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ABSTRACT
The accuracy of daylighting simulations for the built environment depends on the way its surround
is represented in the simulation model. The common modeling practice of many designers is to
create an exterior surround with a flat ground surface with little or no external architectural or
landscape elements. In this dissertation, this abstraction and a number of different levels of detail
for modeling the exterior surround were investigated by comparing real-life empirical
measurements with their corresponding simulation results. A total of 13 different exterior views
were each studied under 15 different sky/seasonal conditions to investigate the contribution of the
surrounding features to the daylight delivered inside a small office. These features were classified
into one of four different groups - sky, architectural structures, standing vegetation, and horizontal
ground. Five of these locations were chosen for daylight simulation by applying six levels of detail
to the exterior surround in a simulation model. The results reveal that ignoring exterior surround
objects (common practice) yielded an average 67.9 percent error, while a high level of detail (which
included high polygon vegetation representations) resulted in only an average 11.3% error. The
LM-83 modeling recommendations resulted in an average of 22.8% error.
The surround landscape highly influences the quantity and quality of daylight in an interior space,
and is often excluded from daylighting simulation mostly due to the complexity of 3D geometry of
trees and lack of efficient and validated modeling technics. In this study, different methods of
representing trees in a daylighting simulation model are investigated by comparing the simulation
output to real life empirical measurements and computing the associated errors. Eight species of
tree were studied in a natural and relatively isolated setting by collecting photographic (HDR; High
Dynamic Range) and photometric (luminance, illuminance and irradiance) data at 4 sky conditions
and 8 view angles. A daylight simulation model was created in which trees were represented with
high-poly and primitive geometry using a range of reflectance-transmittance material properties.
The results revealed the average simulation error for representing trees as primitive geometry
(LM-83 recommendation) was 120.7% (RMSE; Root Mean Square Error). Additionally Plastic and
Trans material definitions were considered in the simulation model and a Response Surface Model
(RSM) statistical design was chosen for data analysis. The findings showed the simulation error
could be lowered to 52.8% with proper material definition for the primitive geometry and 32.9% if
a high-poly 3D geometry was applied.
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1. Chapter 1: INTRODUCTION AND BACKGROUND
INTRODUCTION AND BACKGROUND

1.1 Introduction
Architectural daylighting analysis and design is a very complex process due to the dynamic nature
of the sun and stochastic characteristic of the weather, in addition to other factors, such as the
orientation of the building, size of the opening, surface reflectances, shading systems, etc. With the
current advances in computer hardware and software resources, lighting simulation has become a
reliable tool in the lighting design process instead of (or in addition to) a rule of thumb approach.
Lighting simulation does not perfectly replicate the actual physical lighting analysis of the built
environment because any simulation is based on a series of assumptions and a great deal of
simplification and abstraction. It is very important to study daylighting in a real life setting and
compare it to the common practice simulation methods to measure the extent to which the
methods are in agreement with reality. This research attempts to study the effect of a building’s
exterior surroundings on the accuracy of lighting simulation processes in modeling real daylight
conditions.

1.2 Background
According to the Department of Energy (DOE, 2012) 41% of the total energy consumed in the US is
due to the residential and commercial sectors and around 10% is for lighting. Previous studies have
shown the great potential of using daylight to decrease electric lighting system consumption with
the application of appropriate light sensing technology and control algorithms (Mistrick & Sarkar,
2005). The heating-cooling aspects of building energy consumption can also be influenced by the
introduction of daylighting. With careful daylighting design, the heat absorbed directly (or
indirectly) from the daylight can be used to reduce the heating load. However, an inappropriate
daylighting design may save some energy in the lighting area but increase the cooling load of the
building, which could lead to higher energy consumption.
In addition to energy saving advantages, there are physiological, psychological and aesthetic
benefits in the use of daylight, such as regulating circadian rhythm as a result of being exposed to
higher levels of daylighting (particularly shorter wavelength region of the spectrum) in the morning
(Figueiro & Rea, 2010), increasing work place efficiency (Ander, 2003), and reducing Seasonal
Affective Disorder (SAD) (Tregenza & Wilson, 2011, p. 6). Also, due to the continuous, uniform
output and equal energy per wavelength nature of the daylight electromagnetic spectrum, objects
reveal their “natural” hue when they are viewed under normal daylight (DiLaura, Houser, Mistrick,
& Steffy, 2011).
Due to the complex nature of daylighting, which is highly influenced by site factors, it is impossible
to come up with a solution that works for every site (DiLaura et al., 2011). Lighting designers,
during the design process phases (programming, schematic design, design development,
construction documentation, construction administration and commissioning) collaborate with
team members from other disciplines such as HVAC, architectural design, electrical, etc. to achieve
the daylighting goals with energy savings and occupant benefit.
1

1.3 Problem
Daylighting performance in the built environment is affected by the architectural or landscape
context of its surrounding. The availability of daylight greatly depends on the density and light
reflecting properties of the objects that surround the building. The surrounding context may block
the sun for some hours or may increase the available daylight by reflecting light to a window or
skylight.
The accuracy of daylight responsive design highly depends on having a working model of the
building and its surround with the least error compared to a real physical measurement of the
luminous environment. The current common simulation practice of an interior daylit space is to
create the exterior space as a flat surface with minimal or sometimes no surrounding landscape or
architectural elements (Figure 1-1). This abstraction and simplification may lead to a lighting
system that does not perform as it is designed and consequently does not meet customer
satisfaction or energy saving goals.

Figure 1-1 Current common practice geometry representing the architectural surrounding
environment.
With the increase in the use of daylighting simulation in the architectural design process, it is
crucial to verify any simulation tool with empirical data to confirm it produces reliable results for
complex geometries, various surface materials (Specular, Lambertian, etc.), preferably with a
reasonable simulation time, and expected sky conditions (Reinhart & Herkel, 2000). Discrepancy
between the measured data and computer simulation can lead to under or over-prediction in the
energy consumption of the daylighting design, with associated errors that can be up to 60%
(Galasiu & Atif, 2002).
Architectural openings provide both daylight to the interior and a view to the exterior environment
for the occupants. Among the many challenges that daylighting design needs to address are
luminance ratio and luminance pattern-gradient (DiLaura et al., 2011, p. 12.18). These factors, if
ignored, result in occupant discomfort (glare) and the removal of the glaring source by pulling
down shades or other daylighting control devices, which reduces the amount of daylight delivered
to interior. View content also plays an important role in an occupant’s perception of the luminous
environment. For instance, views that encircle a wide scale of distance and natural scenes are
preferred, and when the view is appealing to the occupant, the threshold for discomfort glare
increases (Tregenza & Wilson, 2011, pp. 9-10).
Vegetation and landscape elements have unique 3-dimensional properties that play an important
role in potentially neutralizing powerful daylight (100,000 lux), transforming it into a more useful
2

light source and reducing the glare effect. This is achieved when, in the process of landscape design,
the design team takes into account the density of foliage, the reflectance (darker color vs. lighter
color leaves), deciduous vs conifer, and the position of a window relative to the foliage (Tregenza &
Wilson, 2011, p. 88). Most daylighting design for the surrounding architectural landscape is limited
to general recommendations due to the lack of empirical study in this field to quantify factors
associated with landscape elements and their effect on the quantity and quality of daylight interior.
There are many studies in the field of forestry that explored the luminous properties of trees from
various angles such as the light absorption of different species of trees (Binkley, Campoe, Gspaltl, &
Forrester, 2013), Light interception of various canopy types (Forrester, 2014) , the effect of
different species of trees on light absorption and efficiency (Forrester & Albrecht, 2014). The
context of these studies (and other similar research) is in the natural habitat of various species of
trees (forests) in which the light sensitivity function of the specific species of trees has been utilized
(which is different from luminous efficiency function of human V(λ)). It is important to study the
lighting performance of trees from the point of view of architectural daylighting in an urban
environment (where vegetation interacts with human-made hardscape) given that buildings are
often surrounded in some manner by trees.
Although adding surrounding details to a daylighting simulation reduces the errors, it demands a
greater amount of time in preparing the 3D geometrical model and can increase the simulation time
tremendously. It is important to find the appropriate level of detail that produces errors that are
acceptable for architectural lighting design and analysis purposes. Appropriate recommendations
can be achieved by simulating the luminous properties of a scene and comparing the empirical
lighting data to the computer model. Such efforts are the subject of this dissertation.

3

2. Chapter 2:

LITERATURE REVIEW

LITERATURE REVIEW

2.1 Exterior Luminous Environment
The exterior daylight environment in an urban setting consists of many elements, each of which
contribute variously to the architectural opening (window) based on factors such as reflectance,
location, the solid angle that the object subtends, its luminance, etc. In this study the major
contributing elements are categorized into four components: 1) sky 2) architectural (neighboring
buildings and architectural surfaces) 3) vegetation (trees, shrubs, etc.) and 4) ground (pavement,
grass, etc.).

2.1.1 Sky
Modeling the sky for daylight applications is a challenging task due to the dynamic nature of the sun
and stochastic properties of the weather. The sun’s solar disk subtends about 0.5 degrees, but
despite its small size, it has a very high luminance (about 1.6 *106 cd/m2 before considering the
earth’s atmosphere) (DiLaura et al., 2011, p. 7.1). Because of the extremely bright and directional
nature of the source, it creates high luminance patches that can be a source of glare in an interior
environment. Daylighting simulation software uses site location (latitude and longitude), date, and
time of the simulation to compute the solar position (DiLaura et al., 2011, p. 7.6).
The luminance distribution of a sky can be measured by a sky scanner, which is an instrument with
photocells in a tube and optics to focus on a small field of view. These patches are small and there is
no overlap between them. An electric motor turns the sensor toward each patch based on its
corresponding elevation and azimuth to take the luminance measurement (Tregenza & Wilson,
2011, p. 182). In one typical system, the sky is divided into 145 patches (12° horizontal and 12°
zone across)(Figure 2-1) (Tregenza, 1987).

Figure 2-1 Subdivision of sky (Tregenza & Wilson, 2011, p. 183).

2.1.2 Architectural Obstruction
Except for construction in barren rural areas, the availability of daylight in a building interior highly
depends on the configuration of the surrounding exterior environment. An adjacent building could
4

mask the sky and consequently reduce the available daylight, or in some cases redirect the daylight
into architectural opening. Not considering a neighboring building in a daylighting simulation could
result in overestimating or underestimating the amount of daylight in the interior space and
therefore increase the chance of glare or error in the estimated potential energy savings. The
density of buildings in an urban environment (Urban canyons) plays an important role in the
availability of daylighting. Multiple inter-reflection between facades of buildings further
complicates the daylighting calculation, and based on the reflectance of façade surfaces, the
quantity of available direct illuminance may change drastically (Brotas & Wilson, 2006).
Previous research on the subject of daylight in a congested urban area used a sky component and a
horizon factor value (Tregenza & Wilson, 2011, p. 126). In this method, a vertical sky component
(Dsv), horizon index values (Hi30 & Hi100) (Figure 2-2), and the ratio of building coverage above the
horizontal plane (2 meters above the ground plane) (AP) are used to compare various urban
environments. The horizon index used in the study is a measure of adjacency of surrounding
buildings to the size of the window or architectural opening and urban density (Tregenza & Wilson,
2011, p. 141). This measure is compared by drawing radial lines from the window or opening in
plan view and tallying the number that intersect surrounding buildings at 30 meters (98 ft. (Hi30))
and 100 meter s(328 ft. (Hi100)). The horizontal index is the ratio of intersected lines to the total
number of radial lines. The results varied tremendously based on the proportion of building heights
to the width of the street and climate (Figure 2-3).

Figure 2-2 Horizon index (Hi30 & Hi100) (Tregenza & Wilson, 2011, p. 148).

Figure 2-3 Daylight and urban environment (Tregenza & Wilson, 2011, p. 127).
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2.1.3 Vegetation
The presence of trees is one of the key factors in defining an architectural space and its daylighting
performance. The unique three dimensional shapes of trees scatter sunlight or skylight and create
shade for the objects in its vicinity. Additionally, deciduous trees shed their leaves and in this way
their luminous properties change significantly depending on the time of the year (seasonal effect).
Although trees have a great positive impact on the view and are highly favored by occupants, they
make the lighting calculation much more complicated due to their complex and changeable three
dimensional shape and convoluted light scattering and transmission properties (Tregenza &
Wilson, 2011, p. 160). Previous study has employed photometric or photographic method (multiple
exposures or HDR) to quantify the luminous characteristics of the trees and, according to Wilkinson
(1991), these two methods are not significantly different (statistically).
Mesa et al. (2010) Studied the luminous characteristics of a forested urban environment by
calculating the sky dome’s percentage that was not masked by an urban surface element. In this
study the contribution of the façade's vertical elements are considered to be from the Direct
Component (DC), Diffuse Component (dc), Terrain Reflected Component (TRC below horizon line)
and Obstacle Reflected Component (ORC) (Figure 2-4). To perform a computation, each of the four
components is broken down based on their source (1: Sky, 2: obstruction created by solid elements
of building itself such as overhang, 3: obstruction created by neighboring buildings 4: obstruction
created by tree, 5: reflecting horizontal areas such as pavement or asphalt). By using an angular
grid, the solar obstruction by urban elements was mapped for each view (Figure 2-5). The results
showed that for the urban environment locations used in the study, each location’s solar
obstruction is unique as a result of the local geometric properties. The share of urban trees to the
solar obstruction was 40%. The result demonstrated the effective use of tree species to provide
solar radiation to the façade in a season that demands high solar radiation.

Figure 2-4 Components of daylighting in urban environment (Mesa et al., 2010).
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Figure 2-5 Obstruction by urban elements studied by using angular grid (Mesa et al., 2010).
Arboit et al. (2008) studied the solar potential of trees in the low density urban environment of
Mendoza (Argentina). Their sample units include 32 locations driven from satellite images, aerial
photography and maps in addition to field surveys. The urban variables in this study were
orientation, geometry, width of street, plus the size, position and species of trees in the urban area.
From the satellite data and field survey, urban tree structure was computed as a function of height
and diameter of the crown and categorized into 5 groups (summarized in Table 2-1). A graphic
computation model was used to compute the ratio of north-facing façade (that catches the direct
sunlight in southern hemisphere) based on an axonometric perspective from the sun’s point of view
(Figure 2-6). The scenes were run for the 21st day of the months of April, May, June, July and August
(local winter months) from 9:30am to 2:30pm (intervals were not mentioned). The runs were
made with and without trees to measure the effect of vegetation in the urban area. For each,
multiple indices of Mean Insolation Factor (MIF), Useful Insolation Factor (UIF) and Potential for
Energy Savings (PES) that the researchers developed for their study were computed. The results
showed that the regularity of urban layout, magnitude 2 trees (medium size 6-10 m crown
diameter), and highest building density increased the solar masking value. Additionally, a
magnitude 3 tree type (small 4-6 meters crown diameter) yielded the lowest masking value (Table
2-2).
Table 2-1 Urban tree structure (Arboit et al., 2008).
Group
Magnitude 1
Magnitude 2
Magnitude 3
Magnitude 4
Magnitude 5

Size
Large (12-15 meter crown diameter)
Medium (6-10 meter crown
diameter)
Small(4-6 meter crown diameter)
Any of Mag. 1-3 type that is damaged
by poor pruning
Newly planted and not taller than
1.5m

Species
London plane, tip tree, acacia
European ash, chinaberry tree, white
mulberry
Maple, umbrella chinaberry, common elm
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Figure 2-6 Locations of the study in the urban environment (Mendoza, Argentina) (Arboit et
al., 2008).

