
data.

2. Background
2.1. Definition of BSDFs

Bidirectional scattering distribution functions describe transmission
and reflection properties of a material or system for any pair of incident
and exiting angles [22,23]. They can be tabulated to form discrete sets of
values for a defined number and set of directions (i.e., incident and
exiting patches). These directions can be defined by a regular grid of
elements that subdivide the incoming and outgoing hemispheres into a
series of solid angles or a grid of elements that is irregular and adaptive
to the BSDF. Table 1 provides a summary of the various tabulated BSDF
bases employed in building simulations with their respective angular
resolutions. Appendix A explains the Radiance convention for phi and
theta angles used in this manuscript and terms used to describe the
scattering behavior of materials (i.e., anisotropic and isotropic).

2.2. State-of-the-art methods for generating tabulated BSDF models

For the five-phase method used to calculate indoor illuminance and
luminance levels for annual simulations [15,16], there are two matrices
required to represent the BDSF of the fenestration system: 1) a
low-resolution transmission (T) matrix, where the source is a large-area
patch of the subdivided sky hemisphere, and 2) a high-resolution coef-
ficient matrix (Cqs), where the source is the orb of the sun. The tabulated
BSDF data for the T and Cyqs matrices can be generated using:

e evaluation of analytical models (e.g., Radiance material models
based on fundamental physics; examples of use given in Refs. [24,
25]) or other parametric models that can be mathematically
described and fit to measured data (e.g. Ref. [26]), or

ray-tracing tools (e.g., genBSDF [27]), or

data-driven modelling, e.g., interpolation of measured BSDFs, which
is the focus of this research.

Angle basis Resolution: Number of subdivisions per Average patch size cone Patch size: average solid angle (sr) per N, where sun (0.533° orb) intensity is
incoming x outgoing hemisphere with apex angle (°) subdivision (27/subdivisions) N times less than reality
Klems [12] 145 x 145 13.5° 0.043000 641°
IEA SHC Task 145 x 1297 10-15° incident and 5° 0.004800 253-792
21 [28] exiting
Tensor tree” 22k 5 g2k
k =5,1024 x 1024 5.06° 0.006136 90.3
k =6, 4096 x 4096 2.53° 0.001534 22.6
k =7,16,384 x 16,384 1.27° 0.000383 5.6
k =8, 65,536 x 65,536 0.63° 0.000096 1.4
k=09, 262,144 x 262,144 0.32° 0.000024 0.4
k =10, 1,048,576 x 1,048,576 0.16° 0.000006 0.1

2 Initial resolution before data-reduction to a four-dimensional, compact, tensor tree structure.
b For the Klems BSDF basis with an average apex angle of no smaller than 13.5°, flux from the 0.533° orb of the sun is spread out by a square of that ratio, or about a
factor of 641 than it would be in reality if unscattered; i.e., 2.5 x 10® cd/m? versus 1.6 x 10° cd/m? for luminance.
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Tabulated BSDFs can be produced for any angular basis and resolu-
tion (e.g., Klems or tensor tree). Accuracy of the BSDF matrices, T and
Cgs, is therefore dependent on the accuracy of the underlying models and
measured data that describe the scattering behavior of the fenestration
system. For all other modeling methods that render the direct sun
component (e.g., rtrace and rpict in Radiance [29]), the same principle
holds true.

So it behooves the end user to critically examine the underlying
source of the tabulated BSDF in order to avoid errors in simulated per-
formance. For the Radiance glass material type,' for example, angular
dependency is modeled using Fresnel equations, glass transmissivity,
and index of refraction; intensity reductions are modeled but not the
change in direction due to refraction. The underlying model is contin-
uous, requires no interpolation, and specular transmission is accurately
modeled to the extent that the refractive properties of the glass are
determined properly. For other material types, such as transfunc, trans-
data, brightfunc, brightdata, or BRTDfunc, there are built-in limitations, i.
e., specular transmission or reflection is modeled as purely specular,
similar to glass, where a 0.5° sun source is rendered as a 0.5° source on
the window with no near-specular scattering and where reflected light
off adjacent buildings is not taken into account. A review of current
methods of generating tabulated BSDFs is given in Refs. [30,31].

The genBSDF tool [27] relies on a geometrical description of the CFS
material or system and inputs describing the properties of the materials,
and thus may not reflect variations in the final manufactured product.
genBSDF does not explicitly model specular or reflected peaks: rays are
traced between input and output patches (solid angles), so the maximum
resolution of the Cqs matrix is set by the size of the solid angles. To
represent the 0.533° apex angle of the sun disc, for example, the BSDF
basis would need to have a resolution of k = 9 (see Table 1). Generating
an anisotropic tensor tree model with k = 7 (16,384 data points per
hemisphere) is already computationally demanding (and sometimes
infeasible) in terms of time and memory.

Irrespective of the origin of the underlying data, the increased ac-
curacy of such refined models can be leveraged only if the tabular BSDF
is sampled at adequate resolution at the rendering stage. For systems
with a pure (direct) transmitted component, a high-resolution tensor
tree will not capture spatial variation in the system. To overcome this
limitation and avoid the memory needs of sampling a highly directional
BSDF, a geometric model of the shading device may be embedded using
genBSDF (“proxy geometry”, e.g., louvers of a venetian blind). The ac-
curate modeling of peaks by specular reflection and transmission is then
ensured by the backward ray-tracing algorithm and independent from
the stochastically sampled tabular BSDF and its resolution. A tabular
BSDF of reduced directional resolution may then account for deflected
light in the diffuse interreflection calculation.

In summary, for certain materials and systems, tabulated BSDFs for
the T and Cqs matrices can be generated with reasonable confidence.
These include dielectric materials and CFS with opaque elements and
micro- and macroscopic geometry (e.g., Venetian blinds with opaque
matte painted slats; matte perforated metal screens where diffraction
can be ignored). For many other materials and systems, general methods
for generating tabular BSDF need to be developed and validated.

3. Methods for generating and using tabulated BSDFs from
measured data

In this section, we describe a general method for generating tabu-
lated BSDFs from measured goniophotometer data and using the BSDFs
in simulations, with a focus on accurate measurement and modeling of
specular and near-specular transmission. The overall workflow (Fig. 1)
involves the following steps, which are discussed in detail in the

1 Radiance material types are described in “The Radiance 5.1 Synthetic Im-
aging System”, https://floyd.lbl.gov/radiance/refer/ray.html.
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following subsections:

1. Measure the light scattering properties of a sample using a
goniophotometer;

2. Derive interpolants from measured goniophotometer data then
generate and compress the tabulated BSDFs;

3. Generate point-in-time illuminance and scene images using the five-
phase or other methods with peak extraction.

3.1. Goniophotometer measurements

Two fundamental techniques to measure the angular distribution of
scattering can be distinguished. Imaging goniophotometers relate posi-
tions on a pixel array to the scattering direction through refractive or
reflective optics, and can instantaneously capture multiple data-points
or entire distributions. Krehel et al. [32] however found that the large
beam diameter and lower resolution data acquired from an imaging
goniophotometer limit their accuracy in the case of specular scattering.
Scanning goniophotometers typically achieve a higher dynamic range
and angular resolution. They sample the distribution sequentially by
movement of detector, sample and light source. A detailed review of the
capabilities of various types of goniophotometers is given in Refs.
[33-35].

In this study, scanning goniophotometers are employed (i.e., Model
“pgll”, Pab Advanced Technologies Ltd [36,37]). The instrument’s dy-
namic range of 1:10” and the capability to refine the resolution for
selected regions of interest, allows one to measure both peak and diffuse
background intensities at adaptive directional resolution. The chosen
combination of a full spherical scan with a refinement in regions of
specular transmission or reflection leads to datasets comprising more
than 100,000 points per exiting hemisphere and incident direction
(Fig. 2). The configuration of the goniophotometers is not optimized for
a particular class of samples, but rather balances support of a wide range
of sample properties; e.g., in terms of structure size and dimensions,
resolution, and acquisition time. In this research, this limits the resolu-
tion of the specular and near specular transmission.

The configuration of the illuminator defines the collimation and the
beam diameter on the sample. Since the field of view of the detectors
exceeds the sample size, this diameter is equal to the sampling aperture.
The measured BSDF is an average over this aperture, which has to be
sufficiently large to be representative of the sample. In the case of large-
scale features, the illuminating beam can cover a maximum area of
about 70 mm in diameter.?