Figure 2-7 Axonometric perspective from the sun’s point of view (Arboit et al., 2008).
Table 2-2 Results of urban variables and their effect on daylight (Arboit et al., 2008).
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Konarsta et al. (2013) studied the solar behavior of trees in isolation to measure their
transmissivity. 5 species of trees (deciduous and conifer) in isolation were selected for the study
(Figure 2-8) in a cold and high latitude climate (Goteborg, Sweden). Two calibrated pyranometers
measuring the total and direct component of solar radiation; one in the proximity of a selected tree
(a few meters north of the trees at various distance depending on the tree’s height and crown
diameter) and another pyranometer was positioned on the roof of a tall building (4 stories) to
capture the direct and diffuse irradiance of the sky (reference pyranometer). In addition to
irradiance measurements, hemispherical photographs were taken to be used for computing the
ratio of Sky View Factor (SVF) (the ratio of tree crown to its surrounding) (figure 2-9). The results
demonstrated that when a pyranometer was under tree shade, hardly any direct radiation was
recorded (5 w/m2 or less) while the reference pyranometer was reading 500-700 w/m2. Table 2-3
summarizes the transmittance of each tree in the study and Table 2-4 shows SVF for each species.

Figure 2-8 Isolated trees selected for the study (Konarska et al., 2013).

9

Figure 2-9 Hemispherical photographs of trees used for analysis (Konarska et al., 2013).
Table 2-3 Transmissivity of trees for foliated and leafless state (Konarska et al., 2013).

Table 2-4 Sky View Factor (SVF) computed for tree (Konarska et al., 2013).
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Villalba et al. (2014) used lighting behavior of complex fenestration as a concept to develop a
methodology for the daylight model of a tree canopy (figure 2-10). For this study, hemispherical
images of an urban environment were taken and analyzed by appropriate software to compute the
ratio covered by trees to the rest of environment. Samples of 726 leaves were collected to
determine the predominant angle of inclination of the leaves. A similar method was used for
branches of the tree. From the computed angle of inclination of leaves and branches, a triangular
grid was created which was extruded to create a hemisphere of light shelves (Figure 2-11). A ray
trace simulation program (TracePro) was employed to study the lighting characteristics of the 3D
geometry of a 3D digital tree. The results showed the error of simulation compared to measured
data could be between 0 to 200% for various hours of the day (Figure 2-12).

Figure 2-10 Complex fenestration and trees lighting performance (Villalba et al., 2014).

Figure 2-11 3D Tree was generated from hemispherical image (Villalba et al., 2014).
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Figure 2-12 Comparing measured illuminance to simulated model using 3D tree (Villalba et
al., 2014).
Al-Sallal and Abu-Obeid (2009) studied the effect of trees in proximity to a classroom in a hot-dry
climate on illuminance in the classroom interior. The Desktop Radiance software was employed for
this study, and trees were modeled as basic 3-D geometry (figure 2-13) with appropriate
transmittance and reflectance (Table 2-5). The 3-dimensional structure of the tree used in the
daylight simulations was created using data from hemispheric photography of a real-life specimen
of the species selected for the study. The criteria for choosing the species of tree were based on
creating shade throughout the academic year (evergreen), having appropriate sunlight scattering
capability, height range of tree exceeding the window height, suitability to the local climate (mean
annual rainfall of 400-1200 mm), and a tree root system that is not harmful to the building
structure. The illuminance contour plots of the results look inaccurate probably due to human error
in running the Radiance simulation because the contour plot for 10 AM and 12 PM on the same
façade are almost identical in some cases (or slightly different due to random iterations that occur
when running the same scene in Radiance), while the overall light level is expected to be higher
considering the size of opening, climate, and site latitude (Figure 2-14).

12

Figure 2-13 Simulation method (Al-Sallal & Abu-Obeid, 2009).
Table 2-5 Simulation material properties (Al-Sallal & Abu-Obeid, 2009).
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Figure 2-14 Illuminance contour plots (Al-Sallal & Abu-Obeid, 2009).

2.1.4 IES Approved Daylighting Metrics (LM-83)
The IES approved method for daylighting metrics (LM-83) was developed (through committee
consensus) to provide a new set of daylight metrics in addition to previously accepted metrics for
daylighting simulations. In determining these metrics, obstruction, buildings or other opaque
surfaces are to be modeled within at least 100 feet of the architectural opening under study. The
exterior environment needs to be modeled with a level of detail of at least 10-foot increment
resolution (or more rigorous modeling if possible). A reflectance of 30% is to be used for surfaces
where their properties are unknown. If there is no information on the surrounding setting,
neighboring buildings must be assumed to have the same height and setback as the building under
study.
For the ground surfaces within at least 100 feet of a building, the actual reflectance is to be used, or
10% if there is no information about the actual value. Also, light shelves, overhangs, exterior
shades, and other redirecting architectural elements need to be modeled accurately with
appropriate reflectance. The LM-83 approach for modelling trees is to create three dimensional
primitive geometries such as spheres, cones or cylinders with appropriate size using a 20%
reflectance.

2.2 High Dynamic Range Imaging
High Dynamic Range Imaging (HDR) is a process in which multiple photographs of a scene, each of
which is of different exposure, are captured to build a single image that shows the detail within the
highlight, mid tone, and shadow regions. One of the earliest images was fused by Gustave Le Gray
by taking multiple shots on negative films and processing them as one final print (Figure 2-15).
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Figure 2-15 Brig upon the Water by Gustave Le Gray – on of the oldest HDR image (Le Gray,
1856).
In order to capture the luminous environment, previous research has utilized commercially
available cameras to capture the scene to be used for lighting analysis (Mehlika Inanici, 2010). The
camera response function (which is unique for every camera) is used to construct the luminance
map. The multiple exposure pictures taken by the camera need to be accompanied by a few data
points of luminance measurement recorded with a calibrated luminance meter. These
measurements are used for calibrating the final HDR outcome (Cai & Chung, 2011). From the HDR
image, pixel luminance and luminance gradient is extracted by applying appropriate computer code
to the file (Su & Cai, 2013).

2.2.1 Camera
In previous research, the camera used for creating HDR image was a commercially available brand,
usually with above average features (considering the available technology at the time of data
collection) (Au, 2013). With advancement in digital camera technology, Digital SLR (Single-Lens
Reflex) cameras are used for architectural lighting applications, although film SLRs and digital film
scanners are also utilized to construct an HDR image (Cai & Chung, 2011; MN Inanici, 2006).
Higher-end digital cameras are usually better built and come with more features and capabilities.
One of the features that is very useful in capturing the LDR (Low Dynamic Range) images, is an auto
bracketing feature which takes multiple exposures (5-7, or more) with one press of the shutter
button (Reinhard et al., 2010, p. 198).
To construct a luminance map of a luminous environment, two types of camera have been used: 1)
a scientific or custom made camera that is preloaded with appropriate code and functions designed
for capturing luminance (Rea & Jeffrey, 1990) or 2) a consumer grade digital camera that is
designed for all types of application and needs to be calibrated with a luminance meter to capture a
luminance map (Cai & Chung, 2011). In the process of fusing LDR exposures into one HDR image,
the Camera Response Function is needed, which most manufacturers protect from the public as
their trade secret (Reinhard, Ward, Pattanaik, & Debevec, 2006). The CRF for an architectural
photometric application is reconstructed from the exposure value of each LDR image. The CRF
needs to be constant from one exposure to another, so it can be used for photometric applications
by taking a sequence of multiple exposures and applying one response curve in the process
(Reinhard et al., 2010).
Charge Coupled Devices (CCD) and Complementary Metal-Oxide Semiconductors (CMOS) used in
digital SLR cameras are of two types: 1) full frame chip that has a very good sensitivity and needs a
mechanical shutter to control the amount of light that hits a light sensitive area, and 2) a
progressive (interline transfer) chip that has multiple columns of sensitive areas and a chip that
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uses some of them to control light exposure. This approach does not require a mechanical shutter
to control the amount of light (Fiorentin, Iacomussi, & Rossi, 2005). LM-77-09 (IES Approved
Method for Intensity Distribution Measurement of Luminaire and Lamp Using Digital Screen
Imaging Photometry) recommends choosing a camera with an appropriate CCD based on the
photometry application (IES, 2009). Generally speaking, full-frame CCDs are of higher quality and
exhibit less noise compared to progressive CCD, and for outdoor HDR photography in an
architectural application, the use of a mechanical shutter speed is not a deciding factor because of
the presence of a higher level of light and consequently relatively shorter exposure times.

2.2.2 Lenses
Camera manufacturers offer a wide variety of lenses for Digital SLR cameras, each of which has a
unique optic, appropriate for a particular photography situation. For an architectural lighting
application, usually a wide angle or fish eye lenses is used (Cai & Chung, 2011) because of the wide
field of view (FOV) they provide to capture the luminance map of a greater area of the luminous
environment, even though this feature comes at the price of introducing vignetting effects (Jacobs,
2007) and errors due to projection onto a flat surface (MN Inanici, 2006). Also, a lens with shorter
focal range has lower angular resolution between data points and needs to be avoided for indoor
photometric application (IES, 2009).
Fish eye lenses, first introduced in 1960, allow meteorologists to capture the sky dome as one
image (Bloch, 2007, p. 261). There are two major types of fish-eye lenses: Circular and full frame.
The main difference between the two types is that a circular lenses covers 180 degrees in all
directions and the final output image is circular but a full frame lenses only cover 180 degrees along
the width of the field of view and produces a rectangular image with no black region compared to
the circular fish-eye lenses (Au, 2013).

2.2.3 Shutter Speed
Shutter speed is one of the methods whereby the amount of light that hits the sensitive area is
varied. There are two general types of shutters: Mechanical or Electronic. Mechanical shutters are
prone to errors in timing introduced by physically opening and closing the shutter. IES
recommends not to use shutter speeds 100 times longer than “the shutter timing uncertainty” or
instead of iris or dual blade, a rotating slot (mechanical) type of shutter to be used “(IES, 2009, p. 6).
Among all measures for controlling exposures values (EVs), it is recommended to choose shutter
speed as the variable while keeping everything else constant because ISO changes alter the level of
noise in the image and a change made to the aperture size will result in different depths of field
(Bloch, 2007).

2.2.4 ISO
ISO is the sensitivity of the film for SLR cameras and the sensitivity of the CCD for DSLR cameras.
The higher the ISO value, the more sensitive is the CCD to the luminous environment. Various ISO
values help to capture details in different lighting conditions. Although choosing a higher sensitivity
for CCD helps to capture details in a relatively darker luminous environment, it comes at the price
of increasing the noise level, including readout (voltage bias), thermal noise, ambient temperature
and conductive noise (Cai & Chung, 2011).
It is recommended to keep the ISO value constant and set to the lowest possible value for all LDR
images used for making an HDR image due to the fact that with any change of ISO, the noise
behavior of the camera also changes and increases as the ISO value increases. (Bloch, 2007, p. 103).
Although it is highly recommended to use a tripod to capture an HDR image, when the photography
dictates to use handheld capture, it is recommended to increase the ISO value, so images are
captured with a faster shutter speed (Bloch, 2007, p. 106).
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2.2.5 Aperture Size
Changing the aperture size is one of the methods to control the exposure value (EV) which is the
photographic scale for the amount of light that hits the sensitive area (CCD or film, in case of an
analog camera) (Bloch, 2007; Moeck & Anaokar, 2006). IES recommends a fixed lens aperture (Fstop) to be used for and architectural lighting photometric application (IES, 2009, p. 8). Aperture
size determines Field Of View (FOV) and visual depth of field and these variables are influenced by
distance of the target from the camera (Cai & Chung, 2011; Mehlika Inanici & Galvin, 2004) . The
defocusing effect (which is an error in the luminance reading)(Fiorentin et al., 2005) , and
Vignetting effect (light falling off for pixels away from the optical axis) are stronger as the aperture
gets wider (Mehlika Inanici, 2005b; Mehlika Inanici & Galvin, 2004; Reinhard et al., 2006, p. 38).
For every aperture size used for taking LDR images, a separate photometric calibration is needed.
To avoid multiple calibrations, one calibration for a known aperture size is performed and the rest
of the aperture size range is determined by applying a multiplication factor (Fiorentin et al., 2005).
Also, a fixed aperture size for a series of LDR images produces more consistency (compared to fixed
shutter speed) (Mehlika Inanici, 2005a, 2010) and reduces Vignetting effect (Reinhard et al., 2006,
p. 144).
The camera response function is computed by knowing the aperture size and shutter speed of each
individual LDR image and fitting a polynomial curve through the known points (Reinhard et al.,
2006, p. 146). For outdoor lighting applications, it is best to use the highest F-stop aperture size
possible in order to reduce the effect of stray light and have a greater depth of field (Bloch, 2007, p.
104). In the case of the presence of the sun’s corona in the field of view, multiple aperture sizes
need to be used to capture the detail of the sky (which has relatively lower luminance) and the sun
while applying a neutral density filter (Stumpfel et al., 2004).

2.2.6 Software
LDR images taken by a camera need to be fused to compose one HDR image that contains the
luminance value information at each individual pixel within the image. There are numerous HDR
software programs available for this. The difference between available software for fusing the HDR
image for architectural lighting applications can be categorized based on the following criteria:
Operating system platform, price, HDR formats, image alignment capability, supporting RAW
format, ghost removal, batch processing, supporting panoramic transformation, types of tone
mapping, creating camera response curve, calibration methods (luminance or illuminance), and
supporting validation studies (Au, 2013).
Among all software available for fusing HDR images, Photosphere (Ward, 2005) is the most widely
used for architectural applications (Anaokar & Moeck, 2005; Cai, 2013; Mehlika Inanici, 2005b;
Kumaragurubaran, 2012; Moeck & Anaokar, 2006), because of its ease of use, straightforward
calibration, and an automatic calibrating function response curve derived from the LDR images.
HDRSCOPE is another software tool that is designed to ease the process of creating HDR images
(Kumaragurubaran, 2012) . One of the advantages of HDRSCOPE over Photosphere is its capability
of comparing multiple images by applying pixel subtraction, which is a useful feature to compare a
real-world view to a computer simulated one. Also, the software allows calibrating the HDR image
with vertical illuminance which can be useful for outdoor daylighting applications since it is not
very practical to take the reading of grey standard color samples.
In addition to the available HDR software packages, it is possible to use a series of available
command line computer modules developed for architectural lighting, known as Radiance, to
conduct operations on the HDR files (such as “Pcomb”, “Compos”, “Pflip”, “Pfilt”, “Pinterp”, etc.)
(Ward, 1994). The advantage of using code modules instead of software packages is they give the
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user more control over the process of creating HDR images and they can be easily linked to other
lighting analysis computer codes such as glare analysis modules.

2.2.7 Luminance Meter
Luminance is the amount of luminous intensity of a source or luminous object per unit projected
area with the units of candela per square meter (cd/m2). It is to great degree related to the way
that luminous environment is perceived by human vision system (DiLaura et al., 2011, p. 5.14).
Luminance for architectural lighting application is quantified by a luminance meter, which is a
illuminance meter with appropriate optic to project a point in the luminous environment onto the
sensitive area of the instrument (DiLaura et al., 2011, p. 9.17).
Luminance meters in the process of taking HDR images are used for photometric calibration of the
camera by taking measurements of reference points within the scene and adjusting the fused
luminance map based on the physical measurements (Cai & Chung, 2011; MN Inanici, 2006). There
are two types of luminance meters: 1) a spot luminance meter: either a beam splitter spot meter or
aperture mirror photometer that measures luminance over a relatively small angular area (3° or
less), and 2) digital luminance meters, which measure the luminance of the entire scene at one take
(DiLaura et al., 2011, p. 9.18).

2.2.8 Illuminance Meter
Illuminance is the density of luminous flux per unit area and the units are footcandles (lumen/ft2)
or lux (lumen/m2). Illuminance is measured in architectural lighting applications with an
illuminance meter, which consists of a photodiode and color correction filter and cosine correction
lens (DiLaura et al., 2011, p. 5.10). Illuminance meters are wildly used for different applications and
are available in a broad range of quality, capabilities, and price. It is important to choose an
illuminance meter that has an appropriate angular response (response decreases with the cosine
angle of the incidence light). Some low quality meter exhibit an error of up to 25% below the true
value when they are used to measure lighting scenarios with high angles of incidence (DiLaura et
al., 2011, pp. 9.12,19.13).

2.2.9 Pyranometer

Figure 2-16 Pyranometer used for the study (KippZonen, 2014).
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Table 2-6 Pyranometer specification (KippZonen, 2014).

2.3 Daylight Simulation
Acquiring a numeral model of daylighting by a computational means is very appropriate because of
the dynamic characteristics of daylighting, complex (but predictable) movement of the sun, interreflectance between surfaces, and non-uniform distribution (DiLaura et al., 2011, p. 14.48). There
are many simple and general tools available for predicting and estimating daylighting that are
developed for specific applications and do not provide an accurate and comprehensive analysis.
The daylighting simulation considered for this research is a set of computer modules that a lighting
designer uses for accurately analyzing the annual performance of a daylit space that has been
derived from the Radiance software.
The essential concept that is used for advanced daylighting simulation is a daylight coefficient
approach, which is a function that transfers luminous flux from a patch to a point in the scene and is
expressed by the following equation:
𝐸𝑘𝑖 = 𝐿𝑖 𝑆𝑖 𝑑𝑘𝑖 (Tregenza & Wilson, 2011, p. 181)
(𝐸𝑘𝑖 =illuminance at point, 𝐿𝑖 =luminance of the sky zone, 𝑆𝑖 =angular size, 𝑑𝑘𝑖 =daylight coefficient)
In this method, the sky is divided into 145 patches (or more for higher level of accuracy). Radiance
reverse ray-tracing is used to compute the daylight coefficients for each analysis point. The total
illuminance at a point is the sum of the illuminance from each sky patch to the point. There are two
major methods to compute daylighting coefficients: a finite area method which employs matrix
algebra to solve the simultaneous equation (Tregenza & Wilson, 2011, p. 185), and a Monte Carlo
method that uses random rays from source to point or point to source (forward or reverse)
(Tregenza & Wilson, 2011, pp. 187-188).
The luminance of a simulated sky is derived using typical metrological year (TMY) measurements
from weather data for the location of the lighting simulation (Bourgeois, Reinhart, & Ward, 2008).
The luminances of the sun and sky patches are computed from the input weather data (irradiance
data) using a luminous efficiency model and luminous distribution equations (Perez, Seals, &
Michalsky, 1993).
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3. Chapter 3:

METHODOLOGY

METHODOLOGY

This research was conducted in two steps:
Step 1: Case Study
This phase involved taking HDR images of actual building surroundings and the natural landscape.
The sites for taking HDR images were selected to represent (to some extent) the diversity in the
luminous surroundings of typical buildings.
Step 2: Simulation
The second phase of the research primarily dealt with computer simulation and modeling of the
environment using common practice tools and techniques and the results were compared to the
empirical data gathered in the first step of the research.
The nature of this study dictated the use of multiple research methods (mixed methods) in order to
address the research questions. In step 1 of the study, the case study method is adopted which,
according to Groat (Groat & Wang, 2013, p. 418), is an empirical inquiry that studies a phenomena
in its natural setting and context. Although it is more common to use case studies for qualitative
research (social, aesthetic, etc.), it can also be used primarily as a quantitative tool and technique.
Another important decision in case study research method is the choice between a single or
multiple cases, which needs to be based on the nature of the research question and the value of
replication that adds to the validity of the study (Groat & Wang, 2013, p. 431). Due to the nature of
the research question which necessitates an empirical study of real life context, it is hard (if not
impossible) to set up an experimental condition with proper replication. The approach of this study
was to increase the number of cases to represent (to some extent) the diversity of building
surround luminous environments.
The second part of this study employed a simulation research method which applied to the data
that is collected in the first phase. The objective in choosing a simulation method was to replicate
the real life luminous environment and create a mathematical model which is dynamic and
interactive. It also provides a better understanding of changing parameters and their effect on the
model (Groat & Wang, 2013, p. 358). The arrangement of this study (simulation follows case study)
helps to examine the accuracy of replication which is an important issue for simulating a natural
phenomenon.

3.1 Data Collection
3.1.1 Locations
The data collection process started with selecting building sites where the HDR images were taken.
The 13 site locations (Figure 3-2) were chosen from a large pool (Figure 3-1) of locations based on
factors such as accessibility, orientation, the density of surrounding landscape, etc. in a way that
represents the diversity of typical building surroundings (to some extent). Based on the objective of
the study, data were gathered at 3 time periods (Deciduous trees with leaves, without leaves, and
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with snow on the ground). For each period, 2-3 clear sky (morning, noon and afternoon) and 1
overcast weather condition were chosen.
The process of data collection for each location, in any time period, started with the measurement
of the sun and sky by setting up the pyranometer to read the irradiance of the direct sun and diffuse
sky. The system recorded the irradiance for every second, which was the average of 1000 data
points from the signal it received from pyranometer, and it was analyzed and stored by Labview
software. The spectral sensitivity model used for this study was 285-2800 nm with a maximum
solar irradiance of 4000 W/m2 with a field of view of 180 degrees. All of the pyranometer
manufacturer’s setup recommendations were followed to ensure good accuracy of readings.

Figure 3-1 A snapshot of the some of the views from the pool of potential views for Study 1.
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Figure 3-2 13 Locations that was chosen from the pool of potential views.
At each location, first the camera was setup on a tripod at a point that was utilized throughout the
data collection activities at a given site. The first step was to take 7 exposures with the camera at
various EVs to be fused as one HDR image. The camera was setup in a way that when one pressed
the shutter button, it takes all of the necessary exposures. If the solar disk was present in the view,
it was masked with a black circular disk.
In addition to the HDR image, the vertical illuminance was measured at the lens of the camera using
a handheld illuminance meter, Also at least five luminance readings were recorded (using a Minolta
luminance meter) for several points in the view field. These values were later used for calibration of
the HDR image. Prior to taking HDR exposures for any period, the date and time recorded by the
camera were checked to ensure that a correct date and time is saved with the image file.

3.1.2 Seasons and Sky Conditions
Three seasons were chosen for Study 1; summer (when deciduous trees were foliated), fall (with
deciduous trees defoliated) and winter (deciduous trees defoliated and snow on the ground). This
was to ensure the findings of this study would be applicable to a wide range of seasonal conditions.
For each season, at least 4 sky conditions (three clear & one overcast) were considered in order to
capture a variety of solar azimuth angles (morning, noon, and afternoon). In this way, a total of 15
sky-season conditions were captured at each of the 13 locations, for a total of 195 data points. Of
the 15 sky-season conditions considered at each location, 8 were captured during the summer, 4
during the fall and 3 during the winter. Also, 11 sky conditions were clear and 4 were overcast.

22

Figure 3-3 A sample of seasons and sky conditions in Study 1.

3.2 Simulation Process
The second step of this research dealt with daylighting simulation of the collected empirical data.
Radiance was used for daylighting simulation and, based on the objectives of the research, various
modules of the software package were used. The geometry was converted to a Radiance model to
be used for analysis.

3.2.1 3D Geometry
The surrounding geometry was created in CAD software (AUTOCAD) using multiple sources of
information including the provided drawings from the university Office of Physical Plant, Google
Earth, and one site measurement.
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Figure 3-4 3D Geometry of one of the locations in the study at various levels of detail.

Figure 3-5 A sample of the 3D geometry converted to rad format for use in the Radiance
simulation.
24

3.2.2 Material Definition
For each of the surfaces in the 3D geometry file, there was a material definition. The values and
settings of the material were based on the site measurement of reflectance of the surface material.
For some surfaces, it was not possible to hold the standard surfaces next to them to measure their
reflectance and an educated guess was applied.

Figure 3-6 A sample of the Radiance material definitions.

3.2.3 Sky
The sky file for daylighting simulation was created using the pyranometer readings in addition to
the general settings of the Gendaylit command, which included the date and time of the simulation,
as well as the latitude and longitude coordinates of the site location.
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Figure 3-7 A sample of the Radiance sky used in the study.

3.2.4 Grid Points
5 points on the workplane of a small office, in addition to a point on the window looking outward,
were defined by their xyz coordinates and the xyz of view direction.

Figure 3-8 A sample of the Radiance file of the 6 points used in the study.

3.2.5 Views
To generate the simulation HDR image, a view file was created using the coordinates of the camera
in the study in addition to the vector of view direction and other settings.

Figure 3-9 A sample of view file used in the study.
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3.2.6 Simulation Settings
The simulation settings for were set to the highest quality that was within a reasonable range of
simulation time.

Figure 3-10 A sample of rif file that included the simulation setting information and
switches.

3.2.7 Running the Simulation
The simulation process was a series of batch files that were run one after another in a MS-Windows
command prompt. The lowest level batch file that included Radiance commands generated the HDR
image, or computed the illuminance value for the sensor points.

Figure 3-11 The Radiance simulation process used in the study.
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3.3 Data Processing
A VBA code was developed to read the Radiance outcome file (Illuminance, HDR, etc.), compute the
dependent variable (such as simulation error, vertical illuminance from HDR image, etc) using the
appropriate equation and properly arrange the data in spreadsheet or data file to be used in the
statistical software packages.

3.4 Statistical Analysis
3.4.1 Study 1
3.4.1.1 Response Variables
The response variable was the absolute percent simulation error which was computed by
comparing the illuminance value of each point in the study (Points variable) to the corresponding
value of the empirical data.
3.4.1.2 Independent Variables
a) Level of Detail (LOD)
Level of detail was defined in the study as the amount of detail of exterior surround in each model
of Radiance geometry, which ranged from very high detail to a very low level of detail that only
including the ground surface.
b) Points
Illuminances were computed at 5 points on the work plane of a small office in addition to one
sensor point on the window looking outward.
c) Season-Sky Condition
15 season and sky conditions were used in this study, which covered three seasons (Summer, Fall
and Winter) in addition to two types of sky (clear and overcast).
3.4.1.3 Hypothesis
H1-1: The exterior surround is a significant factor for the light level in an interior space.
H1-2: The common practice of daylighting simulation modeling does not accurately represent the
complexity of the luminous environment.
H1-3: LM-83 tree representation does not accurately represent the complex luminous properties of
standing vegetation.
H1-4: The Radiance simulation level of detail is a significant factor in the accuracy of the results.
H1-5: The points that are deeper into a space are more susceptible to simulation error.

3.4.2 Study 2
3.4.2.1 Response Variables
The response was simulation error for an HDR image, which was the outcome of the Radiance
simulation process, compared to the HDR image that was collected empirically on-site. The tree
crown was discretized into a grid of 10*10 and the RMSE and MBE error were computed (equations
5-1, 5-2 and 5-3).
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3.4.2.2 Independent Variables
a) Reflectance
The reflectance variable was the difference between the reflectance value that was used to generate
the Radiance material and the actual reflectance of the leaves that was collected on site. This
variable was defined this way to examine whether the collected value on site could be used to
define the Radiance material.
b) Transmittance
The transmittance variable was the difference between the transmittance value that was used to
generate the Radiance Trans material and the transmittance of the tree that was computed from the
collected empirical HDR image using a threshold method.
c) Species of Trees
Species of tree was a categorical variable that represented the 8 species of trees in the study.
3.4.2.3 Hypothesis
H2-1: The measured reflectance of the leaves of a tree is a proper source for generating a Radiance
material.
H2-2: The computed transmittance of a tree (using the threshold method) is a proper source for
generating a Radiance material.
H2-3: The species of tree is a significant factor in determining the luminous properties of a tree.
H2-4: The level of detail of the 3D geometry of a tree in a daylighting simulation is a significant
factor in the accuracy of the daylighting simulation.
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4. Chapter 4:

STUDY 1: THE IMPACTS OF DIFFERENT LEVELS OF EXTERIOR SURROUND DETAIL ON DAYLIGHT SIMULATION RESULTS

STUDY 1: THE IMPACTS OF DIFFERENT LEVELS OF EXTERIOR
SURROUND DETAIL ON DAYLIGHT SIMULATION RESULTS

The work presented in this chapter is briefly summarized in Sadeghi, Reza, & Mistrick, Richard.
(2016). The impact of different levels of exterior surround detail on daylight simulation results
Paper presented at the Illuminating Engineering Society 2016 Annual Conference ,October 23-25,
Orlando.

ABSTRACT
The accuracy of daylighting simulations for the built environment strongly depends on the
modeling of the exterior surround. The common modeling practice of many designers is to create
an exterior surround with a flat ground surface with little or no external architectural or landscape
elements. In this study, this abstraction and a number of different levels of detail for modeling the
exterior surround were investigated by comparing real-life empirical measurements with their
corresponding simulation results. A total of 13 different exterior views were each studied under 15
different sky/seasonal conditions to investigate the contribution of the surrounding features to the
daylight delivered inside a small office. These features were classified into one of four different
groups - sky, architectural structures, standing vegetation, and horizontal ground. Five of these
locations were chosen for further simulation by applying six levels of detail to the exterior surround
in a simulation model. The results reveal that ignoring exterior surround objects (common
practice) yielded an average error of 67.9 percent, while a high level of detail (which applied high
polygon vegetation representations) resulted in an average error of only 11.3%. A detailed model of
the surround with the IES LM-83 suggested method of modeling of trees resulted in an average
error of 22.8%.

4.1 Introduction
Architectural daylighting analysis and design is a complex process due to the dynamic nature of the
sun, stochastic characteristics of the weather, and factors related to the building site. The quantity
and distribution of daylight in an interior space is sometimes evaluated in terms of the source of
daylight such as the Sunlight Contribution (SUN), Sky Component (SC), and the Externally Reflected
Component (ERC), which contains both reflected sunlight and skylight. Within a space, a logical
division involves light arriving at a point directly from a daylight aperture, the Interior Direct
Contribution (IDC), as well as an Internally Reflected Component (IRC) (Tregenza & Wilson, 2011,
p. 147). Unlike the well-studied SUN, SC, IDC, and IRC, the externally reflected component has
received less attention in daylight model simulation studies. In design practice, modeling of the
exterior is generally limited due to the difficulty of acquiring accurate 3D geometric models and
exterior surface reflectances (Compagnon, 2004; Kämpf, Montavon, Bunyesc, Bolliger, & Robinson,
2010).
To better investigate the role of the ERC, previous research has broken down the light coming to a
particular aperture based on the source. For instance, in a study of luminous characteristics of an
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urban environment, the exterior view was broken up into the sky, building under study,
neighboring buildings, surrounding trees, and horizontal elements such as ground and pavement
(Mesa et al., 2010). A photographic method is well-suited to gathering information about the ERC
from which to construct an accurate daylight model (Chiou & Huang, 2015).
A few studies have investigated factors that quantify daylighting performance in an urban context.
Tregenza and Wilson (Tregenza & Wilson, 2011, pp. 126-129) analyzed the view from a potential
building aperture and applied the ratio of the surrounding buildings within different distances
(such as 30 or 100 meters) as indices of the congestion in an urban configuration. A study of an
office building in the state of California showed that 11% of the studied spaces in a downtown area
were heavily shadowed by the surrounding buildings, while the ratio was 5% for office buildings in
a suburban setting (Saxena, 2010).
One major factor that convolutes the ERC is the presence of vegetation in the exterior surround.
Vegetation and landscape elements have unique 3-dimensional properties that can neutralize or
diffuse powerful sunlight in some situations. The complex, changeable 3D geometries, as well as the
light scattering and transmission properties make the incorporation of vegetation into daylighting
simulations very cumbersome. As a result, most daylighting design decisions related to the
surrounding architectural landscape are limited to general application, or receive little attention
due to a lack of guidance and reliable simulation modeling techniques (Tregenza & Wilson, 2011,
pp. 89-90).
Research in the field of forestry has explored the luminous properties of trees from various angles,
including the light absorption of trees of different species (Binkley et al., 2013; Forrester &
Albrecht, 2014), and light interception of various canopy types (Forrester, 2014). The context of
these studies, and similar research, is in the natural forested habitat with various species of trees,
and often focuses on the Photosynthetic Active Radiation (PAR) response for a particular species of
tree (which is analogous to the luminous efficiency function of human vision, V(λ)).
The effect of vegetation within an illuminating engineering scope has gained some attention
recently. The study of the solar impact of trees in a low density urban environment demonstrated
that the regularity of an urban layout, with medium size trees of 6-10 meter (18-30 ft.) crown
diameter and standard building density, increased the solar masking value, therefore reducing the
insolation factor (passive solar heat gain) and potential for energy savings. The performance of
small trees (4-6 meter (12-18 ft.) crown size) yielded a lower masking value (Arboit et al., 2008) . In
another research the reflectance and transmittance properties of different species of trees was
measured and trees were represented in Radiance simulations as primitive geometries with their
collected reflectances and transmittances (Al-Sallal & Abu-Obeid, 2009). Another study looked into
the solar behavior of 5 species of trees in a foliated and defoliated state, in a relatively isolated
context, by measuring their transmissivity by collecting irradiance readings with a pyranometer,
and analyzing fish-eye hemispherical photographs (Konarska et al., 2013).
A common simulation practice in modeling an interior daylit space is to create the exterior as a flat
ground plane with minimal or no landscape or surrounding architectural elements (Figure 4-1).
This simplification can lead to system performance that does not perform as expected and
consequently may not meet customer satisfaction or energy saving goals. The IES daylighting
metrics document, LM-83, provided a new set of space metrics for daylighting analysis along with
target values and practical recommendations on modeling (IES, 2012). LM-83 requirements for
geometric daylighting models indicate that buildings and other opaque surfaces are to be modeled
within at least 30.5 m (100 ft.) of the architectural opening under study. The exterior environment
is also to be modeled with a level of detail of at least 3.05 m (10 ft.) resolution, or at a finer level, if
possible. A reflectance of 30% is recommended in LM-83 for surfaces with no known properties,
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and if no information is available on the surrounding setting, neighboring buildings must be
assumed to have the same height and setback as the building under study. For the ground surface
within at least 30.5 m (100 ft.), the actual reflectance is to be used, or 10% if an actual value is not
known. Also, light shelves, overhangs, exterior shades, and other redirecting architectural elements
must be modeled accurately with an appropriate reflectance. The LM-83 approach for modeling
trees is to create three dimensional primitive geometries such as spheres, cones, or cylinders of
appropriate size with a 20% reflectance. The size of trees to apply in the case of new construction,
where young trees are likely to grow over time, is not provided.