The apparent size of the light source in the measurement and the size
of the illuminated area on the sample are interdependent, since both are
controlled by the position of the focus lens. To illustrate, beam profiles of
three typical configurations of the illuminator with different positions of
the focus lens in the beam path are given in Fig. 3, with examples of
corresponding measured data given in Fig. 4:

e Focus on infinity. This configuration produces a beam profile that is
closest to “parallel light”. A large area on the sample is illuminated
(diameter is approximately 65 mm for normal, perpendicular illu-
mination). This averages out the local effects of large structures or
inhomogeneities. The beam’s full-width-half-maximum (FWHM)
value is about 3.5-4.0°.

e Focus on sample. This is a useful configuration if the sample size is
small (diameter of the illuminated area on the sample is less than 10
mm under normal incidence), or if particular regions on a sample are

2 The illuminated area relates to the size of the focus lens. Since the detector
distance is about 1000 mm, a larger lens or an off-axis parabolic mirror could
extend the diameter to up to 100 mm maintaining far-field conditions.
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Fig. 1. Workflow for generating and using high-resolution BSDFs.

-ty f

-~

Fig. 2. Path of the full hemispherical scan (upper left), detailed spiral or square
scan of a peak region (lower left), and resultant scan pattern (right). Source:
Peter Apian-Bennewitz.

to be characterized. FWHM is about 1.5°, about the resolution of the
tensor tree with 2% (k = 7) outgoing directions.

e Focus on detector. This is the configuration providing highest direc-
tional resolution in near specular measurements. This also implies
that the detector-path has to be fine, otherwise one can easily miss
peaks in the distribution. The illuminated area on the sample is
approximately 20 mm in diameter under normal illumination, so the
sample has to be sufficiently large if incident directions close to
grazing are to be included. Since the aim is to cover at least four
periodical features, this limits the size of structures on the sample to
about 5 mm. FWHM is below 1°.

Further increase of the peak resolution is possible only at the expense
of a decreased signal if the effective sizes of source and detector were
reduced. This would increase the minimum BSDF that can be distin-
guished from the noise background and thereby affect the accuracy of
the measurement of all but the peak directions. The two interdependent
properties of near specular resolution and sensitivity (or noise equiva-
lent BSDF) constitute the instrument signature of any goniophotometer.
Given its impact on the measured BSDF, a specification of the instrument
signature (e.g., a measurement of the unobstructed beam) should be
provided with any measured BSDF data.

3.2. Derivation of an interpolant from measured data and generation of
the tabulated BSDF

The Radiance tool pabopto2bsdf is used to produce scattering inter-
polants from a sparse set of goniophotometer measurements [37-39].
Additional tools are then used to 1) convert the scattering interpolants
into the tabulated BSDF datasets of a specified resolution (bsdf2klems
and bsdf2ttree), and 2) reduce the variable-resolution tensor tree BSDF
into a compact data file by merging similar neighboring values
(rttree_reduce; a “culling” parameter allows the user to reduce the file to a
desired size).

For the Klems basis, default parameters were used initially to pro-
duce the tabulated BSDF (-I 15,000 maximum Gaussian lobes per radial

basis function; -n 256 samples per patch). These settings were increased
(-1 0, -n 3000; where -I 0 means that there is no upper limit on the
maximum number of lobes) after testing and evaluating noise in the
results (Fig. 5).

For the tensor tree basis, interpolation must be done for many inci-
dent patches (e.g., 4096 x 4096 incident and exiting directions), taking
over an hour for the interpolation, so for each paired direction, a single
sample of the interpolant (in the center of the exiting patch) is nominally
taken to determine BSDF intensity. After extensive sensitivity testing,
modifications were made to the bsdf2ttree tool to improve sampling of
the peak. If a significant difference in intensity is detected between the
target patch and adjacent patches (greater than 35%, where patch order
is defined by the Shirley-Chiu representation), then the tool sends 256
sampling rays (with an -n option to override the default) to compute a
weighted average BSDF value for the target patch. This improved the
estimation of the peak intensity for forward-scattering systems.

Both processes of interpolation and reduction of interpolated data to
a discrete angular basis introduce errors between the measured and final
tabulated BSDF. A simple example is given to illustrate how the basis
resolution modifies the “measured” data. The original analytical BSDF
model is shown in blue in the upper left-hand corner and the interpo-
lated representation is shown in the upper right-hand corner of Fig. 6.
With the low resolution Klems basis (lower left), transmission values are
averaged over a large solid angle. With the high-resolution tensor tree
basis (lower right), there is a closer match to the original data set.

3.3. Simulations with peak extraction

3.3.1. Concept

Due to physical limits described in Section 3.1, BSDF measurements
have a finite resolution. In the case of pure specular transmission (e.g.,
clear glass), a goniophotometer with a 0.75° acceptance angle will
measure the transmitted light coming out in a cone of about 1.5°. Were
we to render the pane of glass based on this measurement, the view
outside would be substantially blurred, as would the edges of any sun-
beam in the space. If we were to represent the measurements using the
Klems BSDF basis, the spread would further increase to about 13°, cor-
responding to the average resolution of this basis.

These errors are significant for a few reasons. First, any solar patch
projected into the room is blurred, distorted, and its intensity is lowered
at its edges. Second, narrow, intense light sources such as the sun will be
enlarged and dimmed, and therefore misrepresented when directly seen
through the BSDF. Third, the view out the glazing system is lost.

One solution to this problem is to include the actual geometry and
materials of the shading system in the BSDF file when it is available, as
discussed in Section 2.2. For example, Venetian blinds may be repre-
sented by the detailed geometry or a BSDF. By switching between rep-
resentations, global illumination can be computed efficiently, while still
having the desired and accurate shadow patterns and striated view out
the window. An example is given below. Fig. 7a shows the ground truth
for a simple office space with Venetian blinds, rendered using the
Radiance mkillum program. Fig. 7b shows the same scene rendered using
a Klems BSDF representation of the same blinds. Note that the view out
the window is blurred, and the sun patch on the wall is similarly spread
out. Fig. 7c shows the “proxy” rendering method, where the BSDF for
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Fig. 3. Beam profiles (above) for three
different optical bench configurations
(below). Above: The solid profiles are the
average over all phi (in-plane) angles. The
light shaded areas indicate the variation of
the signal depending on phi. Dotted lines
show the half maximum, which defines the
beam width by its intersection with the solid
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scattered light is combined with the original blinds geometry for seeing
and transmitting sunlight through the system. This method is strongly
preferred when detailed geometry is available.

When we have BSDF measurements but no system geometry, we
need some way to get the rendering closer to ground truth than what is
shown in Fig. 7b. Use of a higher-resolution BSDF basis such as the
tensor tree results in what is shown in Fig. 7d. Here, there is now a
slightly better view out the window and a somewhat cleaner sun patch,
but it is still far from matching the ground truth. Moreover, this basis
undermines the indirect irradiance caching scheme that accelerates
rendering in Radiance due to the smaller scattering profile, forcing use
of pure Monte Carlo methods. This takes longer as well as produces
noisier results. Therefore, further increasing the directional resolution of
BSDF measurements to refine data-driven transmission models is not
practical.

If irradiance caching is used, the result is something similar to
Fig. 8a, where the calculation is struggling to integrate the solar
contribution through the window, leaving splotches from high-variance
values in the cache. These errors only get worse as the resolution of the
BSDF basis is increased, since this creates even smaller peaks to integrate
around the sun.

A “peak extraction” method was developed,® which detects when
there is a strong peak near the “through” direction in a BSDF, and re-
places this peak with a pure specular calculation during shadow testing.
The concept behind peak extraction is to allow a finite-resolution

3 Developed by David Geisler-Moroder and Greg Ward, September 2017. Not
to be confused with “peak extraction” used in evalglare.

Detector

representation such as a tensor tree or even Klems basis to have a pure
specular (“beam” or “view”) component representing a delta function.
By specifying an aBSDF material, the user is telling Radiance to look for a
likely peak in the transmitted direction, and to treat it specially. Rather
than light being scattered or spread as would happen normally, rays pass
straight through with attenuation corresponding to the BTDF value in
that direction. Thus, the sun appears at its original size, objects are
visible through the window, beam radiation is permitted, and shadows
will be sharp and efficient to compute. The irradiance caching result
when applied to the above scene is shown in Fig. 8b. The same “through”
component interpretation is used for view and source rays, giving both a
clearer view and sharp shadow patterns.

3.3.2. Peak extraction algorithm

Both tensor tree and Klems BSDF bases have a recorded maximum
resolution (i.e., smallest represented solid angle). If a peak is found
during rendering in the “through” direction whose size corresponds to
this maximum resolution, it is extracted and treated as a separate
component.

Once a transmitted specular component has been identified, it is
assigned an integrated transmission value equal to the BSDF value times
the solid angle of the peak patch. The rendering calculation is then
altered in the following ways (Fig. 9):

e “Shadow rays” (S) striking the BSDF material will pass directly
through, modified by the transmission value in this direction
computed from the BSDF, and assigned a solid angle equal to that of
the associated source object, which is 0.533° in the case of the solar
disc;
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Unobstructed beam Transmitted peak

Focus on infinity
FWHM=3.5-4.0°

=1.5°

FWHM

Focus on sample

FWHM=1°

Focus on detector

Fig. 4. Intensity distribution of the unobstructed beam (left) and transmitted flux through the roller shade fabric (right), measured at normal incidence. Beam
profiles set to focus on infinity, the sample, or the detector. The high resolution achieved by focusing on the detector reveals a weak, secondary artefact caused by the
illuminator optics. Source: HSLU. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

0.025
0.020
. 0.015
0.010
0.005
0.000

Fig. 5. Direct-hemispherical visible transmittance corresponding to the incident patch direction. Left: transmittance values generated using low sampling settings for
bsdf2klems (-1 15,000, -n 256). Right: increased sampling of interpolant (-I 0, -n 3000). Klems BSDF derived from anisotropic pgII data of the MS6216 fabric.
Source: LBNL.
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Fig. 6. Synthetic Ward-Geisler-Moroder-Diir BRDF model (left), interpolated distribution (left middle), final distribution with the Klems basis (right middle), and
final distribution with the tensor tree representation (right). Source: Anyhere Software.

a) Example oftice
space with Venetian
blinds (ground truth
rendering)

b) Rendered using
Klems BSDF and no
blinds geometry

¢) Rendered using
Klems BSDF with
blinds geometry

d) Scene rendering
with a 5° resolution
(k=5) tensor tree
BSDF

Fig. 7. Renderings of a scene using various methods to represent the Venetian
blinds covering the full height of the window. Source: Anyhere Software.

e “View rays” (V) corresponding to line-of-sight are transmitted un-
perturbed, again modified by the computed transmission value in the
respective direction;

a) Irradiance caching
using original BSDF
rendering method

b) Peak extraction
applied for both
shadow testing and
view rays

Fig. 8. Renderings of a scene with and without peak extraction to represent
specular transmission through a fabric shade with about 2% openness. Source:
Bartenbach GmbH. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 9. Example of shadow (S) and view (V) rays (originating from the eye) that
benefit from the new peak extraction method. Source: Bartenbach GmbH.

Specular transmission from light sources near the beam direction are
attenuated to avoid double-counting contributions. These rays are given
an average surrounding brightness (“exclusion zone”) determined from
29 peak extraction samples that are not included in the peak value. Also,
near-specular transmitted sample rays are rejected to avoid over-
estimations.

The principal benefit of peak extraction is improved rendering
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efficiency and accuracy. By identifying the transmitted peak during
BSDF rendering, we can substitute more efficient sampling techniques in
both the light source and view ray calculations. This requires only a
handful of extra BSDF queries plus some bookkeeping and reduces
rendering time substantially by removing a source of severe sampling
noise from the calculation.

3.3.3. Effect of BSDF basis resolution on triggering peak extraction

Initial testing using peak extraction revealed a codependency of
simulated results on BSDF basis resolution. There is an interaction be-
tween measurement resolution and BSDF basis resolution that is some-
times problematic. If a tensor tree is used whose maximum resolution is
as good or better than the goniophotometer measurements, we may
resolve the angular spread of the goniophotometer rather than the sys-
tem being measured. This may prevent peak extraction from being
triggered, since the peak will be spread into a larger region than ex-
pected. When the BSDF measurements and basis resolution are similar,
we might even extract peaks in some regions and not in others, leading
to inconsistent behavior. In such cases, it may be better to lower the
tensor tree resolution significantly below that of the goniophotometer
when a “through” component is expected, as this will allow peak
extraction to work properly. This interplay of different resolutions is a
nuisance, as it goes against standard practice and even common sense
where one would want to make sure the BSDF basis accuracy is as good
or better than the measured data accuracy. At the same time, it is
consistent with other optimizations in backward ray tracing. All re-
flected and scattered components can be efficiently treated by the
coarsely resolved BSDF, while the direct component, which is difficult to
detect because it comes from a small solid angle (i.e., the solar orb), is
treated in a separate way.
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3.4. Modeling point glare sources for use in evalglare

The evalglare tool [40] is used to compute discomfort glare indices
such as daylight glare probability (DGP) from simulated or measured
high dynamic range (HDR) images. In the original study ([41] with
follow-on cross validation work [42]), the DGP metric was derived from
human subjects response data correlated to physical measurements of
luminance within the field of view; i.e., HDR images taken with a digital
camera. Therefore, for simulated renderings generated using peak
extraction, the HDR image should be modified to emulate the scatter of
light due to the camera lens (i.e., lens flare) prior to analysis with
evalglare.

In the pilot field study (Section 4), we modified simulated HDR im-
ages using a blur filter based on a Lorentzian function with a FWHM of
11.9 arc min (0.18°). The function was derived from optical section
retinal images of the eye’s vitreoretinal interface from 21 human sub-
jects of varying age between 23 and 70 years old [43]. A function based
on the optical performance of the human eye was used assuming that the
scatter is approximately the same as that for the HDR camera lens.

The Lorentzian function was implemented as a sum of Gaussian
convolutions (blur kernels) on the image via the Radiance pcomb tool.
The main blur kernel comes in at a little more than 10 cycles per degree,
which is the assumed maximum resolution of a standard observer. Two
other blur kernels have radii of about 4 and 8 times that, with 11% given
to 2.6 cycles/degree and 4% given to 1.4 cycles per degree. This low pass
filter only attenuates high frequency signals, as in the narrow luminance
peak from the sun in the HDR simulated image. In cases where there is
no narrow luminance peak, such as simulated images without peak
extraction (Fig. 10d), the blur filter has almost no effect on high intensity
regions of the image. Note that this is an approximate implementation
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Fig. 10. Luminance (cd/m?) profile before and after the blur filter was applied. The profile is for a section through the sun and circumsolar region of an HDR image
generated by photography in the field (a) or by simulation (b—d) using various high-resolution BSDFs. The pink line is the luminance from the original HDR image.
The green line is the luminance after the blur function was applied. If there is a sharp peak in the original distribution (as in the cases with peak extraction (b and c
above), the blur function spreads the flux, reduces the peak, and conserves energy. The x-axis is pixel position, where pixel ~30 corresponds to the location of the
solar disk and a 60 pixel width represents a 10° subtended angle. The y-axis is pixel luminance (cd/m?). Label “k6” denotes BSDF resolution of k = 6. Source: LBNL.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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when applied to a fisheye lens since the pixels towards the outer edges
are distorted.

An example of a simulated HDR image of a fabric backlit by the sun is
given in Fig. 11. For this case, the blur filter spreads the peak luminance
from 0.533° to a width of about 1°, with the peak luminance slightly
reduced after the blur filter is applied. The HDR image from the outdoor
field installation is given in Fig. 12.

4. Pilot validation of BSDF generation methods

The workflow described in Section 3 was applied to a roller shade
fabric (MechoShade EuroTwill MS6126-63 black/white, openness factor
1%, visible normal-hemispherical transmittance (tyhvis) 0.03 (manu-
facturer-provided data), Fig. 13). Fabrics exhibit forward scattering and
specular transmission and therefore represent a relevant material type
with which to evaluate the workflow. Roller shade fabrics are also used
to shade windows in a large fraction of commercial buildings so findings
from this study have direct relevance to industry. Comparisons between
measured and tabulated BSDF data are given in Section 4.1. Illuminance
and luminance measurements taken in a full-scale office testbed were
compared to simulated values in Section 4.2.

4.1. Measured and tabulated BSDF data

The BSDF of an A4 size sample of the chosen fabric was measured on
HSLU’s goniophotometer. To ensure that the illuminated area would not
exceed the sample size under oblique illumination, the illuminator was
focused on the sample. This achieved a near specular resolution of
approximately 1.5° (c.f. Section 3.1). This is wider than the desired 0.5°
angular resolution for modeling specular and near specular transmission
peaks. Measurements were conducted assuming quadrilateral symme-
try; i.e., 45 incident directions for incident angles ¢; = 0°-90° and 6; =
97.5°-180° (see Appendix A for Radiance angle convention). Photo-
metric illuminance was recorded by a single Silicon photodiode equip-
ped with a filter to mimic the photopic response of the human eye V().
A full spherical scan was conducted first to account for all scattering by
reflection and transmission. A second pass was then used to refine peak
regions that were found automatically by analysis of the first pass.