Figure 4-1 Current common practice of modeling exterior surrounding environment:
minimal (A); or no surrounding elements (B).
With limited prior research on the impacts of the exterior surround on the amount and quality of
the daylight that is admitted to building interiors, there is a need for detailed study to improve
simulation reliability. In this work, locations on a university campus that represent typical office
window views were chosen for analysis. The exterior surrounding elements were categorized into
4 major groups - sky, architectural surfaces, standing vegetation, and the ground plane- to study
their impact on daylight delivery to a building’s interior. The contribution of each group to the
vertical illuminance (Ev) on the window exterior, as well as the horizontal illuminance (Eh) on the
work plane at different depths within a small office were studied. Five of these locations were
selected for a detailed study on the level of detail required to accurately model the exterior
surround. The associated error was computed for six different levels of modeling detail in
simulations that applied Perez skies for comparison to simulations which applied site-measured
exterior luminance data.

4.2 Methods
4.2.1 Locations, Seasons, and Sky Conditions
13 different exterior views from points on different building façades on a university campus were
selected for this study (Figure 4-2). The criteria applied in selecting these views included
accessibility to an exterior view from the façade (through an operable window or opening), and the
nature of the view, mostly that it could be one from an office building. Each of these locations was
studied during three seasons; summer (when deciduous trees were foliated), fall (with deciduous
trees defoliated) and winter (with deciduous trees defoliated & snow on the ground) (Figure 4-3).
For each season, at least 4 sky conditions (three clear & one overcast) were considered in order to
capture a variety of solar azimuth angles (morning, noon, and afternoon). In this way, a total of 15
sky-season conditions were captured at each of the 13 locations, for a total of 195 data points. Of
the 15 sky-season conditions considered at each location, 8 were captured during the summer, 4
during the fall and 3 during the winter. Also, 11 sky conditions were clear and 4 were overcast
(Figure 4-4).
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Figure 4-2 The 13 locations considered in this study.
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Figure 4-3 A sample of the season and sky conditions for location 2.

Figure 4-4 Solar elevation azimuth and solar altitude angles of the sun plotted for the 195
daylight conditions in this study.
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4.2.2 Data Collection
For each of the above daylight conditions at each site, 7 Low Dynamic Range (LDR) exposures were
captured using a Canon EOS 7D DSLR camera equipped with a Sigma 4.5 mm F 2.8 circular fisheye
HSM lens. Additionally, the luminance values of a few points within the view were measured using
a Minolta LS-100 luminance meter, and the vertical illuminance at the camera lens was recorded
using a Minolta T-10 illuminance meter. The luminance values were used for calibration in fusing
the HDR image from the LDR images. Simultaneously, on the rooftop of the data collection location,
a pyranometer recorded the direct and diffuse irradiance from the sky (Figure 4-5). These
irradiance values were used in the simulation process to generate Perez skies for each
measurement condition. Irradiance values were validated with data retrieved from a local
SURFRAD weather station.
Previous research has shown that the presence of the solar disk in the view of an HDR image makes
it impossible to capture the high end of the dynamic range (Kumaragurubaran, 2012). Techniques
that apply multiple aperture sizes (MN Inanici, 2006) and/or a neutral density filter can be applied
(Stumpfel et al., 2004). Due to complications that would result if the solar disk was present in a
view during data collection, the solar disk was masked by a black circular disk if located within the
camera’s view. Since the focus of this research is on the impact of the surround, and the direct solar
contribution is relatively easy to assess (either it is present or eliminated by a shadowing object),
this approach was selected to achieve the highest quality HDR images for an exterior view that
excluded the solar disk.

Figure 4-5 Pyranometer system and the computer interface developed for this study to
measure the direct and diffuse irradiance of the sky on the rooftop of the 13 site locations.

4.2.3 Data Analysis
4.2.3.1 View Elements
Previous research has applied HDR images that are properly fused and calibrated with reliable data
and adjusted for the vignetting effect of the lens (Cai & Chung, 2011; Mehlika Inanici & Galvin, 2004;
Moeck & Anaokar, 2006; Reinhard et al., 2006). Inanici found an average associated error for the
luminance readings from an HDR image of 5.8% for an exterior scene under an overcast sky and
11.6% under a clear sky (MN Inanici, 2006).
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The LDR images collected from the 13 locations were fused to create HDR images using the
Photosphere software package (Ward, 2005). The collected luminance data was used to calibrate
these HDR images. The luminance value at each pixel in the HDR image was the primary raw data
for this study. Computer code was developed to analyze the raw luminance values for each pixel.
The fish-eye lens used for this study created a hemispherical equidistance projection. The solid
angle subtended by each pixel was computed by applying the camera CCD and lens properties in an
appropriate equation (Wei, Van Dommelen, Lewis, McLean, & Voss, 2012). Given the luminance,
solid angle, and position of each pixel, the incident vertical illuminance at the camera position was
then computed. An adjustment for the vignetting effect of the lens was considered to account for
diminished luminance values with distance from the center of the fisheye lens.
Each view was then broken down into 4 regions (Architectural Elements, Ground, Sky and
Vegetation) using a photo editing software package (Photoshop). A corresponding mask for each
region, which included only black and white values (0 and 1, respectively), was applied to isolate
each region for further study (Figure 4-6). Applying these masks, the illuminance values from each
of the four regions were computed.

Figure 4-6 Breaking up the view elements using masks to isolate the Architecture, Ground,
Sky and Vegetation elements.
To quantify the contribution of each of the 4 external source regions onto the work plane analysis
points, an image-based lighting (IBL) simulation was utilized (Mehlika Inanici, 2009). In this
approach, the acquired HDR image is projected onto a hemisphere and used as a light source in the
daylight simulations. IBL has been used for daylight simulation at window and rooftop apertures
(Chiou & Huang, 2015; Mehlika Inanici, 2009, 2010). In this study it was assumed that the selected
study locations were the window to a small office (some of these views were obtained from parking
garages, which allowed easy access to the rooftop for sky measurements). The simulated office
space dimensions were: width=3.7m, length=4.9m, Height=3.0m (12 x 16 x 10 ft.) with surface
reflectances of ceiling=0.9, wall=0.6, and floor=0.2 (Figure 4-7). Five points on the work plane
(0.76m/2.5 ft. above the floor) were chosen through the center of the space and the illuminance at
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each point was computed using an appropriate image mask and a collection of Radiance simulation
modules (OCONV, RTRACE, RTCONTRIB, PCOMPOS, PCOMB, PVALUE, and RCALC).

Figure 4-7 Section of the small office used in this study showing the 5 analysis points on the
work plane through the center of the space.
4.2.3.2 Simulation of Different Levels of Detail for the Surround
From the 13 HDR photographed locations used to assess the vertical illuminance contributions
from the different source regions, 5 were chosen for further analysis (Figure 4-8), where the
exterior surround was studied at 6 levels of detail (Figure 4-9). The levels of detail selected for this
study ranged from a very high level of detail for the exterior surround to a simple flat ground plane
(Table 4-1). The vegetation was represented in the highest detail model with high poly trees
(created using Autodesk’s 3D Studio Max tree generator algorithm) and, at a second level, using low
detail trees with 20% reflectance as suggested in the LM-83 document (applying primitive
geometries such as oval solids and cones for the tree shapes). The 3D geometry for these models
was created using AutoCAD software based on the drawings of surrounding buildings (if available),
GIS information (from Google Maps or the university’s Office of Physical Plant GIS), or field
measurements performed on site.
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Figure 4-8 The five locations selected (out of 13) for in-depth daylight simulation.

Figure 4-9 3D geometry at the 6 levels of detail for Location E of Figure 4-8.
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Table 4-1 Levels of detail in the 6 exterior surround models and their associated simulation
times.
Simulation time
(HQ image-Rpict)

Simulation time
(LQ image-Rpict)

Simulation time for
sensor points
(Rtrace)

Building under
study

Surrounding
Landscape

Surrounding
hardscape

Surrounding
buildings
High detailed surround & Tree (HDT)





 (HD trees)



0.24
(hour)

0.34
(hour)

2.21
(hour)

LM-83





 (LD trees)



0.11

0.16

0.4

High detailed surround (HD)







0.09

0.9

0.35



0.04

0.19

0.26



0.03

0.08

0.13

0.03

0.07

0.12

Low detailed surround (LD)


















Building under study (BU)
No surround (NS)





Daylight simulations were conducted for each of the models using Radiance with appropriate
settings, and Perez skies that were generated using the rooftop irradiance data. The illuminance at
each point on the work plane (Figure 4-7) was compared to the IBL simulation results using the
captured HDR images, and a percent error (absolute value) was computed for each season-sky
condition. Additionally, HDR images were generated for further analysis of each model.

4.3 Results
4.3.1 View Elements
The percent contribution, compared to the total illuminance of each surround group (Architectural,
Ground, Sky and Vegetation) was computed for all points on the work plane at the 13 locations. As
shown in Figure 10, the sky was the most dominant contributor, but its importance diminished for
points deeper into the space as other factors such as the ground, vegetation, and the surrounding
architectural surfaces became more important. Also, the results show that the non-sky component
of the view varied greatly depending on the study location, the solid angle each sub-group
subtended, and the solar position. For instance, location 13 had the lowest amount of view to the
sky (18.9% of the total solid angle) and, as a result, the contribution of surrounding elements to the
interior light levels was significant (especially for points deep within the space).
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Figure 4-10 The average percent contribution (N=15) of each exterior surround group
(Architectural, Ground, Sky and Vegetation) at each location to the illuminance within a
small office. For each location, the 95% confidence interval of the data is reported.
The effect of sky condition (clear vs overcast) was studied by separating the data from all 13
locations in the study into clear and overcast conditions in assessing the contribution from the four
exterior surround groups (Architectural, Ground, Sky and Vegetation) (Figure 4-11). The relative
contributions from the pulled exterior surround elements (Surround) versus the Sky are shown in
Figure 12. The results show that the sky delivers a higher proportion of the work plane illuminance
under an overcast condition inside the room (87% close to the window and 61% at the back of the
room). Although the solar disk was masked for the clear sky conditions, it was included in the
reflected contributions from the architectural elements, vegetation, and ground. The direct sun
contribution through a window was not addressed in these simulations.
A similar arrangement was employed to study the seasonal effect of each of the surrounding
groups. The results show that the relative contribution from the standing vegetation increased from
summer to fall-winter due to the fact that the leaves have a low reflectance and present a lower
luminance in relation to surfaces that become visible through deciduous trees once they shed their
leaves (Figure 4-11 & Figure 4-12).
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Figure 4-11 The percent contribution of the four exterior surround groups averaged over all
locations in the study under the following conditions: (a) Combining all seasons and sky
conditions (N=195) (b) Comparing clear and overcast skies (Clear sky N=143, Overcast sky
N=52) (c) Determined for each of the three seasons in the study (Summer N=104, Fall N=52,
Winter N=39).
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Figure 4-12 The average percent contribution of the Surround elements (architectural
elements, vegetation, and ground contributions combined) and the Sky across all locations
based on (a) season and sky type (N=195) (b) clear versus overcast skies (Clear sky N=143,
Overcast sky N=52), and (c) the three seasons studied (Summer N=104, Fall N=52, Winter
N=39).

4.3.2 Impact of Different Levels of Detail in Modeling the Surround
The impact of level of detail was examined by running Radiance simulations for all 6 levels of detail
shown in Figure 4-9 and Table 4-1 for the 15 season-time conditions recorded at the 5 selected site
locations. The illuminances at 6 work plane analysis points in a small office space (Figure 4-7) were
computed to determine the percent absolute error (compared to the measured HDR image-based
simulation) for all 6 levels of detail used in the study. The results (Table 4-2) show that a highly
detailed model which included high poly tree geometries (HDT) produced the least error (on
average 11.3% - Figure 4-13). The high detail model with LM-83 trees, and the highly detailed
surround with no standing vegetation (HD), scored the second and third best (with average errors
of 22.78% and 24.0, respectively). The average simulation error for a low-detail model (LD) was
33.6%. The highly simplified models, which considered only the building under study in one case,
and a single room with a ground plane in the other, yielded the highest average errors (55.6% and
67.9%, respectively). Also, it is worth noting there was a wide margin of error for the low level of
detail models. For instance, for the no-surround model, the average error at the P3 sensor point
(the point in the middle of the room) was 79% while the 95% confidence interval ranged from 21139%. An expected error value within this range makes relying on the results of highly simplified
exterior models (BU and NS) very untrustworthy.
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Table 4-2 Descriptive Statistics for the absolute error (%) by levels of detail.
Level of Detail (LOD)
High detailed surround & Tree (HDT)
High detail surround with LM-83 trees
High detailed surround (HD)
Low detailed surround (LD)
Building under study (BU)
No surround (NS)

N
450
450
450
450
450
450

Mean
11.29
22.77
23.95
33.63
55.56
67.91

SE Mean
0.41
0.59
0.67
0.78
1.89
2.02

St. Dev
8.73
12.49
14.13
16.60
40.12
42.86

Min
0.02
0.17
0.01
0.41
0.86
1.72

Max
56.80
58.58
70.28
86.92
289.81
287.66

Figure 4-13 The average percent error (compared to simulations using measured data) for
daylight models with 6 different levels of detail (Figure 4-9) across all locations.
A General Linear Model (GLM) was utilized to analyze if the Level of Detail (LOD) had a significant
impact on the error in the simulations. In addition to LOD, other factors such as season-time
(season and sky conditions), point position (position of points on the workplane in the small office),
and site location were incorporated into the statistical model. All variables were marked as fixed
variables in this analysis, except the location, which was addressed as a random variable because
the specific locations were not particularly a main item of interest in this research. For the
statistical analysis, the main effect and all two-way interactions were considered, and the higher
order interactions were pooled as error terms. The results (Table 4-3) show the main effect for LOD
(p<0.001) and point location (P<0.05) was statistically significant, in addition to all two-way
interactions (P<0.001). The location and season-time variable did not have a significant effect on
the simulation error.