The measured pattern of transmission for the MS6216 roller shade
fabric sample is shown in Fig. 14 (upper left) for an incident direction of
(6; = 150°, ¢; = 90°).* The distribution exhibits a distinct peak for
specular transmission and a lower intensity star pattern for the scattered
transmission surrounding the peak. The measurement requires a high
dynamic range to cover the peak values as well as the low diffuse
transmission, a sufficient resolution so that no peak values are missed,
and is sensitive even to low bias since very low values, which cover large
parts of the transmission hemisphere, contribute significantly to total
transmission. To test that the measurement, despite these challenges,
captures the total transmitted flux, the BSDF was integrated to direct-
hemispherical transmission (t4n) for a set of incident directions. These
were compared to the corresponding results of measurements on an
integrating sphere by LBNL using a spectrophotometer (Perkin-Elmer
Lambda 950, fitted with a 150-mm integrating sphere and a set of angle
tubes) using methods defined by Refs. [44,45].° Different angle tubes

4 The Mountain software provided by Peter Apian-Bennewitz provides linear
interpolation through Delaunay triangulation between scanned points.

5 The accuracy of the reported values was assessed by repeating the inte-
grating sphere measurement at a 40° angle of incidence (¢; = 0°, 6; = 40°) a
total of 16 times. Four separate fabric samples were measured four times each
with a small variation in the illuminated area of the sample. This allowed the
accuracy to be influenced both by the macroscopic variations in the weave of
the material as well as instrument sensitivity to the measured area of the
sample. The mean of the 16 measurements was Tqp.vis = 0.0105 with a standard
deviation of 0.0020.
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and samples taken from the same fabric swatch were used to measure
each angle of incidence.

Direct-hemispherical visible transmittance from integration of the
BSDF and integrating sphere measurements are shown in Fig. 15. Inte-
grating sphere data were found to agree with data derived from isotropic
goniophotometer measurements to within 0.002 (absolute error) on
average over the full range of measured incident angles.

An interpolant was fit to the goniophotometer measurements using
the pabopto2bsdf tool described in Section 3.2, where the fabric was
assumed to be anisotropic (Fig. 14 upper right). Additional examples are
given for an alternate interpolation based on a subset of goniopho-
tometer data for ten angles of incidence, assuming the fabric is isotropic
(Fig. 14 lower left and right). When these isotropic data sets are used in a
rendering, note how the orientation of the potential glare source rotates,
depending on which incident phi (¢;) angle is selected to generate the
“isotropic” material (Fig. 16). Note also how the interpolant’s peak
values for specular transmission are lower than measured values
(“BTDFpax” in Table 2).

To check conservation of energy, direct-hemispherical transmittance
and reflectance were computed from the measured BSDF and the tabular
models by integration [46] and compared. As shown in Table 2,
direct-hemispherical visible transmittance (front, 6; = 30°) integrals
from tabular models were within 0% and 13% of measured values for the
isotropic and anisotropic cases, respectively.

To test if the discrepancies between tabulated models and measured
BSDF can be explained in part by the underlying assumptions of model
generation, direct-hemispherical visible transmittance (front) per inci-
dent Klems patch was computed using the anisotropic model, and from
isotropic models derived from a subset of goniophotometer data for ¢; =
0°, 15°, 30°, 45°, and 90°. Comparisons between these plots illustrate
that the assumption of isotropic transmission poorly represents the
fabric. In the isotropic case for ¢; = 0° (Fig. 17 (upper graph, pink line)
and Fig. 18), where measurements are biased along the direction of
greater scattering (i.e., the ridge in the star pattern in Fig. 14), the
interpolant is biased toward higher values near grazing (Klems patch
number 70-145), which then spreads this greater scattering around the
whole distribution. In contrast, for other phi angles such as ¢; = 30°
(Fig. 17 lower graph, orange line), the measurements are biased along
the direction of less scattering (i.e., the trough of the star pattern), so the
interpolant has less scattering and lower values across the whole
distribution.

4.2. Field study: illuminance, source luminance, DGP

Simulated data were compared to measured data gathered in a 3.05
m x 4.57 m x 3.35m (10 ft x 15 ft x 11 ft) south-facing, private office
test chamber in the LBNL Advanced Windows Testbed (Berkeley, Cali-
fornia; latitude 37.87°N). The MS6216 roller shade fabric was installed
(grey side facing indoors) to fully cover the 3.05m x 2.74 m (10 ft x 9
ft) dual-pane window (tyjs = 0.60) (Fig. 19). Analysis focused on
assessing accuracy of glare source luminance, specifically fabric lumi-
nance backlit by the sun. Discomfort glare, such as daylight glare
probability (DGP), is dependent on accurate modeling of both vertical
illuminance (saturation) and luminance of glare sources (contrast)
within the field of view. Annualized metrics (e.g., DGP Class) are based
on the occurrence and level of discomfort (e.g., intolerable glare for top
5% of the year). For forward scattering materials like fabrics, uncom-
fortable periods are often defined by direct sunlight transmitted through
the shade or areas of the shade backlit by the sun. The annual sunlight
exposure (ASE) metric is also sensitive to accurate modeling of the direct
sun component [47], but this study omitted further study of modeling
horizontal work plane illuminance (evaluated in Ref. [30]).

4.2.1. Field measurements
HDR images were captured every 5 min for a view normal to the
window, centered on the width of the window, at a 1.22 m height above



G.J. Ward et al. Building and Environment 196 (2021) 107774

I's

N &

cd/m2
[1.8e2 |3.2e1 [5.6e0 [1.0e0

[1.0e6 [1.8e5 [3.2e4 |5.6e3 |1.0e3

a) Anisotropic-ko6, no blur b) Anisotropic-ko, with blur

Fig. 11. Simulated HDR image before (left) and after (right) the blur filter was applied. The inset shows an enlarged view of the exclusion zone resulting from
triggering of peak extraction (PE) with the sun orb in its center. Source: LBNL.

Fig. 12. Measured HDR image (left) and close-up view of the fabric back lit by the sun (right). Source: LBNL.
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Fig. 13. Photograph of the MS6216 roller shade fabric. The white side faced outdoors (left) and the grey side faced indoors (right). The red line shows the horizontal
orientation of the shade installed in the testbed. Source: LBNL. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 14. DSF = BTDF * cos(6;) distributions plotted for incident direction 8; = 150°, ¢; = 90° from measurements and the interpolation model, where 6; is the
outgoing scattering 0 angle. Distributions are given for the full set of pgII goniophotometer data (upper left), interpolated data derived from the full anisotropic set of

goniophotometer data (upper right), interpolated data assuming isotropism for ¢; = 0° (lower left), and interpolated data assuming isotropism for ¢; =

right). MS6216 fabric. Source: HSLU.
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Fig. 15. Direct-hemispherical visible transmittance (tgn.vis) as a function of
angle incidence for the fabric sample MS6216. Tqp.vis data were derived from
interpolated HSLU goniophotometer data (pgll isotropic, ¢; = 0°, k = 9) or
LBNL angle tube integrating sphere measurements. The same standard devia-
tion derived from 16 measurements for 6; = 40° is shown with the integrating
sphere data for the other angles of incidence (6; = 10°~70°) in the above plot.
Source: LBNL.

the floor, and at a distance of 1.1 m from the window. To measure scene
luminance, a series of low dynamic range (LDR) images of varying
exposure were taken of the scene using a digital camera (Canon EOS 5D
Mark II full frame, Sigma 8 mm f2.8 circular fisheye lens, neutral density
filter (ND2), 1200 x 1200 pixels (i.e., approximately 0.20° apex angle
minimum)). The LDR images were converted to a high dynamic range

11

90° (lower

(HDR) image using hdrgen and the camera’s RGB response function. A
vignetting correction function, equi-solid-angle to equiangular projec-
tion correction function, and a neutral density filter color correction
function were applied (equidistant lens for the f5.6 setting). Real-time
metered data from a reference luminance meter (Konica Minolta LS-
110, 0.33° spot, 0.1 to 999,900 cd/m?, +2%) were used to calibrate
each HDR image, following methods described in Ref. [48]. The meter
was aimed at a backlit square of translucent plastic mounted within a
small cutout in the roller shade and located near the center of the HDR
image. The metered luminance and HDR-derived luminance for the
same area were used to compute a calibration factor which was then
applied to the entire HDR image. A cosine-corrected photometric sensor
(Li-Cor 210A, +1% of reading) positioned immediately adjacent to the
camera lens was used as a check against HDR-derived vertical illumi-
nance (Ey).

Measurements were conducted from February 22 to March 21 (i.e.,
@ = 38°-138°, 6; = 121°-133°). During this period, HDR-derived ver-
tical illuminance was determined to be in agreement with photometric
sensor data within RMSE of +27.7 Ix or 7.74% of measured values
(Fig. 20). Data points outside of the 20% deviation range after calibra-
tion were excluded from the analysis. For the final analysis, data were
selected for sunny periods between 9:00 a.m. and 3:00 p.m. Standard
Time when the sun was in the field of view and unobstructed by the
window frame or mullions.

Exterior global and direct normal irradiance were measured at a 1-
min interval with pyranometer and pyroheliometer sensors (Huseflux
SR11 (+1%) and DRO1 (£1%), respectively) mounted adjacent to the
LBNL testbed. These data were used as inputs to the Perez All-Weather
sky luminance model [49] via gendaylit [S0] to produce the sky matrix
used for the Radiance simulations. The sky matrix (S) was defined with
the Tregenza/Reinhart sky subdivision (MF:4, 2305 patches). The direct
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Fig. 16. Renderings of an anisotropic material modeled as an isotropic material. Left: BSDF derived from ¢; = 0°. Right: BSDF derived from ¢; = 90°. MS6216 fabric.
Source: HSLU.

Table 2
Direct-hemispherical visible transmittance and reflectance derived from tabulated BSDF models versus measured goniophotometer data.
Model bsdf2ttree parameters Patch apex angle (°) Incident angle (front) Inc. angle (back) BTDFpax
0; = 30°, @; = 0° 0; = 150°, ¢; = 0°
Tdh-vis Pdh-vis Tdh-vis Pdh-vis
Anisotropic -t4 g7 t97 1.27 0.017 0.217 0.018 0.407 7.8
Isotropic, ¢ = 90° -t3 g9 t90 0.32 0.015 0.222 0.014 0.415 13.4
Isotropic, ¢ = 0° -t3 g9 t90 0.32 0.017 0.216 0.018 0.402 21.0
Measured, ¢ = 90° 0.015 0.241 0.015 0.438 46.1
Measured, ¢ = 0° 0.017 0.235 0.018 0.424 -

Notes: tqn: direct-hemispherical visible transmittance; pqn: direct-hemispherical reflectance; front = grey surface of shade facing room, back = white surface facing
outdoors (Fig. 13). Isotropic = BSDF derived from ¢ = 0° or ¢ = 90° measured data. Bsdf2ttree parameters: rank -t3 isotropic or -t4 anisotropic (automatically
determined based on input data); -g k = initial tensor tree resolution (see Table 1, 2%k 22‘1‘); -t m (set to 97 or 90) initial sampling is pared down (culled) by the
percentage m. Measured data: pglI goniophotometer with FWHM = 1.5°. Sample orientation (¢, 6) uses Radiance convention where ¢ = 0° is horizontal, ¢ = 90° is up
(zenith), and 6 = 0° points inward (indoors). HSLU April 2018 data, MS6216.
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Fig. 17. Direct-hemispherical visible transmittance (front) corresponding to Klems incident patch. Values were derived from the anisotropic interpolant (“klem-
s_aniso_high™), left plot, and isotropic interpolants (“klems_phiN”, where N is the ¢; angle), right plot. HSLU April 2018 data, MS6216. Source: LBNL.

Fig. 18. Direct-hemispherical transmission
0.010  per Klems patch incident direction generated
using the a) anisotropic and b) isotropic ¢;
0.005 = 0° interpolant; c) is the absolute difference
in BTDF coefficients between the two cases.
0.000 Values for the isotropic case are significantly
overestimated within the 6 = 50°-90° range.
0005  System values (glass + MS6216 shade) pro-
duced by genBSDF. Source: LBNL. (For
0.000 —0.010  interpretation of the references to color in
this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 19. Indoor view of the LBNL testbed office looking toward the south-facing
window with the MS6216 roller shade fabric. The small square cut out is
located in the lower left window at seated eye height. The gaps between the
face of the window glass and the shade were blocked off on each side of the
shade to simplify the simulation model. Unshaded portions of the window on
the side were also blocked off. The electric lights (shown as “on” in this
photograph) were turned off. Source: LBNL. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 20. Comparison between vertical illuminance measured by the photo-
metric sensor located next to the HDR camera’s lens and vertical illuminance
(Ix) calculated from the camera’s HDR image for all monitored days. Points
outside of the 20% deviation range after calibration were excluded from the
analysis. Source: LBNL.

sun matrix (Ssy,) was derived from direct normal irradiance measure-
ments, which included the circumsolar region (approximately 6° apex
angle). Gendaylit (by default) uses a Perez-derived function to model the
exponential falloff in luminance between the sun and circumsolar
region.

4.2.2. Simulation method
Tabulated BSDFs were generated from HSLU goniophotometer
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measurements of the MS6216 shade fabric. Interpolants were derived
from the anisotropic and isotropic (¢; = 0°) datasets using the methods
described in Section 3.2. Each interpolant was then used to produce the
tabulated BSDF for the Klems (bsdf2klems) and tensor (bsdf2ttree) bases.
80% of the tensor elements were culled in the data-reduction pass.

The shade layer BSDFs (denoted with the “-s” suffix) were produced
as follows:

Case Description

Isotropic-k6-s Isotropic interpolant based on ¢; = 0° data, tensor tree model, k
= 6 (bsdf2ttree -g 6 -t 80)

Anisotropic interpolant assuming quadrilateral asymmetry,
tensor tree model, k = 6 (bsdf2ttree -g 6 -t 80)

Anisotropic interpolant assuming quadrilateral asymmetry,
tensor tree model, k = 5 (bsdf2ttree -g 5 -t 80)

Anisotropic interpolant assuming quadrilateral asymmetry,
Klems basis (bsdf2klems)

Anisotropic-k6-s
Anisotropic-k5-s

Anisotropic-
Klems-s

The modeled fenestration system consisted of several layers: 1) a
double-pane clear glazing unit (tyjs = 0.60), modeled as a Radiance
BRTDFunc material type [51], and 2) the MS6216 shade fabric installed
on the indoor side of the glazing unit. The tabulated BSDFs were com-
bined using genBSDF to produce the final system BSDF as follows:

BSDF case Glass layer Shade layer genBSDF options
Isotropic-k6 BRTDFunc Isotropic-k6-s -t36
Anisotropic-k6 BRTDFunc Anisotropic-k6-s -t4 6
Anisotropic-k5 BRTDFunc Anisotropic-k5-s -t4 5
Anisotropic-Klems BRTDFunc Anisotropic-Klems-s

The ray-tracing simulations (rtrace) were performed using the 1-min
monitored solar irradiance data as input with parameter settings aimed
towards accuracy rather than that of a typical end user: i.e., ab 6 ad
262144 lw 1e-9. The BSDF material type was used to model cases with no
peak extraction. The aBSDF material type was used to model cases with
PE.

4.2.3. Results: vertical illuminance

To assess conservation of energy within the field of view, vertical
illuminance (E,) was simulated at the photometric sensor location using
BSDFs of various resolutions with and without the use of the peak
extraction (PE) algorithm. Measured photometric sensor data were in
the range of 200 1x-500 1x, due to the low-transmission properties of the
fabric. Use of the PE algorithm reduced error compared to simulations
without PE. With isotropic-k6 BSDF data and PE, simulations resulted in
a significant overestimation of E, due to overestimation of direct-
hemispherical transmission tgp vis at the more oblique incident angles
(RMSE = 118 Ix, see Section 4.1). With anisotropic BSDF data and PE,
simulation errors were lower (RMSE = 50 1x-90 Ix).

The fabric was assumed to have quadrilateral symmetry so gonio-
photometer measurements were made for the ¢; = 0°-90° quadrant.
Simulation errors were lower for angles of incidence corresponding to ¢;
< 90° (RMSE = 32 1x-63 Ix, see Fig. 21) and greater for ¢; > 90°,
indicating that the fabric in fact exhibited asymmetric scattering
behaviour over the vertical plane.® For the subset of periods when
sunlight was transmitted specularly through the fabric, triggering PE,
errors were also lower: RMSE = 32 1x-43 Ix, 9.6%-12.2% (Fig. 22).
Errors are summarized in Table 4 and Fig. 29 at the end of Section 4.

4.2.4. Results: source luminance

To assess conservation of energy within a specified cone of view,
measured and simulated average luminance for a 2° (sun and circum-
solar region plus human blur) and 3° cone centered on the sun disc were

© This interpretation was confirmed by additional measurements with inci-
dent ¢; = 0°-360°.
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Fig. 21. Measured vertical illuminance (x-axis, E, (Ix)) versus ray-tracing simulations of vertical illuminance (y-axis) for ¢; < 90° incident angles. The no-PE and PE
cases were modeled with the BSDF and aBSDF material, respectively. Source: LBNL.

compared on clear sunny days. Analysis was restricted to times when PE scene.

was triggered and when the sun’s angle of incidence was within ¢; < Luminance data were extracted from HDR simulated and measured
90°. This assessment provides insights as to whether forward scattered images. The location of the sun was first identified by pixels with the
energy from the sun is being distributed to the proper regions within the highest scene luminance then secondary checks were performed to
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Fig. 22. Measured vertical illuminance (x-axis, Ev (Ix)) versus simulated values (y-axis) for angles of incidence when ¢; < 90° and when PE was triggered.