43

Table 4-3 Analysis of Variance for absolute error (%).
Source
LOD
Points
ST (Season-Sky)
Location
LOD*ST
LOD*Points
LOD*Location
Points*ST
ST*Location
Points*Location
Error
Total

DF
5
5
14
4
70
25
20
70
56
20
2410
2699

Adj SS
1051666
128121
61589
98689
67187
109397
117125
70069
197628
134855
880256
2916582

Adj MS
210333
25624
4399
24672
960
4376
5856
1001
3529
6743
365

F-Value
35.92
3.8
1.25
1.6
2.63
11.98
16.03
2.74
9.66
18.46

Model Summary

S
19.11

R-sq
69.82%

R-sq(adj)
66.20%

R-sq(pred)
62.12%

P-Value
0.000
0.014
0.270
0.186
0.000
0.000
0.000
0.000
0.000
0.000

The mean differences across the LOD variable (HDT, LM-83, HD, LD, BU, NS) (Figure 4-14) reveal
that all pair-wise differences between the levels were significant (at α<0.05) with the exception of
high detail with LM-83 trees and HD (High detail surround without tree representation). This
suggests that including trees as recommended by LM-83 was not statistically different from the
scenario where trees were excluded from the model.

Figure 4-14 Tukey simultaneous 95% confidence intervals of difference in mean Error (%).
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4.4 Discussion
The results of the study on the contribution of exterior view elements to the illuminance in an
interior space emphasize the importance of accurate modeling of the surround elements in a
daylight simulation model to increase the reliability of the output. These findings were further
verified with the results of more detailed simulations at select locations, in which the models with
better surround representation scored the lowest error. It is worth mentioning that a higher level
of detail requires more human resources to create the model, in addition to longer simulation time
(Table 4-1). Simulations should apply a level of detail that produces acceptable error without
significantly increasing modeling or simulation time.
Among the models that were studied, high detail with LM-83 trees performed reasonably well
when addressed with the highest possible level of detail, with an average 22.8% simulation error
compared to the simulations with measured data. The low detail (LD) model, representing the
lower end of the range that LM-83 recommends, resulted in an average of 33.6% error.
In evaluating the results of this study, it is worthwhile to note that the omission of neighboring
buildings significantly impacted the results, and that a large fraction of the buildings in these
studies were outside LM-83’s 30.5 m (100 ft) distance criteria for inclusion. Figure 4-15 shows the
exterior surround elements at 30.5, 61.0, and 91.4 m (100, 200 and 300 ft.) radii from the space
under study for the 5 site locations. To investigate the effect of distance in modeling exterior
surround elements, 3 models were created for each of the sites that only included a high level of
detail for elements within these modeling distances. Simulations were run and the associated
errors are reported in Table 4-4. The results suggest that a 30.5 m (100 ft.) radius as recommended
by LM-83 does not produce satisfactory results (average error=27.7%). This error is more than
double the 13.3% error when a 91.4 m (300 ft.) radius is applied. The distance within which
objects must be modeled should be based on a greater distance, or consider the amount of view that
is obstructed.

Figure 4-15 Exterior surround objects within a 30.5, 61.0, and 91.4 m (100, 200 and 300 ft.)
distance from the space under study.
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Table 4-4 Average simulation error (%) when including only exterior surround elements
within 30.5, 61.0, and 91.4 m (100, 200 and 300 ft.) of the location under study.
Modeling Distance/Location

Loc. A

Loc. B

Loc. C

Loc. D

Loc. E

Average

30.5 m (100 ft.)

28.0

30.0

25.2

33.5

21.8

27.7

61.0 m (200 ft.)

16.1

23.9

16.8

15.6

11.9

16.9

90.4 m (300 ft.)

12.1

15.4

14.5

15.3

9.0

13.3

One of the inputs that significant affects accuracy in modeling the exterior surround is the
reflectance of the surrounding surfaces. For the cases where there is no reflectance information on
the surround elements, LM-83 recommends that a reflectance of 30% be assumed. To further
analyze this issue, the average surface reflectance for surrounding building facades was computed
across the entire façade of each building. The reflectance values used for the analysis were
retrieved from the HDT model, and are based on field measurements of luminance readings of
facade surface materials viewed next to standard color samples. An area-averaged reflectance was
computed by summing the reflectance of each facade element multiplied by the area of that element
and then dividing by the total façade area (equation 1)
Average reflectance of Façade=∑

𝑛

𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒𝑖 ∗ 𝐴𝑟𝑒𝑎𝑖
𝐴𝑟𝑒𝑎𝑖
𝑖=1

(1)

Where: n= total number of surfaces/materials on the facade
This method was used to compute the reflectance of a total of 31 facades across all 5 locations. The
resulting average reflectance across all facades was 25.3% (St. Dev=8.66, Min=14.50, Max=37.6).
Based on the basic facade material, the average facade reflectance was 18.2% for brick buildings,
35.7% for concrete, and 26.6% for mixed materials. When the actual facade reflectance values are
unknown, it may be better to choose a surface reflectance lower than the 30% value recommended
by LM-83. Also, it is worth mentioning that 87.7 % of the 2700 simulation data points in this study
overestimated the daylight levels at the camera (the simulated value was generally higher than the
measured value), which suggests that in cases where the actual value of any surface is not available,
a lower reflectance than what is currently recommended may be needed.
LM-83 recommends that the actual surface reflectance for ground surfaces be used in the
simulation model for surfaces within 30.5 m (100 ft.) of a building under study, and that a value of
10% be applied if the actual value is not known. A similar methodology to that used to compute
average reflectance for surrounding building elements was applied to ground surfaces. The average
ground surface reflectance for the locations in this study was 7.6%. It is important to note that
these values were recorded during the summer season. For locations that have snow on the ground
for a significant portion of the year, applying the summer value for ground reflectance will yield a
significant error. For instance, a grass area with a summer reflectance of 9% jumped to 70% when
snow-covered, and, as a result, contributed significantly more light from the sun and sky to both the
aperture and the ceiling of the interior space. The consideration of variable properties for surround
elements, such as reflectance in the case of the ground and 3D geometry in the case of defoliated
trees, requires further study.
Additional important factors in choosing the appropriate level of detail to address are the time and
other resources required to prepare the model and run the simulation. The time can be broken
down into the human time required to develop the model and the computer time required to
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process the simulation, which will vary from project to project. Information needed for constructing
the model might come from multiple resources such as construction drawings, Web mapping
services (Google map, MapQuest, etc.) field measurements, or even HDR photogrammetry for
acquisition of both Luminance and XYZ coordinates (Cai, 2013). With regard to computation time
(Table 4-1), the amount of time to produce the highest quality HDR image was 5.2 times the
required simulation time for the high detail model with LM-83 trees (2.2 times for computing
illuminance values). Recent research has shown that Radiance simulations can utilize parallel
processing on a Graphics Processing Unit (GPU) to speed up the simulation significantly (Jones &
Reinhart, 2014).

4.5 Conclusions
Daylight contributions from the exterior surround were studied by collecting hemispherical
luminance maps from HDR images, along with the incident vertical illuminance and horizontal
irradiance of the sun and sky at 13 locations on a university campus. Simulations at these locations
showed that the contribution of exterior surround elements is more important for analysis points
that lie deeper into a space, from an average of 23.8% near the daylight aperture to 47.1% at 4.3 m
(14 ft.) from the window. The results also show that the relative contribution of the surrounding
elements is much greater under clear skies compared to overcast conditions. Additionally, the
contribution of the standing vegetation region in the exterior field increased as trees changed to a
defoliated state because of the relatively low luminance of tree leaves compared to the architectural
surfaces and ground that were viewed through a leafless tree.
5 locations were chosen for detailed analysis of different levels of exterior surround detail in the
daylight models. The highest level of surround detail (with high poly tree representations) scored
the lowest error (an average of 11.3%). High detail with LM-83 trees provided an average error of
22.8% and is borderline acceptable. The simulations show the importance of applying appropriate
reflectance values and suggest increasing the recommended distance below which objects must be
included be extended in LM-83 to at least 90.4 m (300ft).
The results of this study are relevant for building daylight modeling. This work clearly shows that
the common practice of not including surround elements in daylight simulations can lead to
significant error and unreliable overestimation of interior daylight levels. As a result, design
decisions that are based on highly simplified simulations are likely to fall short of energy saving
projections. The findings of this study provide valuable insight to designers, engineers, and
modelers regarding the importance of key exterior surround modeling details that impact
daylighting simulation results.
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STUDY2: EVALUATION AND OPTIMIZATION OF MODELING
VEGETATION FOR DAYLIGHTING SIMULATION USING
RESPONSE SURFACE MODEL STATISTICAL DESIGN

ABSTRACT
The surround landscape highly influences the quantity and quality of daylight in an interior space
and is often excluded from daylighting simulations due to the complexity of 3D geometry of trees
and lack of efficient and validated modeling technics. In this study, different methods of
representing trees in daylighting simulation models are investigated by comparing the simulation
output to real life empirical measurement and computing the associated errors. 8 species of
isolated trees were studied in a natural setting by collecting photographic (HDR) and photometric
(Luminance, Illuminance and Irradiance) data at 4 sky conditions and 8 view angles. A daylighting
simulation model was created in which trees were represented with both high-poly and primitive
geometry and a range of reflectance-transmittance material properties. The results revealed the
average simulation error for representing trees as primitive geometry using the LM-83
recommendations was 120.7% (RMSE). Additionally, Radiance’s Plastic and Trans material
definitions were considered in the simulation model and a Response Surface Methodology (RSM)
statistical design was applied to determine the most appropriate surface reflectance and
transmittance for the primitive representations of trees. The results reduced the simulation error to
52.8% with the primitive geometry and 32.9% for high-poly 3D geometric representation of the
trees.

5.1 Introduction
The exterior landscape highly influences the quality and quantity of daylight in the interior built
environment. Landscape features, if carefully designed, can play a positive role in neutralizing
intense and glary daylight and making it a more useful light source. In addition to having a
quantifiable impact on the interior luminous environment, the surrounding vegetation has a
subjective impact on the occupants as well. Previous studies have demonstrated that people are
more tolerant of the glare in a provided view that includes natural landscape is appealing to them
(Tregenza & Wilson, 2011, pp. 9-10). Despite the important role of exterior vegetation on the
daylight level in the interior, it is not properly represented(if at all) in common daylighting
modeling practice, mostly due to a lack of efficient and verifiable simulation modeling methods.
This is likely because of the complex 3D geometry and non-uniform light scattering and
transmission attributes of trees.
The luminous properties of trees have been studied extensively in the field of forestry science. The
studies that looked into the light absorption of trees, have demonstrated that the species of trees is
a key factor in the amount of daylight that is absorbed (Binkley et al., 2013; Forrester & Albrecht,
2014). Additionally the effect of canopy type on light interception has been investigated (Forrester,
2014). In these studies, trees were studied in their natural habitat (a forest) and PAR
(Photosynthetic Active Radiation) was used as the variable of interest.
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Field measurements of trees in an urban landscape setting have been incorporated into daylighting
simulation to explore the luminous properties of vegetation. Sobreira et all (Sobreira, Claro, &
Silveira, 2012) studied two species of trees by taking images (fisheye and normal lens) and
collecting illuminance and luminance values using a spot luminance meter under three sky
conditions and two views (toward and away from the sun). The study of trees in a relatively low
density urban setting revealed that regularity and density in an urban context with medium size
tree crown (6-10 meters) increased the masking factor of the trees, and consequently, the
surrounding architecture received less solar radiation compared to a small tree crown (4-6 meter)
(Arboit et al., 2008). The trees in their study were represented with high-poly 3D geometry and the
masking factor was computed by addressing the 3D geometry from the sun’s point of view and
measuring the projected area occupied by the trees. Konarska et al (Konarska et al., 2013) studied
the solar properties of 5 species of trees in a relatively isolated setting by capturing the
transmissivity of trees using two methods: comparing the irradiance reading under a tree canopy
with data collected on a rooftop, and using photographic information (hemispherical fisheye
images) with transmittance computed by image processing.
The complex 3D geometry of trees makes their representation in daylighting simulations a
challenge. On one hand, a high poly representation might be a better representation, but it
consumes more resources (human and computer simulation time). On the other hand, a lower level
of detail is easier to create and incorporate into the simulation process but it might not capture the
complex luminous properties of the tree it represents. Villalba et al. explored high poly tree
representation in daylighting simulations by developing 3D geometry based on the assumption that
a tree is a complex fenestration system (Villalba et al., 2014) . The outcome of the study revealed
that the error of simulated trees compared to measured values could lie in a range of 0-200%. The
study of the effect of shade trees on light level in a classroom used primitive geometry to represent
different species of trees in Radiance (Al-Sallal & Abu-Obeid, 2009). The reflectance and
transmittance values used in the study were collected from real-life trees using a photographic
method.
The exterior landscape features are often not represented in the common practice of daylighting
simulation. Previous studies have demonstrated that not including landscape elements in the model
may cause significant simulation error (Sadeghi & Mistrick, 2016), and, as a result, the space may
not function as expected. The IES approved method for annual daylight metrics (LM-83) provides
detailed recommendations for modeling trees as three dimensional primitive geometries (spheres,
cones, cylinders, etc.) of appropriate dimensions with a 20% reflectance (IES, 2012). Additionally,
LM-83 recommends that trees within at least 30.5 meter (100 feet) of the architectural opening
under study be included in the daylighting model.
Previous studies have incorporated trees into daylighting analysis at various levels of detail
including 2D, 2.5 D (GIS data base), Low detail 3D (lollypop shape) and high-detail 3D models
(White & Langenheim, 2014). 2-dimensional tree representations were mainly used to find a
proper tree arrangement in an urban setting by taking into account the crown shape and sun’s
altitude angle in order to optimize tree height and crown shape relative to daylight apertures
(Hong, Lin, Hu, & Li, 2011; Hongbing, Jun, Yonghong, & Li, 2010). A low detail 3D model is an
efficient method to represent a tree in daylighting simulation. In this method of tree representation,
the properties of 3D geometry of the tree such as height, crown size, reflectance, etc. are based on
empirical data (Al-Sallal & Abu-Obeid, 2009) and the material definition in Radiance is plastic
(opaque) (IES, 2012) or trans (a material that both reflect and transmit light) (Al-Sallal & AbuObeid, 2009). The shape of primitive geometries could be spherical, conical, inverted conical and
cylindrical (Hong et al., 2011).
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Some studies have utilized Leaf Area Index (LAI) and tree Gap Fraction (parameters which are
used extensively in forestry science) to create a series of tilted louvers positioned on a surface of a
primitive geometry to generate trees for daylighting simulation (Al-Sallal, 2009, 2013; Al-Sallal &
Ahmed, 2007; Al-Sallal & Al-Rais, 2013). A validation study for this model showed overall RMSE of
0.20 (20%) for small trees and 2.02 (202%) for large trees in comparing the simulated horizontal
illuminance (Eh) value on workplane inside a small room to empirically measured readings from
physical scale model. A similar study used photographic information of trees (fisheye images) to
measure the tree gap fraction, and developed a 3D geometry of trees using pervious surfaces
(similar to window screens) with the same gap fraction. Therese were incorporated into Radiance
simulation with a CIE standard sky to test the performance of the 3D geometry (Al-Sallal, 2013). A
physical model with photometric illuminance sensors positioned within 2-3 meters of the tree
under study was used to validate simulation results for 4 sky conditions (Dec 21, March 21 each at
10 AM & 12 PM) and the overall RMSE and MBE were 0.02 and 0.13 respectively. It is worth
mentioning that both the hemispherical images used for generating the 3D tree geometry and the
sensor points for the validation study were positioned underneath the tree canopy, which is not a
typical position of a daylighting aperture relative to the tree.
Based on prior work, no clear and reliable approach has been developed for the inclusion of trees in
the exterior surround of architectural daylighting models. Since a simplified and reliable tree
modeling approach would be beneficial, the study reported on in this paper investigated 8 species
of trees in a relatively isolated setting in an attempt to formulate a simplified modeling approach
for trees. The simulated output from Radiance was compared to empirical data (HDR images) by
discretizing the tree crown into a 10 by 10 grids of cells and computing error indexes (RMSE, MBE).
Both Radiance plastic and trans material definitions were considered for daylight simulations and a
statistical Response Surface Method (RSM) was adopted to investigate the parameter settings
(diffuse reflectance and transmittance) that provided the lowest simulation error.