Source: LBNL.

Table 3
Evalglare analysis of simulated HDR images (shown in Fig. 25) and respective
measured HDRs.

Ls (cd/m?) Omega (sr) Apex angle (°) DGP E, (Ix)
evalglare: simulated images
Fig. 25a 1,194,344 0.000104 0.66 0.350 293.9
Fig. 25b 592,701 0.000061 0.50 0.250 229.1
Fig. 25¢ 8961 0.004908 4.53 0.138 206.5
Fig. 25d 11,534 0.006747 5.31 0.142 200.5
evalglare: measured images
Fig. 25a 291,038 0.000429 1.34 0.293 335.42
Fig. 25b 431,956 0.000476 1.41 0.323 377.09
Fig. 25¢ 149,534 0.000306 1.13 0.232 258.35
Fig. 25d 255,149 0.000399 1.29 0.277 283.94

ensure that the x-y coordinates were in agreement with calculated lo-
cations of the sun orb. Datapoints were filtered to exclude times when
the sun was obstructed by window mullions. All sun positions within the
field of view were included despite some inclusion of opaque elements
within the cone of view. The luminance of the sun is orders of magnitude
greater than opaque elements, so inclusion of frame elements is unlikely
to affect the comparisons. The blur filter described in Section 3.4 was
applied to all simulated HDR images.

Measured and simulated source luminance are shown in Fig. 23. For
the 3° cone, the simulated case using isotropic BSDF data performed
poorly (RMSE = 87,900 cd/m?) compared to anisotropic cases (RMSE =
15,700 to 34,800 cd/m?) for the same reason stated for vertical illu-
minance. Measured luminance ranged from 27,000 to 123,000 cd/m?.
The anisotropic-k5 case performed better than the anisotropic-k6 case
while the anisotropic-Klems case performed worse, illustrating the co-
dependency between triggering of PE and BSDF basis resolution dis-
cussed in Section 3.3.3. Similar trends were observed for the 2° cone
source luminance. Measured luminance values also varied significantly
over short periods on stable, clear sunny days, indicating that fabric
variations were another source of error.
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If one parses the data by bins of incident angle, we can attribute some
of the larger errors to periods when the angles of incidence were more
oblique. For the anisotropic-k5 case, peak extraction was triggered
within a range of ¢; = 40°-90° and 6; = 125°-140° (Fig. 24). Errors
tended to be greater for ¢; < 70°.

This behavior can be explained in the following example. As the sun
transitions to oblique angles of incidence, peak extraction (PE) transi-
tions from full to partial PE triggering (with local noise) to no PE at all,
resulting in poorer model performance.

e In the through direction, PE is triggered and the sun source is
modified by specular transmission estimated from the near-peak
values of BSDF (dark red point in the center of the exclusion zone,
Fig. 25a).
As the sun moves to a more oblique angle (Fig. 25b and c), “partial”
PE triggering occurs, where PE may or may not occur for the sun
source (notice dark red point and exclusion zone occurs in Fig. 25b
but not in Fig. 25c). Additional bright pixels appear within the
exclusion zone due to non-PE throughput from the sun in the near-
peak direction of the BTDF. The discrete boundaries of the check-
erboard pattern within the exclusion zone are edges corresponding to
the tensor tree patch directions.
e When PE is not triggered (Fig. 25d), there is no exclusion zone and
flux in the through direction is assigned an intensity based on the
tensor tree resolution.

Errors are summarized in Table 4 and Fig. 29 below.

4.2.5. Results: daylight glare probability (DGP)

We used evalglare (version 2.07) to extract glare source and vertical
illuminance data from simulated and measured HDR images, then
compute daylight glare probability (DGP). Evalglare employs various
methods to identify whether a pixel qualifies as a glare source and then
aggregates adjacent qualifying pixels within a specified search radius.
We used the threshold method which identifies all pixels greater than a
specified threshold (i.e., 2000 cd/m?) as a glare source. Pixels with a
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Table 4
R-squared for linear regression model, RMSE, and MAE between measured and simulated E, (1x), source luminance for 3° cone (cd/m?) and DGP for various modeled
cases.
E, (Ix) No PE PE PE, ¢; < 90° PE-trig, ¢; < 90°
Isotropic-k6 R? 0.25 0.32 0.65 0.65
RMSE 112.0 —30.74% 118 —32.39% 138.0 —41.26% 138.0 —41.26%
MAE 99.6 —27.33% 106 —29.03% 135.0 —40.32% 135.0 —40.32%
Anisotropic-Klems R? 0.41 0.50 0.57 0.57
RMSE 84.4 —23.18% 50.2 —13.78% 32.1 —9.58% 32.1 —9.58%
MAE 69.9 —-19.19% 39.8 —10.92% 26.1 —7.77% 26.1 —-7.77%
Anisotropic-k5 R? 0.45 0.50 0.73 0.68
RMSE 91.9 —26.03% 78.7 —21.60% 48.7 —14.50% 42.3 —-12.34%
MAE 78.6 —22.25% 65.7 —18.04% 41.1 —12.26% 36.4 —10.62%
Anisotropic-k6 R? 0.38 0.39 0.59 0.44
RMSE 91.8 —25.21% 90.4 —24.81% 62.7 —18.70% 43.4 —12.17%
MAE 77.0 —21.14% 75.6 —20.75% 51.8 —15.44% 30.3 —8.51%
Ls-3° (cd/m?) PE, ¢; < 90° PE-trig, @; < 90°
Isotropic-k6 R? 0.23 0.23
RMSE 87,900 —130.29% 87,900 —130.29%
MAE 85,700 —127.10% 85,700 —127.10%
Anisotropic-Klems R? 0.19 0.19
RMSE 32,100 —47.60% 32,100 —47.60%
MAE 28,000 —41.47% 28,000 —41.47%
Anisotropic-k5 R? 0.49 0.44
RMSE 18,900 —28.07% 15,700 —22.36%
MAE 14,300 —21.24% 12,100 —17.24%
Anisotropic-k6 R? 0.43 0.19
RMSE 34,800 —51.61% 23,200 —29.46%
MAE 29,000 —43.06% 18,000 —22.88%
DGP PE, ¢; < 90° PE-trig, ¢; < 90°
Isotropic-k6 R? 0.26 0.26
RMSE 0.077 28.74% 0.077 28.74%
MAE 0.073 27.12% 0.073 27.12%
Anisotropic-Klems R? 0.52 0.52
RMSE 0.058 21.73% 0.058 21.73%
MAE 0.055 20.50% 0.055 20.50%
Anisotropic-k5 R2? 0.30 0.58
RMSE 0.058 21.79% 0.037 13.48%
MAE 0.044 16.46% 0.033 12.27%
Anisotropic-k6 R? 0.42 0.28
RMSE 0.079 29.63% 0.040 14.14%
MAE 0.068 25.43% 0.036 12.76%

luminance greater than 50,000 cd/m? were extracted as separate glare
sources.’” The search radius was set to 0.2 radians (11.5°).

Comparisons between measured and simulated DGP revealed that
when specular transmission occurred (worst case glare condition),
simulated results overestimated DGP by a minimum RMSE of 0.037
(13.48%) for the best case (anisotropic-k5 BSDF, Fig. 26). An absolute
DGP difference of 0.04 defines the difference between discomfort glare
levels, so this error is significant.

Fig. 27a illustrates the size and shape of the solar peak identified
using the evalglare peak threshold of 50,000 cd/m?. The measured HDR
image (red) indicates additional forward scattering in the horizontal
direction, whereas the simulated, peak-extracted, solar peak (blue) re-
mains circular. Fig. 27b and c¢ shows the peak shape when we take a
cross-section in the horizontal and vertical direction. The measured peak
is spread wider in the horizontal direction (also shown in Fig. 27a: red),
and narrower in the vertical direction. The blurring algorithm that is
applied on the peak-extraction solar peak reduces the solar intensity and
increases the solid angle so that it matches well to the measured shape in
the vertical direction. Areas under the curves and above the red dotted
line (50,000 cd/m?) indicate the two-dimensional energy detected by
evalglare for the peak glare source. Differences in energy in these areas
are the main cause of differences in DGP between measured and

7 This is the default “peak extraction” feature of evalglare, which is not to be
confused with the BSDF peak extraction model described in Section 3.3.
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simulated results.