5.2 Methods
5.2.1 Species of Trees, View Angles, Sky Conditions
8 species of trees (Figure 5-2) in a relatively isolated setting were selected for this study (Table 51). The selected trees were drawn from a larger pool mostly to include a variety of tree crown
shape, size, and height, as well as view conditions such as background and foreground to be clear of
major visual obstructions (Figure 5-1). Each tree was studied from 8 orthogonal viewing angles
(Figure 5-3) and under 4 sky conditions (3 clear skies with sun at high, medium, and low altitude
angles and 1 overcast sky) to account for a variety of solar elevation azimuth angles. In this way a
total of 32 data points (4 sky conditions * 8 viewing angles) were collected for each of the 8 trees
(for a total of 256 data points).
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Figure 5-1 Tree A scene captured using a hemispherical (180°) fisheye lens.

Figure 5-2 8 trees (A-H) under study .
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Figure 5-3 8 viewing angles (1-8) of each tree under study (a) plan (b) elevation.

Figure 5-4 4 sky conditions: 3 clear sky with sun at high, medium, and low altitude angles,
and 1 overcast sky.
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Table 5-1 Luminous properties of the 8 trees under study.
Tree

Name

Distance

Height

Crown diameter

(meter)

(meter)

(meter)

Leave reflectance (%)
Front

Back

Transmittance
of tree (%)

A

American Beech

9.1 (30 ft.)

6.2 (20.4 ft.)

5.7 (18.6 ft.)

9.4

19.4

15.51

B

European Hornbeam

9.1 (30 ft.)

6.9 (22.7 ft.)

6.3 (20.7 ft.)

9.8

17.5

20.59

C

Bur Oak

7.6 (25 ft.)

6.1 (20.0 ft.)

5.1 (16.7 ft.)

8.1

20.6

30.62

D

Sugar Maple

5.4 (18 ft.)

5.0 (16.5 ft.)

3.7 (12.0 ft.)

12.7

14.8

19.71

E

Magnolia Acuminsts

4.5 (15ft.)

4.7 (15.6 ft.)

3.4 (11.2 ft.)

16.8

23.7

17.84

F

Gold Weeping Willow

7.6 (25 ft.)

6.2 (20.2 ft.)

5.3 (17.3 ft.)

14.2

16.8

28.29

G

Pine (Norway Spruce)

4.5 (15 ft.)

4.4 (14.3 ft.)

2.1 (6.8 ft.)

9.2

-

14.16

H

Bald Cypress

7.6 (25 ft.)

5.8 (19.0 ft.)

3.3 (10.7 ft.)

13.8

-

21.32

5.2.2 Data Collection
For each of the data points (species of tree, viewing angle and sky condition), 7 LDR (Low Dynamic
Range) images at various exposure values were captured using a Canon EOS 7D DSLR camera
mounted on a tripod and equipped with a Sigma 4.5 mm F 2.8 circular fisheye HSM lens.
Simultaneously the vertical illuminance at the camera lens was measured using a Minolta T-10
Illuminance meter, along with luminance values of few points within the view. These values were
later used in the process of calibrating the fused HDR image. The distance of the camera from the
tree under study was kept constant for all viewing angles (the camera circled around the tree and
was aimed at the trunk) (Figure 5-3). However, the distance to each of the eight trees varied from
4.5-9.1 meter (15-30 ft.) to ensure that all of the tree features such as crown, trunk, and the shadow
on the ground were captured. If the solar disk was present in the view, it was masked with a black
circular object because its presence makes it difficult to capture the higher end of the dynamic
range (MN Inanici, 2006; Kumaragurubaran, 2012; Stumpfel et al., 2004). Simultaneously a
pyranometer system was used (Figure 5-5) to measure the direct and diffuse irradiance of the sky.
The collected irradiance values were verified with the local SURFRAD weather station that was
later used in the simulation process to create the corresponding Prez sky.

Figure 5-5 Pyranometer system and the computer interface developed for this study to
measure the direct and diffuse irradiance of the sky.
The reflectance of the front and back of the tree leaves were measured by placing a sample of tree
leaves next to a color standard and computing the average reflectance of a sample of pixels in the
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image (Figure 5-6). The same process was carried out for pine-like needles although it worth
mentioning that the reported value for pine-like leaves does not reflect the true value of the
reflectance because of the size and structure of the needles. The transmittance of the leaves was
also recorded by measuring the luminance value of leaves covering a hole cut into an all-black
chamber that was made for this study (Figure 5-8). It was assumed the leave had a Lambertian
distribution and an exitance was computed from luminance value (M=L/Π), and used to evaluate
the diffuse transmittance (dividing exitance by the illuminance).
The literature shows two methods for measuring the specular transmittance of a tree crown; the
first method is to simultaneously capture two HDR images of the tree (Balakrishnan & Jakubiec,
2016), one looking toward the tree and one looking away from the tree on the far side (Figure 5-7)
and subtracting these two images. The second method (the threshold method) is based on the
assumption that sky has a much higher luminance value compared to the tree. An HDR image is
take an pixels greater than a certain luminance value (500-600 cd/m2 for this study) are associated
with the sky and the transmittance of the crown is then the ratio of the sky pixels to the total
number of pixels within the outline of the tree (Figure 5-9). For this study both methods were
considered and the results proved to be relatively similar. The value reported in table ZA is the
average of gap fraction value for all 8 viewing angle for each tree based on the threshold method
because it is less prone to error such as camera misalignment or calibration differences between
the two images.

Figure 5-6 Measuring leaf reflectance by taking an HDR image.
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Figure 5-7 Capturing two simultaneous HDR images: one looking toward the tree and one
away from the tree.

Figure 5-8 Apparatus used to measure a leaf’s transmittance value.
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Figure 5-9 Computing tree transmittance (gap fraction) using threshold method.

5.2.3 Data Analysis
The collected LDR images were fused to create an HDR image using the Photosphere software
package (Ward, 2005). The measured vertical illuminance and luminance values were used in the
calibration process by first fusing the HDR image and computing the vertical illuminance (using
pixels’ luminance value, solid angle and cosine of the angle method) and comparing it to the
collected vertical illuminance (using handheld illuminance meter) and calibrating the HDR if it was
needed. A previous study demonstrated that HDR images, if properly calibrated and adjusted for
vignetting effect, could be a reliable source for analyzing the luminous environment (Cai & Chung,
2011; Mehlika Inanici, 2005b; Reinhard et al., 2010), and the error in luminance readings could be
between 5-11% compared to a spot luminance meter (MN Inanici, 2006). A luminance map was
retrieved from the HDR images using the appropriate Radiance modules, masks, and settings. The
lens used in this study had an equisolidangle hemispherical projection. By using the camera CCD
properties and an appropriate equation (Wei et al., 2012), the solid angle subtended by each pixel
was then computed. For all active pixels in the image, the corresponding illuminance contribution
at the camera was computed using the luminance value and the solid angle subtended by each pixel.
5.2.3.1 Radiance Simulation
All 8 scenes in the study were considered for daylighting analysis by representing the tree as
primitive geometry with a proper size and variable properties (Figure 5-10 (a)). The high poly tree
representation was considered for one (out of 8) tree by manually modifying the output of the 3D
Studio Max tree generator algorithm in a CAD software package to resemble the 3D geometry of the
tree under study from all 8 viewing angles in the study (Figure 5-3). The view in the simulation
model was defined using the captured view’s properties such as the distance of the camera from the
trunk of the tree, view direction, camera coordinates, view direction vector etc.. The collected
irradiance values (direct and diffuse) from the pyranometer (Table ZF) were used to generate a
Perez sky for the simulation. A series of Radiance modules (OCONV, RTRACE, RTCONTRIB,
PCOMPOS, PCOMB, PVALUE, and RCALC) was utilized to run the simulation for all 32 images (4 sky
condition and 8 viewing angles). The output was a simulated HDR image and vertical illuminance
(Ev) for all trees, viewing angles, sky conditions and material definitions.
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Figure 5-10 The Radiance simulation scene.
5.2.3.2 Measuring Simulation Error (Simulation Validation)
Each simulated HDR image was compared to the corresponding collected empirical data (HDR
image fused from captured Images at the scene). The first step was to apply a proper mask that
includes only pixels associated with the tree under study (crown only) (Figure 5-11). Then the
image was discretized to 10 x10 grid cells that covered the extents of the tree (Fig. XE), and the
average luminance for each cell was computed (equation 1). Root Mean Square Error (RMSE) and
Mean Biased Error (MBE), which are measures of the deviation from the true value that are
common statistical procedures, were computed by comparing the average luminance value of each
cell in the simulated HDR image to the corresponding cell in the collected empirical HDR image
(equation 2 & 3). All view angles (8) and sky conditions (4) were included in the process of
computing RMSE and MBE.
𝐿̅ (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙) =

𝑛
∑𝑚
𝑗=1 ∑𝑖=1 𝐿𝑗𝑖

m∗n−X

(1)

L ij: the luminance value of the pixel in the HDR image; m= total number of pixels in the cell in the x
direction; n= total number of pixel in the cell in the y direction; X= total number of masked pixels in
the x and y directions
1

𝐿𝑖 (𝑆𝑖𝑚)−𝐿𝑖 (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑) 2
)
𝐿𝑖 (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝑅𝑀𝑆𝐸 = √ ∑𝑛𝑖=1(
𝑛
𝑀𝐵𝐸 =

1
𝑛

∑𝑛𝑖=1

𝐿𝑖 (𝑆𝑖𝑚)−𝐿𝑖 (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
𝐿𝑖 (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

(2)

(3)

Li (Sim): the luminance value of the cell in the simulated HDR image; Li (Measured): the luminance
value of the cell in the collected HDR image; n= total number of active cells in the HDR image
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Figure 5-11 The HDR image and a mask of the tree crown area for use in the error
computation process.

Figure 5-12 Discretized HDR image for computing the error by comparing corresponding
cells from the masked measured HDR and simulated HDR images.
5.2.3.3 Radiance Material Properties and Response Surface Method (RSM)
Trees have complex 3D geometry and their luminous attributes, such as what portion of lights gets
transmitted through them or reflected, cannot be easily measured. Transmittance and reflectance
are two simulation material variables that control the luminous characteristic of the simulated tree
and determine the accuracy of the simulation. Two types of Radiance material definitions were
considered, namely plastic (opaque) and trans materials. Trans permits incident light to be both
transmitted and reflected. Variations in these materials were applied to determine which setting
produced the lowest error compared to the collected empirical data. Lastly the parameters that
scored the lowest error were compared to the values that could be measured easily for the species
of trees evaluate if the two sets of parameters are statistically connected.
The optimization of the plastic material was a straightforward process because there was only one
independent variable (reflectance) that controlled the luminous properties of the material. A total
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of 12 plastic material definitions from 2% to 24% (with 2% intervals) were considered and the
simulation was run for each of the materials for all 8 species of trees at 4 sky conditions and 8 view
angles (A total of 3072 runs). Each simulation run was compared to its corresponding measured
HDR image (Figure 5-12) and the RMSE and MBE were reported.
The luminous properties of the Radiance trans material is defined by adjusting 7 parameters
(Ward, 1994). Based on the conducted pilot study, there was not a significant difference between
specular and diffuse transmittance and for this study it was assumed that the transmittance value
was 50% specular and 50% diffuse. For each run, the radiance material definition was derived
based on the Radiance trans material equation (Ward, 1994). The Radiance scene was simulated for
each run using different material definitions for the tree crown to create an HDR image for each
run. It is worth mentioning that due to the nature of the 3D geometry that was used in the study
(sphere or cone), the light passing through the tree object was subjected to the Trans material
twice.
For this study, the Response Surface Method (RSM) statistical approach was used to efficiently
navigate through all setting combinations to determine where the response (simulation error) was
minimized. RSM is a statistical approach in which a set of independent variables are tested
methodically and sequentially to optimize the response variable (Montgomery, 2013, p. 478). The
goal is to locate the region where the response variable is at an optimized value with the least
number of experiments. The first step in the process was the screening at which a 22 full factorial
model plus one center point (Figure 5-14 (a)) was used to study the linear effect and single cross
product of the two independent variables (Transmittance and Reflectance).
Collected empirical data such as reflectance and transmittance of a leaf, and the transmittance of
tree crown (Table 5-1), were used to determine the region at which the first order model (first
step) was created (Equation 4). From the first order statistical model, the slope and intercept of the
path of improvement (lowering simulation error), the direction of the steepest decent, were
derived(Montgomery, 2013, p. 481). The experimental region was moved from the origin
(screening region) according to the equation of steepest descent (equation 5) toward the valley
point (where the simulation error is at the minimum value). At this point, another first order
statistical model is created and the process is repeated until the response is within the absolute
minimum. The next step is to setup the optimization model (equation 6) and run the simulation for
all the experimental settings. The Central Composite Design (CCD) was selected for an optimization
model which included 4 corner points (22), 4 axial points and 5 center points (Figure 5-14 (b)).
Similar to the screening model, a Radiance simulation was run for all material definitions based on
the CCD model. The optimization model (second order with two quadratic terms) was created
based on the results of the simulation (Equation 6). For each run, the error was reported,
comparing the simulation result to the corresponding empirical HDR as described in the method
section. Based on the response surface model, the experimental settings at which the error (RMSE)
was at minimum is determined.
Screening Response Model: 𝑦 = 𝛽0 + 𝛽1 𝑅𝑒𝑓 + 𝛽2 𝑇𝑟𝑎𝑛𝑠 + 𝛽12 𝑅𝑒𝑓 ∗ 𝑇𝑟𝑎𝑛𝑠 + 𝜀 (4)
𝑆𝑡𝑒𝑒𝑝𝑒𝑠𝑡 𝐷𝑒𝑐𝑒𝑛𝑡 𝑀𝑜𝑑𝑒𝑙: 𝑦 = 𝛽0 + 𝛽1 𝑅𝑒𝑓 + 𝛽2 𝑇𝑟𝑎𝑛𝑠 + 𝜀 (5)
𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑀𝑜𝑑𝑒𝑙: 𝑦 = 𝛽0 + 𝛽1 𝑅𝑒𝑓 + 𝛽2 𝑇𝑟𝑎𝑛𝑠 + 𝛽12 𝑅𝑒𝑓 ∗ 𝑇𝑟𝑎𝑛𝑠 + 𝛽11 𝑅𝑒𝑓 2 + 𝛽22 𝑇𝑟𝑎𝑛𝑠 2 + 𝜀 (6)

y: The simulation error (response); 𝛽0 : Intercept; 𝛽1 & 𝛽2: slopes for transmittance and reflectance
variables; 𝜀 : Error
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Figure 5-13 Response Surface Method (RSM) (a sequential process) used to find the
experimental region at which the simulation error is a minimum.

Figure 5-14 The experimental setting for independent variables (Transmittance &
Reflectance) (a) Screening Response Model (b) Optimized Model; Central Composite Design
(CCD).
5.2.3.4 Simulation Level of Detail
One tree (Figure 5-1, Tree A) was chosen to investigate the impact of level of detail in modeling the
tree 3D geometry on the simulation error. The high detailed 3D geometry was created using the
Autodesk 3D Studio Max tree generator algorithm. The 3D model was converted to a CAD model
and it was edited to represent the overall 3D geometry of the tree under study (Tree A) by
superimposing the 3D CAD drawing on the 8 orthogonal views of the tree collected on site (Figure
5-3). AutoCAD 3D editing commands were utilized until the 3D model followed the contour and
shape of the tree from all 8 view angles used in the study (Figure 5-15). The 3D CAD model was
converted to Radiance using the DXF2RAD (Mischler, 2016) command and incorporated into a
60

simulation scene as described earlier. Two types of material (trans and plastic) were applied to the
leaves and the simulation and data analysis were conducted as described in the previous section.