For oblique angles of incidence when the sun source is partially or
just fully obscured by the fabric (Fig. 25¢ and d) and PE is not triggered,
the reverse is true: DGP is underestimated. For this example, the simu-
lated glare source is 16 times less intense and 16 times larger than the
glare source identified in the measured HDR image (Table 3). In the case
of the simulated images, noisy pixels from stochastic Monte Carlo
sampling within and slightly outside of the exclusion zone affects eval-
glare’s identification, intensity, and solid angle of the glare sources.

Fig. 28 shows the solar luminance for varying solid angles centered
around the solar disk. The difference between the measured and simu-
lated source luminance differs the most when evaluating a cone with a
0.533° subtended angle. This difference decreases as the subtended
angle is increased to 3° around the solar centroid, illustrating that for-
ward scattering energy is conserved but is distributed differently be-
tween simulated and measured results. So while source luminance was
found to be adequately simulated for the same cone of view (i.e., 2° and
3°), the solid angle and luminance of the solar glare source detected by
evalglare were not the same between simulated and measured HDR
images.

5. Discussion
In the field study, potential sources of error include variations in the

weave of the fabric, differences in weave between the sample measured
in the goniophotometer and that used in the field test, and variations in
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Fig. 23. Measured (x-axis) versus simulated (y-axis) luminance of the sun and surrounding area for subtended angles of 3° (left) and 2° (right). Clear sunny days
only. Anisotropic and isotropic BSDF data, triggered PE, ¢; < 90°, with blur filter. Source: LBNL.
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Fig. 24. Anisotropic-k5 case (RMSE = 15,700 cd/m? (22.36%), r? = 0.44). Measured versus simulated luminance of the sun for subtended angle of 3° on clear sunny
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Fig. 25. Example simulated HDR images with peak extraction at various stages of being triggered. Anisotropic-k6, February 22, 14:00 to 14:30 ST. Source: LBNL.

the drape of the fabric from the ideal plane represented by the simula-
tions. Field-related errors could have originated from positional differ-
ences between the measured and simulated sensor points and errors in
monitored HDR luminance (e.g., properties of the neutral density filter
and reference diffusing film, etc.). Exterior global and direct normal
irradiance were used as inputs to the Perez All-Weather sky luminance
model. This includes two potential sources of error: first, the spatial
distribution of the sky luminance and second, the luminous efficacy
estimation to convert radiometric to photometric units. Both vary from
the real-world situation. While the former is of less importance as long as
the proportion between sky and sun are assigned correctly, the latter
influences the overall luminous flux impinging at the facade. Photo-
metric instead of radiometric measurements can solve the latter; using
calibrated HDR environment maps can solve both.

5.1. Assessment of errors across the workflow

Barring these field-related errors, summary findings derived from the
pilot validation study are as follows:

18

e Comparisons between tabular BSDF data and two independent
sources of data (i.e., integrated sphere measurements and data
derived directly from measured goniophotometer data, cf. Section
4.1) demonstrated that there were small absolute differences in
direct-hemispherical transmittance and reflectance when the tabular
BSDF data were derived from adequate goniophotometer measure-
ments. If the material is assumed to be isotropic when it is in fact
anisotropic, the resultant tabular BSDF data can deviate in some
regions. If the material is assumed to be quadrilaterally symmetric
when it is in fact bilaterally symmetric, similar errors are incurred.
For this study, assumptions of isotropic properties resulted in sig-
nificant errors in predicted vertical illuminance and source lumi-
nance (Section 4.2). Assumptions of quadrilateral symmetry were
better but still showed some bias.

For sunny periods when specular transmission occurred, simulations
with peak extraction yielded good agreement with measured source
luminance data (i.e., 2° and 3° cones centered on the solar disc, cf.
Section 4.2.4). Anisotropic BSDFs outperformed isotropic BSDFs.
However, increasing resolution of the anisotropic tensor tree BSDFs
beyond some point did not further improve accuracy (cf. Section
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Fig. 26. Evalglare data derived from measured (x-axis) and simulated HDR images (y-axis): a) source luminance (cd/mz), b) source solid angle (sr), and c¢) DGP.
Simulated case: Anisotropic-k6, PE triggered, ¢; < 90°, with blur. Source: LBNL.
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Fig. 27. a) Illustration of the size and shape of the peak glare sources detected by evalglare from the measured and simulated HDR images, where luminance of

sources (left to right): 318,922 cd/m?, 1,828,053 cd/m?, and 783,944 cd/m?; b) luminance profiles taken in the horizontal cross section; and c) vertical cross section.
Case: Anisotropic-k6, March 11, 13:05. Source: LBNL.

3.3.3). Larger errors occurred at more oblique angles of incidence, entire workflow:
due in part to noisy triggering of the PE algorithm.

e When discomfort glare was evaluated for periods when there was e There are inherent limitations associated with goniophotometric
specular transmission (PE triggered), the solid angle of the simulated measurements (delineated in Section 3.1) and practical limits of
glare source was smaller and thus its intensity was higher than that of backwards ray tracing. Even if we were able to measure at near-
the measured glare source, resulting in simulated DGP values that specular directions with resolutions far below 0.5°, random
were greater (i.e., more conservative) than measured values (Section (ambient) sampling of such tabulated BSDF models would not be
4.2.5).

feasible. Getting the corresponding resolution of ambient rays of

approximately (180°/0.5°)” would require setting the Radiance —ad
The pilot validation provided insights into sources of error across the parameter to 130000 and higher. The problem of missing near-
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Fig. 28. Source luminance (cd/m?) as a function of subtended angle centered
on the solar disk. Case: Anisotropic-k6, March 11, 13:05. Source: LBNL.

specular data arises from the validation of the peak shape recon-
struction in the image domain (i.e., the point spread function filter).
The peak extraction algorithm addresses both of these limitations.
The PE algorithm’s representation of near specular and specular
scattering of high-intensity sunlight can be within acceptable limits if
adequate goniophotometer measurements are made to capture the
characteristics of the material (e.g., anisotropic with bilateral sym-
metry). In this study, luminance remained low in other parts of the
scene (<2000 cd/m?), indicating good trends in energy
conservation.

The basis resolution of the tabulated BSDFs can affect when peak
extraction is triggered. As a result, simulated source luminance levels
vary with basis resolution. In general, higher resolution bases yield
greater accuracy up to a limit; the basis resolution that yields lowest
error must be determined through sensitivity analysis. This de-
pendency is due to instability in the peak extraction method, which is
exacerbated by the variability of the measurements, interpolation,
and representation (cf. Section 3.3.3). We can miss the peak in some
cases, underestimate it sometimes, and overestimate it other times.
This is illustrated in Fig. 30, where the peak of the tensor tree dataset
is not particularly stable as it changes in size and maximum value in
ways that are probably not seen in the original data. Most of this
variability likely comes from converting to a finite sampling repre-
sentation (basis).

The tabulated BSDF with the PE algorithm is limited in its ability to
model the shape of the sun’s glare source, leading to discrepancies
between measured and simulated source luminance, and over- and
under-estimation of glare discomfort when specular or partial

Aniso-k6

Aniso-k3

Aniso-Klems

Iso-k6
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specular transmission does or does not occur, respectively. Simulated
glare discomfort is likely to be conservative under sunny conditions,
but further modifications are needed to improve modeling accuracy.

5.2. Assessment of errors on DGP accuracy

This analysis focused on prediction accuracy of vertical illuminance
and source luminance as inputs to any arbitrary metric (i.e., any daylight
discomfort glare metric), but evaluates simulated performance for the
DGP metric specifically. The DGP metric combines saturation glare
(represented by the vertical illuminance term (E,)) and contrast glare
(represented by the glare source luminance (L) divided by E,, by source
solid angle (»), and by the position of the glare source within the field of
view (P)), see Equation (1).

L2 iWg i
DGP = ¢; - Ey + ¢, - logyo <1 + Zin=1 Els.;7pi.> +c3)
v S,1
J

\ )\

@

saturation contrast

term term

For the investigated case, the sun as glare source is a significant
factor in the perception of glare, since the low hemispherical trans-
mittance of the fabric (around 1%) leads to Ey in the range of less than
500 Ix (i.e., saturation glare is not dominant). For that reason, the
contrast term in the DGP equation (ref. to Equation (1)) becomes
dominant.