Figure 5-15 (a) Creating and editing a high detail tree in a CAD package (b) HD geometry
used in the study.
5.2.3.5 Cluster Analysis
Previous studies in the field of forestry science have demonstrated that the species of tree is an
important factor in determining its light absorption characteristics (Binkley et al., 2013; Forrester
& Albrecht, 2014). Each species of tree has unique 3D geometry, leaf reflectance and transmittance,
and light scattering properties. To study the difference in luminous behavior of various species of
trees, 4 scenes were considered from a larger pool of potential scenes (Figure 5-17). The scenes
were selected such that at least 3 species of trees were relatively close to each other and at an equal
distance from the camera. For each scene, 5 clear sky conditions with the sun ranging from a high to
low altitude angle were considered and the data collection process for HDR described earlier was
followed. The objective of analyzing the scenes under study was to verify if there is a relationship
between pixels within a region associated with specific species of trees under 5 sky conditions.
The cluster analysis (a statistical method) was used to analyze the data set. Cluster Analysis (KMeans method) is a statistical technique to group items into a number of natural cluster groups
based on the statistical distance measures between the observed data points (luminance
differences) (Johnson & Wichern, 2007, pp. 696-697). The first step of the analysis was extracting
pixel X & Y coordinates and luminance values using Radiance commands with appropriate settings
and masks. A random sample (n=24000) was drawn from the input luminance map (N=4,566,507
active pixels) and computer code (in the R statistics programming environment) was developed to
achieve the K-means analysis. The final outcome was a plot of the random sample of pixels with
their K-mean’s group id represented by a distinctive color was superimposed on the HDR image for
a better understanding of the association of each region of the graph and the actual image. The
analysis was performed both for the entire image region (Figure 5-17) and the region of the scene
occupied by tree elements masked from the rest of image using photo editing software (Figure 518).
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Figure 5-16 Multivariate K-means cluster analysis for scene 1 under 5 sky conditions.
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Figure 5-17 4 scenes used in cluster analysis.

Figure 5-18 Masking the standing vegetation used in the analysis.
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5.3 Results
5.3.1 Simulation Material Properties
Two types of Radiance material (plastic and trans) were studied by running daylight simulations
for all 8 species of trees, 8 viewing angles, and 4 sky conditions (256 runs for each material
properties setting). The output for each run was a simulated HDR image which was converted to a
luminance map and compared to the corresponding data point from the on-site image (species of
trees, viewing angle, sky condition) to evaluated the error.
5.3.1.1 Radiance Plastic Material
The Radiance plastic material was studied at 12 settings from a reflectance of 2% to 24% (at 2%
intervals). Each material setting was run for all species of trees, viewing angles, sky conditions. The
average error (RMSE) for the LM-83 recommendation (20% reflectance) for all species of trees in
the study was 136.2% (Figure 5-19). The lowest average error was at 68.8% for a reflectance of 6%.
The average ratio of measured reflectance of the leaves to the reflectance of plastic material in the
model that scored the lowest error was 46.7% (St. Dev=7.05, Min=37.5%, Max=59.4%).

Figure 5-19 The simulation error (RMSE) vs. Radiance plastic material reflectance (%) for 8
species of trees in the study.
5.3.1.2 Radiance Trans Material
Response Surface Method (RSM) and Central Composite Design (CCD) statistical methods were
utilized for all species of trees in the study to find trans simulation material properties that scored
the lowest error compared to the collected empirical data. The lowest error for all species of trees
in the study and two types of Radiance material (plastic and trans) are reported in Figure 5-20 and
Table 5-2. The average error (RMSE %) for all species of trees in the study was 52.8% using the
Radiance trans material, 64.3% for plastic material, and 120.7% for LM-83 tree representation
(Opaque material at 20% reflectance value).
64

Figure 5-20 The lowest simulation error (RMSE) and Radiance material types.
Table 5-2 Descriptive Statistics for the lowest simulation error (RMSE%) by material types
(the material settings that scored the lowest error for each material type except LM83 which
was at the constant 20% reflectance).
Material
LM83
Plastic
Trans

N
8
8
8

Mean
120.70
64.25
52.77

SE Mean
11.70
3.23
2.25

St. Dev
33.00
9.14
6.36

Min
79.90
50.95
44.67

Max
184.50
77.36
60.90

A General Linear Model (GLM) was used to study if the reflectance of leaves (collected from the field
measurement; Figure 5-6) and tree transmittance (Tree Gap ratio; Figure 5-9) variables that either
collected or computed from the measured data, had a significant impact on the simulation error. In
other words, was the information collected empirically a good predictor to determine the Radiance
material properties? The difference between transmittance and reflectance collected empirically
and used in the simulation (ΔRef=Reflectance(measured)-Reflectance(simulation) &
ΔTrans=Transmittance(measured)-Transmittance(simulation)) were introduced to the statistical
model as continuous variables and the species of tree and simulation run as categorical variables.
All variables were marked as fixed except species of trees and simulation run because the specific
species of trees in the study was not particularly the focus of the research project. The main effect
and all two-way interactions were considered in the analysis and higher order interactions were
pooled as error terms. The results (Table 5-3) show the main effect for all three variables in the
model (Transmittance, Reflectance and Species of trees) were significant (P<0.001) in addition to
all two way interactions (P<0.001; with the exception of Trans*Trees). The contour plot of Error
(RMSE) for reflectance and transmittance showed that the simulation error is at its lowest when the
reflectance value of the Radiance trans material is 12-14% lower that the measured value of the
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reflectance of the leaves and transmittance was 0-5% higher in the simulation material properties
compared to the transmittance value computed from empirically collected HDR images (Figure 521).
Table 5-3 Analysis of Variance for simulation error (RMSE) and Radiance trans material
variables.
Source
Trans
Ref
Tree
Trans*Ref
Trans*Tree
Ref*Tree
Error
Total

DF
1
1
7
1
7
7
312
336

Adj SS
1697.7
10663.9
9241.6
1544.7
638.9
7232.2
24559.4
75857.4

Adj MS
1697.7
10663.9
1320.2
1544.7
91.3
1033.2
78.7

F-Value
21.57
135.47
16.77
19.62
1.16
13.13

Model Summary

S
7.692

R-sq
76.83%

R-sq(adj)
73.79%

R-sq(pred)
67.78%

P-Value
0.000
0.000
0.000
0.000
0.326
0.000

Figure 5-21 The contour plot of RMSE (%) vs ΔReflectance, ΔTransmittance (Δ=Measured
value-Simulated value).

5.3.2 Simulation Levels of Detail
The effect of Level of Detail (LOD) on the accuracy of the simulation was explored for Tree A (Figure
5-1) by using the High Detail (HD) geometry (Figure 5-15 (b)) as described in the method section.
The Radiance plastic material with a reflectance range from 2-24% (using a 2% step for a total of
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12 material definitions) was considered and for each material definition, the simulation was run for
all viewing angles and sky conditions in the study (4*8=32 runs). The error (RMSE) was computed
by comparing the simulated HDR to the collected HDR image. The statistical method of paired t-test
was chosen to analyze the data. The results (Table 5-4; Figure 5-22) showed there was a
statistically significant difference between High Detail (HD) and Low Detail (LD) geometry (Figure
5-10). The mean difference between HD and LD group was 34.2% and the 95% Confidence Interval
for the mean was 20.3-48.2%.
Table 5-4 Paired T test for level of detail (LD, HD).
Material
LD
HD
Difference

N Mean
12 0.9158
12 0.5731
12 0.3427

St. Dev
0.2479
0.0713
0.2195

SE Mean
0.0716
0.0206
0.0634

95% CI for mean difference: (0.2032, 0.4821)
T-Test of mean difference = 0 (vs ≠ 0): T-Value = 5.41 P-Value = 0.000

Figure 5-22 The simulation error (RMSE%) for daylight models at 2 different levels of detail
(LD & HD) with plastic material ranging from 2-24% reflectance.
The performance of a Radiance Trans material applied to the HD 3D geometry was examined using
RSM and CCD (as described in method section). All sky conditions and view angles were considered
in the Radiance simulation and the error was reported. A General Linear Model (GLM) was used to
examine the effect of Level of Detail (HD vs LD) for Radiance trans material properties (Reflectance
and Transmittance) on the simulation results. All variables were marked as fixed (the setting used
for variables that were the main interest of this research). The main effect and all two-way
interactions were considered, and higher order interactions were pooled as error. The statistical
test (Table 5-5) showed the main effect for LOD (P<0.001) and Reflectance (P<0.01) were
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statistically significant (Fig. YE) and the transmittance (applied to the leaves of the HD tree) were
not significant (P=0.091).
Table 5-5 Analysis of Variance for simulation error (RMSE), High Detail tree and trans
material.
Source
Trans
Ref
LOD
Trans*Ref
Trans*LOD
Ref*LOD
Error
Total
Model
Summary

DF
1
1
1
1
1
1
91
97

Adj SS
94.23
309.42
1555.25
162.8
160.4
0.19
2933.81
9012.86

S
5.678

R-sq
67.45%

Adj MS
94.23
309.42
1555.25
162.8
160.4
0.19
32.24

F-Value
2.92
9.6
48.24
5.05
4.98
0.01

P-Value
0.091
0.003
0.000
0.027
0.028
0.939

R-sq(adj) R-sq(pred)
65.30%
60.97%

Figure 5-23 The main effect plot showing the mean of Error (RMSE%) for two levels of detail.

5.3.3 The Effect of Species of Trees (Cluster Analysis)
Each of the 4 scenes in the study was analyzed following the process mentioned in the method
section and using an initial cluster setting that ranged from 2 to 6. The results show that pixels
associated with standing vegetation (trees) were grouped together into one cluster even at the
lowest number of initial clusters (Figure 5-24, k=2). As the number of initial clusters increased to
higher values (max=6), the sky and ground component of the scene were grouped together into
clusters based on the pixels’ measures of association (Euclidean distance). For instance, in Scene 1
the sky was divided into three clusters (Figure 5-25) and regions on the ground are related to the
cluster in the sky region.
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The standing vegetation items were separated from the rest of the scene (Sky and Ground) by
applying a mask and the images were analyzed. The results showed data grouped into clusters
based on image pixels association with the 3D geometry of the tree (Figure 5-26). The outcome also
revealed that the species of tree was an important factor in shaping the data into clusters.

Figure 5-24 Cluster analysis (k-means) for all scenes and K (initial cluster) ranging from 2 to
6.
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Figure 5-25 Cluster analysis (K-means) for scenes 1 (k=6).

Figure 5-26 Cluster analysis (k-means) for standing vegetation (trees) in scenes 1 (k=6).
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5.4 Discussion
The results of the study of simulation material properties, emphasizes the significance of choosing
the proper setting to increase the accuracy of daylighting simulation. The outcome for Radiance
Plastic material revealed the simulation accuracy of the LM-83 tree representation could be
improved by 49.4 percent if a material with lower reflectance value (instead of 20% constant value)
is incorporated into the simulation scene. The finding showed the setting that scored the lowest
error on average was 46.7 of the actual measured reflectance of the leaves of the tree. The collected
empirical data for the 8 species of trees showed the average reflectance of the leaves of trees were
14.3% which makes the proper value for Radiance Plastic material to be set at 6.7%. Although it is
more appropriate to collect the actual reflectance of the leaves and use the ratio to get to the setting
that results in lower error.
The findings showed that by using the Radiance Trans material, the simulation error could be
further lowered by 61.2% (compared to plastic material which was 49.4% lower than LM-83). The
results demonstrated that the measured transmittance of trees (threshold method) is a good
predictor of the simulation accuracy and in order to achieve the lowest possible simulation error,
the value used to generate Trans material needs to be between 4-7% higher than the computed tree
transmittance. It is worth mentioning that the transmittance used for defining Radiance Trans
material was introduced to the material generator equation as 50% specular and 50% diffuse.
Lastly the reflectance value was between 10-12% lower than the measured value for the simulation
runs that scored the lowest error (Figure 5-21).
The high detail (high-poly) 3D geometry used in the study, resulted in more accurate
representation compared to the primitive geometry model (LD). The results showed the associated
simulation error using HD tree representation was on average 34.2% lower than the LD model. The
data also revealed the reflectance value for HD tree using Radiance Plastic material was very close
to the measured reflectance of the leaves of the tree under study.
One of the areas that previous studies have explored is the effect of species of tree on their
luminous properties (Binkley et al., 2013; Forrester, 2014; Forrester & Albrecht, 2014; Lintunen,
Kaitaniemi, Perttunen, & Sievänen, 2013). The findings of this study (Table 5-3) demonstrated the
significance of the tree species on the accuracy of its representation in daylighting simulation.
Additionally the cluster analysis (Figure 5-24) showed the standing vegetation were grouped
together but did not show the trees are categorized in the analysis based on their species. The
cluster analysis for mask vegetation (Figure 5-26) demonstrated that the scene was grouped into
clusters based on the different regions of 3d geometry and overall mass of the tree instead of
grouping into clusters based on the species of trees present on the scene.

5.4.1 Applying the Findings of Study 2 into the Simulation Model of Study 1
Based on the findings of Study 2, tree representations were created in 4 distinct new models (the
3D geometry from Study 1 with new material definitions) that are summarized in table 5-6. All 4
new models were incorporated into the Radiance daylighting simulation process as described in the
method section of Study 1. For major trees in the scene (in terms of size and position relative to the
camera) the actual reflectance of the leaves of the trees was measured. For other trees, the
reflectance value of similar tree in Study 2 was used for generating the material definition. Each
simulation run was compared to the collected empirical data, and the error was reported (Table 57). The average simulation errors for LD 3D geometry for plastic and trans materials were 17.6%
and 15.6% respectively. The high poly tree representation using a plastic material scored 9.8%
error and the Trans material was at 9.3%.
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Table 5-6 Levels of detail in 4 new exterior surround models.
LOD
S2LDPL
S2LDTR
S2HDPL
S2HDTR

3D Geometry
(LD/HD)
LD
LD
HD
HD

Radiance
Material
Plastic
Trans
Plastic
Trans

Reflectance
(% of measured)
53.3%
44.2%
93.9%
88.1%

Transmittance
(% of computed)
123.7%
107.8%

Table 5-7 Descriptive Statistics for the absolute error (%) by levels of detail.
LOD
HD
HDT
LM83
S2HDPL
S2HDTR
S2LDPL
S2LDTR

N
450
450
450
450
450
450
450

Mean
23.95
11.29
22.77
9.87
9.32
17.64
15.59

SE Mean
0.67
0.41
0.59
0.36
0.34
0.46
0.40

St. Dev
14.13
8.73
12.49
7.64
7.23
9.67
8.56

Min
0.01
0.02
0.17
0.02
0.02
0.13
0.12

Max
70.28
56.80
58.58
50.52
47.66
45.51
40.73

Figure 5-27 The average percent error (compared to simulations using measured data) for
daylight models with 4 different levels of detail from Study 2 and 3 LODs from Study 1 across
all locations in Study 1.
A General Linear Model (GLM) was used to investigate if the new level of detail (LOD) factor had a
significant impact on simulation accuracy. Similar to Study 1, all variables were marked as fixed
except location which was introduced to the model as a random variable. The response variable
was transformed using natural log transformation to account for the assumption of normality of
data. The statistical analysis (Table 5-8) showed all main effects were significant (all variables at
p<0.05 except LOD p<0.001). Additionally, all two way interactions were significant at p<0.001.
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Lastly, the mean difference (Tukey) across LOD variables showed all pair-wise differences between
level of variable of interest (LOD) were significant (at α=0.05) with the exception of HDPL and
HDTR which suggest that the difference between material types for the high poly tree models were
not statistically significant (Figure 5-28).
Table 5-8 Analysis of Variance for absolute error (%).
Source
Location
SeasonTime
LOD
Points
LOD*Points
LOD*Location
LOD*SeasonTime
Points*Location
Points*SeasonTime
Location*SeasonTime
Error
Total

Model Summary

DF
4
14
9
5
45
36
126
20
70
56
4114
4499

Adj SS
108.7
106.3
2033.1
87.4
72.9
58.1
108.1
86.2
98.0
221.6
993.1
3973.4

S
R-sq
0.4913 75.01%

Adj MS
27.2
7.6
225.9
17.5
1.6
1.6
0.9
4.3
1.4
4.0
0.2

F-Value
2.9
1.9
140.1
4.1
6.7
6.7
3.6
17.9
5.8
16.4

Rsq(adj)
72.67%

Rsq(pred)
70.10%

PValue
0.028
0.044
0.000
0.011
0.000
0.000
0.000
0.000
0.000
0.000

Table 5-9 Tukey pairwise comparison for LOD.
LOD
LM83
S2LDPL
S2LDTR
HDT
S2HDPL
S2HDTR

N
450
450
450
450
450
450

Mean
22.77
17.64
15.59
11.29
9.87
9.32

Grouping
A*
B
C
D
E
E

* Means that do not share a letter are significantly different.
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Figure 5-28 Tukey simultaneous 95% confidence intervals of difference in mean Error (%).

5.5 Conclusion
The surround landscape was studied by gathering empirical data of 8 species of trees in a relatively
isolated setting. Radiance daylighting model of the scene were created with Low Detail (LD;
Primitive geometry) and High Detail (HD) tree representation and it was compared to the empirical
data and error was reported. The results showed the average error for LM-83 tree representation
recommendation (primitive geometry with Plastic material at 20% reflectance value) was 120.7%
(RMSE). The results showed the simulation accuracy could be improved for Radiance Plastic and
Trans material by carefully adjusting the setting using collected empirical data (64.3% and 52.8%
improvement respectively for Plastic and Trans material). Finally the species of tree was a
significant factor is shaping its luminous properties and it needs to be considered in the process of
preparing the daylighting simulation model.
The findings of this study are important for the validation of simulation tools and processes and
improving their accuracy and reliability. The relatively common practice of daylighting simulation
is not including standing vegetation in the daylighting model. The results of this study help to
include the surrounding landscape in an efficient and relatively accurate manner. Further research
is needed to gather information about a variety of species of trees and empirical data about their
luminous properties to provide a data set to help professional in the lighting community with the
necessary information to represent natural landscape in the daylighting simulation. Finally the
findings of this study provide usable information to designer and engineer on the practical methods
of creating and incorporating vegetation in the daylighting simulation workflow.
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6. Chapter 6:

CONCLUSIONS

CONCLUSIONS

Two comprehensive studies are presented in this dissertation to carefully investigate multiple
aspects of the exterior surround luminous environment. The first study explored the exterior
environment in a university campus context and the effect of each view component on the daylight
level in the interior. Additionally, some of the scenes were recreated in Radiance simulations at
various levels of detail and the output was compared to the collected empirical data. The results
demonstrated there was a lack of empirical data about the luminous properties of trees to
represent them in daylighting simulations efficiently and accurately. The second study was a
continuation of the work of the first study and focused completely on trees and different methods of
representing them in simulations, and the accuracy of each approach. Lastly, the findings of Study 2
were incorporated into the simulation model of the Study 1 to measure their reliability.

6.1 Study 1
The exterior surround was analyzed by collecting data (HDR images) at 13 locations on a university
campus. Radiance simulations were run to compute the contribution of different exterior object
groups (Architectural, Vegetation, Ground and Sky) to the illuminance at points on the workplane in
the interior of a small office. The results showed, on average, the contribution of surrounding
elements increased from a value of 23.87% for points near daylight aperture to 47.1% for points
deeper into the space (4.3 meter or 14 ft. from the daylight aperture). 5 locations (out of 13) were
selected and recreated in Radiance simulations at various levels of detail. Daylighting simulations
were run, and the results were compared to the empirical data for error evaluation. The statistical
analysis showed the HDT (high detail surround and high poly tree) scored the lowest error
(11.3%). A high detail LM-83 model was the second best (22.8%), which was border line
acceptable. Lastly, a statistical analysis of the data showed there was no statistically significant
difference between high detail LM-83 tree representation recommendations and a model that did
not contain trees.

6.2 Study2
The best approach for modeling individual trees was studied by collecting data from 8 species of
trees from 8 viewing angles under 4 sky conditions. Both high-poly and low-poly (primitive 3D
geometry) models were used to represent the trees in a Radiance simulation. The results of this
study showed the associated error for the LM-83 modeling approach was on average 120.7%
(RMSE). The findings also showed that the error could be improved by applying proper Radiance
material types and settings (the lowest average errors were 64.3% for plastic and 52.8% for a trans
material type). Lastly, the statistical analysis of the data revealed the species of tree is a significant
factor in determining its luminous properties, and it needs to be considered in preparing the
Radiance model.
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6.3 Study 2 Result Testing
Using the findings of Study 2 to generate Radiance tree representations in the five Study 1 models
revealed the effectiveness of using empirical data collected from trees. For low detail 3D geometry,
the model with material definitions (based on Study 2 results) improved the accuracy of the
daylighting simulation by 22.5% for the plastic material (applying a 6.8% reflectance) and 31.5%
for the trans material (5.6% reflectance and 21.5% transmittance (50% specular & 50% diffuse)).
The analysis of data for the high poly 3D geometry demonstrated that, with a new material
definition, the simulation accuracy was enhanced by 12.5% using the plastic material and 17.4% if
the trans material was applied.

6.4 Limitations and future work
The results reported in this document are limited firstly due to the masking of the sun’s disk when
it was present in the view. Another factor that has a significant influence on the results was the
proximity of trees to the views used in Study 1, which were relatively far from the viewpoint and
did not include a scenario in which trees are very close to the window and directly shade the
daylighting aperture. Additionally the views that were chosen for Study 1 did not include cases that
represent a ground floor view. Lastly, in Study 2 the trees were studied from the viewpoint of a
ground floor window, and the view from higher floors view was not included due to the practicality
of collecting data from these heights around a single tree.
Future studies are necessary to expand our knowledge of luminous properties of the exterior
surround by considering the mentioned factors that limit the findings of this research. Additionally
similar studies in a more urban context, other than the university campus used in this study, is
necessary to provide information on other exterior surround settings such as urban canyons, midrise commercial and low-rise residential neighborhood. Lastly further research is needed to collect
empirical data on more species of trees and their luminous properties to provide a data set to help
professionals in the lighting community represent trees in daylighting simulations more accurately.
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APPENDIX
The Minitab statistical software was used to perform statistical analysis. In this section the
additional detail from the software output such as types of factors, expected mean squares, etc. for
the ANOVA tables in the study are included to provide further information about the way the
ANOVA test was performed.
Table 4-3 Analysis of Variance for absolute error (%)
Factor coding

(-1, 0, +1)

Factor Information
Factor
Type
LOD
Fixed
Points
Fixed
SeasonTime Fixed
Location
Random

Levels
6
6
15
5

Analysis of Variance
Source
LOD
Points
SeasonTime
Location
LOD*SeasonTime
LOD*Points
LOD*Location
Points*SeasonTime
SeasonTime*Location
Points*Location
Error
Total

DF
5
5
14
4
70
25
20
70
56
20
2410
2699

Values
BU, HD, HDT, LD, LM83, NS
EV, P1, P2, P3, P4, P5
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15
1, 2, 3, 4, 5

Adj SS
1051666
128121
61589
98689
67187
109397
117125
70069
197628
134855
880256
2916582

Adj MS
210333
25624
4399
24672
960
4376
5856
1001
3529
6743
365

F-Value
35.92
3.80
1.25
1.60
2.63
11.98
16.03
2.74
9.66
18.46

P-Value
0.000
0.014
0.270
0.186
0.000
0.000
0.000
0.000
0.000
0.000

x

x Not an exact F-test.
Model Summary
S
19.1116

R-sq
69.82%

R-sq(adj)
66.20%

R-sq(pred)
62.12%

Expected Mean Squares, using Adjusted SS
Source
Expected Mean Square for Each Term
1 LOD
(11) + 90.0000 (7) + Q[1, 5, 6]
2 Points
(11) + 90.0000 (10) + Q[2, 6, 8]
3 SeasonTime
(11) + 36.0000 (9) + Q[3, 5, 8]
4 Location
(11) + 90.0000 (10) + 36.0000 (9) + 90.0000 (7) + 540.0000
(4)
5 LOD*SeasonTime
(11) + Q[5]
6 LOD*Points
(11) + Q[6]
7 LOD*Location
(11) + 90.0000 (7)
8 Points*SeasonTime
(11) + Q[8]
9 SeasonTime*Location (11) + 36.0000 (9)
10 Points*Location
(11) + 90.0000 (10)
11 Error
(11)
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Error Terms for Tests, using Adjusted SS
Source
Error DF
Error MS
1 LOD
20.00
5856.2501
2 Points
20.00
6742.7533
3 SeasonTime
56.00
3529.0659
4 Location
56.31 15397.5666
5 LOD*SeasonTime
2410.00
365.2514
6 LOD*Points
2410.00
365.2514
7 LOD*Location
2410.00
365.2514
8 Points*SeasonTime
2410.00
365.2514
9 SeasonTime*Location
2410.00
365.2514
10 Points*Location
2410.00
365.2514
Variance Components, using Adjusted SS
Source
Variance % of Total
Location
17.1753
2.85%
LOD*Location
61.0111
10.13%
SeasonTime*Location
87.8837
14.59%
Points*Location
70.8611
11.77%
Error
365.251
60.65%
Total
602.183

Synthesis of Error MS
(7) + 0.0000 (11)
(10)
(9)
(7) + (9) + (10) - 2.0000 (11)
(11)
(11)
(11)
(11)
(11)
(11)

StDev
4.1443
7.8110
9.3746
8.4179
19.1116
24.5394

% of Total
16.89%
31.83%
38.20%
34.30%
77.88%
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Table 5-3 Analysis of Variance for simulation error (RMSE) and Radiance Trans material
variables
Method
Factor coding

(-1, 0, +1)

Factor Information
Factor Type
Levels
Tree
Random
8

Values
1, 2, 3, 4, 5, 6, 7, 8

Analysis of Variance
Source
DF
Trans-DR
1
Ref-DR
1
Tree
7
Trans-DR*Ref-DR
1
Trans-DR*Tree
7
Ref-DR*Tree
7
Error
312
Lack-of-Fit
275
Pure Error
37
Total
336

Adj SS
1697.7
10663.9
9241.6
1544.7
638.9
7232.2
24559.4
24463.5
95.8
75857.4

Model Summary
S
R-sq
8.87220 67.62%

R-sq(adj)
65.13%

Adj MS
1697.7
10663.9
1320.2
1544.7
91.3
1033.2
78.7
89.0
2.6

F-Value
21.57
135.47
16.77
19.62
1.16
13.13

P-Value
0.000
0.000
0.000
0.000
0.326
0.000

34.35

0.000

R-sq(pred)
59.90%

Expected Mean Squares, using Adjusted SS
Expected Mean Square
Source
for Each Term
1 Trans-DR
(7) + Q[1, 5]
2 Ref-DR
(7) + Q[2, 6]
3 Tree
(7) + 2.5600 (3)
4 Trans-DR*Ref-DR (7) + Q[4]
5 Trans-DR*Tree
(7) + Q[5]
6 Ref-DR*Tree
(7) + Q[6]
7 Error
(7)
Error Terms for Tests, using Adjusted SS
1
2
3
4
5
6

Source
Trans-DR
Ref-DR
Tree
Trans-DR*Ref-DR
Trans-DR*Tree
Ref-DR*Tree

Error DF
312.00
312.00
312.00
312.00
312.00
312.00

Error MS
78.7159
78.7159
78.7159
78.7159
78.7159
78.7159

Synthesis
of Error MS
(7)
(7)
(7)
(7)
(7)
(7)

Variance Components, using Adjusted SS
Source Variance % of Total
StDev % of Total
Tree
484.971
86.04% 22.0221
92.76%
Error
78.7159
13.96%
8.8722
37.37%
Total
563.687
23.7421
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Table 5-5 Analysis of Variance for simulation error (RMSE), High Detail tree and trans
material
Method
Factor coding

(-1, 0, +1)

Factor Information
Factor Type
Levels
LOD
Fixed
2

Values
1, 2

Analysis of Variance
Source
DF
Trans-DR
1
Ref-DR
1
LOD
1
Trans-DR*Ref-DR
1
Trans-DR*LOD
1
Ref-DR*LOD
1
Error
91
Lack-of-Fit
73
Pure Error
18
Total
97

Adj SS
94.23
309.42
1555.25
162.80
160.40
0.19
2933.81
2630.18
303.63
9012.86

Model Summary
S
R-sq
5.67800 67.45%

R-sq(adj)
65.30%

Adj MS
94.23
309.42
1555.25
162.80
160.40
0.19
32.24
36.03
16.87

F-Value
2.92
9.60
48.24
5.05
4.98
0.01

P-Value
0.091
0.003
0.000
0.027
0.028
0.939

2.14

0.036

R-sq(pred)
60.97%

80

Table 5-8 Analysis of Variance for absolute error (%)
Method
Factor coding

(-1, 0, +1)

Factor Information
Factor
Type
LOD
Fixed
Points
Fixed
Location
Random
SeasonTime Fixed

Levels
6
6
5
15

Analysis of Variance
Source
DF
Location
4
SeasonTime
14
LOD
5
Points
5
LOD*Points
25
LOD*Location
20
LOD*SeasonTime
70
Points*Location
20
Points*SeasonTime
70
Location*SeasonTime
56
Error
2410
Total
2699
x Not an exact F-test.
Model Summary
S
R-sq
6.13535 68.81%

R-sq(adj)
65.07%

Values
HDT, LM83, S2HDPL, S2HDTR, S2LDPL, S2LDTR
EV, P1, P2, P3, P4, P5
1, 2, 3, 4, 5
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15

Adj SS
20846
18360
62105
8777
1956
6351
8782
12785
11895
48317
90718
290892

Adj MS
5211.5
1311.4
12421.1
1755.3
78.2
317.5
125.5
639.2
169.9
862.8
37.6

F-Value
2.99
1.52
39.12
2.75
2.08
8.44
3.33
16.98
4.51
22.92

P-Value
0.024
0.134
0.000
0.048
0.001
0.000
0.000
0.000
0.000
0.000

x

R-sq(pred)
60.86%

Expected Mean Squares, using Adjusted SS
Source
Expected Mean Square for Each Term
1 Location
(11) + 36.0000 (10) + 90.0000 (8) + 90.0000 (6) + 540.0000
(1)
2 SeasonTime
(11) + 36.0000 (10) + Q[2, 7, 9]
3 LOD
(11) + 90.0000 (6) + Q[3, 5, 7]
4 Points
(11) + 90.0000 (8) + Q[4, 5, 9]
5 LOD*Points
(11) + Q[5]
6 LOD*Location
(11) + 90.0000 (6)
7 LOD*SeasonTime
(11) + Q[7]
8 Points*Location
(11) + 90.0000 (8)
9 Points*SeasonTime
(11) + Q[9]
10 Location*SeasonTime (11) + 36.0000 (10)
11 Error
(11)
Error Terms for Tests, using Adjusted SS
Source
Error DF
Error MS
1 Location
78.48 1744.2805
2 SeasonTime
56.00
862.7984
3 LOD
20.00
317.5398
4 Points
20.00
639.2273
5 LOD*Points
2410.00
37.6425
6 LOD*Location
2410.00
37.6425
7 LOD*SeasonTime
2410.00
37.6425
8 Points*Location
2410.00
37.6425
9 Points*SeasonTime
2410.00
37.6425
10 Location*SeasonTime
2410.00
37.6425

Synthesis of Error MS
(6) + (8) + (10) - 2.0000 (11)
(10)
(6)
(8)
(11)
(11)
(11)
(11)
(11)
(11)
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Variance Components, using Adjusted SS
Source
Variance % of Total
Location
6.42084
8.36%
LOD*Location
3.10997
4.05%
Points*Location
6.68428
8.71%
Location*SeasonTime
22.9210
29.85%
Error
37.6425
49.03%
Total
76.7786

StDev
2.53394
1.76351
2.58540
4.78759
6.13535
8.76234

% of Total
28.92%
20.13%
29.51%
54.64%
70.02%
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