An intrinsic problem of all contrast glare metrics/terms is the non-
linearity between the predicted glare sensation (typically a function of
L2 *®) and the energy of the glare source received by the eye (function of

Fig. 30. Upper row: BSDF produced by the interpolant showing the distribution
of the specular, semi-specular, and diffusely scattered outgoing flux for varying
angles of incidence. Lower row: Tabulated BSDF with a -k6 tensor tree reso-
lution for the same fabric. Both sets of images are shown in logarithmic scale.
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Fig. 29. RMSE (%) values for vertical illuminance (top), source luminance for 3° cone (middle), and DGP (bottom). BSDF cases (left to right): isotropic-k6,
anisotropic-Klems, anisotropic-k5, and anisotropic-k6 with PE (blue) or PE triggered (orange). Data given for ¢; < 90°. Source: LBNL. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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L *w). As a consequence, it becomes important to match the luminance
and the solid angle at the same time — just conserving energy leads to a
mismatch when one of the variables deviates.

A potential difference of the solid angle can occur because of the blur
of the sun disk in measured HDR images versus ideal sun disk simula-
tions. Simulations might overestimate DGP because DGP was developed
using HDR imaging and this underlying data includes the camera lens
flare, increasing sun-disk size. For this reason, a filter based on a Lor-
entzian function was developed in this study and applied to all images.
For other metrics that did not use HDR imaging in their derivation (e.g.,
daylight glare index (DGI)), the filter may not apply. Further work is
needed to develop a general method for deriving this filter.

A study on evalglare parameter settings [52] revealed the challenges
of heuristic glare source identification methods (i.e., task area,
threshold, factor method) and dependency of these methods on the
luminance distribution within the measured scene (i.e., subjective
response in scenes dominated by contrast versus saturation glare).
Further user assessments are needed in conditions where small,
high-intensity daylight glare sources are within the field of view in order
to confirm the validity of existing glare metrics like DGP. Until then, it is
unclear what are acceptable levels of error for inputs to discomfort glare
metrics.

5.3. Potential solutions to improve accuracy

When PE is triggered, tabular BSDFs with higher resolution yielded
lower levels of error when predicting DGP. Alternatively, if the PE al-
gorithm is not used, then higher resolution BSDFs are expected to yield
more accurate results. It should be possible to enable higher-resolution
tensor trees in the non-PE case by fixing memory issues associated
with dense sampling, either using an out-of-core algorithm, or clever in-
line pruning methods. We would also need to solve the problem asso-
ciated with storing Monte Carlo inversion tables at high resolution,
which are created during the ray-tracing simulation, and can overwhelm
virtual memory in some cases. We recently added a least-recently-used
cache purging algorithm to address this problem, but it should be
balanced carefully against memory size for optimum performance.

The specification of the appropriate BSDF resolution for different
shading and daylighting systems in connection with the targeted eval-
uation metrics is the subject of current research. Increasing the BSDF
resolution might lead to practical problems in handling the data in
simulation software. Decreasing the average patch sizes down to about
0.5° (e.g., tensor tree k = 8 to k = 9, cf. Table 1) leads to the same issues
in a backward Monte Carlo ray tracing algorithm: finding hotspots in the
exiting distribution is challenging, similar in the challenge of finding the
sun disk (the latter can efficiently be avoided with a deterministic
approach targeting the known position of the sun [53]). In addition, we
know that lower resolution BSDF data is likely adequate for evaluating
illuminance-based annual metrics such as daylight autonomy [54]. For
some classes of fenestration systems, the Klems basis with sufficient
underlying measured data together with the application of the peak
extraction algorithm could be an adequate solution.

While increasing the model resolution to improve accuracy in the
case of direct transmission seems possible, refined methods to measure
the BSDF at near-specular directions may be an alternate solution. This
can, to some degree, be accomplished by a smaller detector aperture and
the use of light sources that produce a narrower and less diverging beam,
but maintain the beam integral. To mitigate the impact on acquisition
times, this refinement could be limited to the measurement of the near-
specular region. A wider illumination and larger detector aperture could
rapidly acquire the diffuse background, resulting in an increased signal
in regions of low, diffuse scatter. Such a modification would provide an
instrument configuration optimized for the evaluated class of fabrics,
featuring high direct and low diffuse transmission. Another potential
solution to the problematic measurement of the near-specular peak, that
avoids such interventions in the instrumentation, may be to evaluate the
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measured BSDF in conjunction with the known instrument signature by
deconvolution techniques.

5.4. View

One of the difficulties of general simulation using BSDF data is that it
does not directly represent view properly. Besides failing to show the
view out the window, the simulation of direct sunlight and reflections
visible through such systems is compromised with a finite BSDF repre-
sentation. The method of peak extraction is a workable solution to this
problem that semi-automatically determines an appropriate view
component from measured BSDF data.

In terms of view clarity [55,56], PE generally undermines these
calculations since it automatically discounts near specular scattering in
the vicinity of a strong peak. For such cases, it would be better to obtain
a high-resolution BSDF and do the analysis without peak extraction. To
model outdoor objects with sufficient resolution for edge detection al-
gorithms, the resolution of the BSDF would also need to be increased (e.
g., k = 9). Interreflections within the material itself, in the case of direct
sunlight, and between the window glass and shade would be incorpo-
rated using genBSDF if the shade is interior to the window glass but
would require alternate use of genBSDF (+forward -backward) if the
glass was on the interior of the shade. This view aspect was not evalu-
ated in this study and should be addressed in future evaluations.

5.5. Applicability

The PE algorithm evaluated in this study is only applicable to for-
ward scattering materials with transmission that is regular (i.e., some
openness fraction where no scattering occurs in and around the line of
sight from the source, e.g. fabrics, fritted glass, direct transmission in
between Venetian blinds). Reflected or refracted peaks are not extracted
by the current PE algorithm. Linear structures that deflect light into a
broad vertical region may be best modeled with a high resolution BSDF
without PE. PE could be used to model regular transmission that occurs
through the space between curved mirror blind slats but not the
mirrored slats themselves. Frosted glass transmits light in a broad, near-
Lambertian lobe, so while the term “specular” transmission is used by
some to describe its properties, the PE algorithms in this study would not
be applicable. A high resolution BSDF without PE may be applicable but
simulations are subject to noise and are less efficient as discussed in
Section 3.3. Further validation is needed to evaluate performance of
both non-PE and PE methods for these systems.

If off-specular and upward-reflected peaks are expected, the method
of photon mapping with high-resolution BSDFs [53] is recommended.
Photon mapping in this case adds the benefits of forward raytracing for
small and high intensity light sources (e.g., the sun) to the general
backward raytracing functionality. Though still limited by the resolution
of the BSDF data for sharpness of specularly reflected light, reflected
peaks can be simulated more efficiently and with reduced noise.

An international expert group within the International Energy
Agency Solar Heating and Cooling Programme Task 61/EBC Annex 77:
Integrated Solutions for Daylighting and Electric [57] is addressing
standardization of BSDF daylight system characterization and aiming at
the development of a general guideline for the generation of BSDF data
sets.

6. Conclusions

Based on a pilot validation study, a general method developed to
generate and use data-driven BSDFs was determined to be yield satis-
factory levels of accuracy in the determination of vertical illuminance
and source luminance for daylighting and shading systems that allow
specular and near specular transmission. Prediction of discomfort glare
was conservative under worst case sunny conditions but further work is
needed to reduce errors.
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Appendix A
Radiance convention for phi and theta angles

The Radiance convention for phi (¢) and theta (6) angles was used in this study (Fig. A1), where the “front” (F symbol) of the sample faces towards
the indoors (inward surface normal z-axis); i.e.,

e 0; = 0°-90° for incident angles and 6; = 90°-180° for outward scattering angles, measured from the inward z-axis;
o ¢; and ¢ are measured from the x-axis in the x-y plane, where ¢ = 0° points horizontally to the right and ¢ = 90° points upwards when viewing the
front of the sample.

For example, the sun with an altitude of 60° at noon would have an incident angle (i) of 6; = 150° and ¢; = 90° on a south facing window with the
front of the roller shade fabric facing towards the indoors.

inward

inward o 5
up : ¢ =90 -

z
i v

outward outward
phi angle convention theta angle convention
Fig. Al. Radiance convention for BSDF coordinates, phi and theta. Source: HSLU.

Definition of isotropic and anisotropic materials

Isotropic materials exhibit the same scattering behavior irrespective of sample rotation. Anisotropic materials exhibit varying scattering behavior,
where the material can be symmetric over a single axis (bilateral), over two axes (quadrilateral), or unsymmetric (e.g., random pattern of colors and/
or weave across plane of fabric). For isotropic materials, goniophotometer measurements at one phi and several theta angles of incidence are needed.
For anisotropic materials, measurements at multiple phi and theta angles are needed. (See Fig. A2)
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Anisotropic
Bilateral symmetry

Anisotropic
Quadrilateral symmetry
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Isotropic
(Random or uniform
microgeometry)

Fig. A2. Diagram illustrating anisotropic and isotropic materials (above) and measurement points for phi and theta angles (below) that would be necessary to
characterize the scattering properties of the material. Source: Anyhere Software.
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