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ABSTRACT: This research explores the adequacy of computer simulation using HDR photography to 
map the luminance distribution both of the sky and of the building interiors. The BRANZ Building 
Energy End-Use Study (BEES) team currently have one internal lighting measurement point recording 
light levels in each of more than 100 randomly selected commercial buildings in New Zealand. The light 
meter typically records illuminance on a desktop within the building every ten-minutes for a two week 
period. Using this data, a thesis will be conducted exploring the utility of HDR imaging as a supplement 
to the use of a single internal light measurement in the analysis of daylight potential in New Zealand’s 
commercial building stock. This research paper outlines the preliminary research and results of this 
thesis study.  

This research was conducted in the lighting laboratory at the School of Architecture and Design, 
Victoria University of Wellington using a physically scaled model and a US$50 fisheye lens and an 
Android Smartphone. The outcome of this preliminary research shows that this method can be a viable 
option when it comes to daylight analysis in a building. 

Conference theme: Thermal comfort, lighting and acoustics  
Keywords: HDR photography, daylight measurement 

 

INTRODUCTION 

This paper documents the findings of a pilot study whose objective is to determine the adequacy of Smartphone 
based High Dynamic Range (HDR) photography as a tool for daylight analysis in New Zealand’s commercial building 
stock. This study was conducted with an Android Smartphone employing a magnetic fisheye lens. Images of both 
indoor and sky conditions were captured simultaneously over a period of time. The study room that was monitored 
was simulated in the Radiance Lighting Simulation and Rendering System, (Radiance Synthetic Imaging System). 
The resultant HDR image was then compared with the HDR image captured in the study room. The ultimate goal of 
this research is to evaluate whether an inexpensive programmable data acquisition system could provide meaningful 
and useful data. 

Daylight distribution in a building is typically measured using a light meter positioned at desk level (800 mm) at points 
on an evenly spaced grid. A light measurement is recorded at each point of the grid and the isolux contours of 
daylight penetration are graphed. However, this method can often be a time consuming process, depending on the 
size of the room. Inaccuracies can also occur due to the uncontrollable climatic conditions of the surrounding 
environment. More recently, researchers have developed HDR photography as a daylight measurement tool. An 
HDR image is created by capturing a daylit scene using three or more exposures and later fusing the images into one 
HDR image using a HDR software. 

1. HDR PHOTOGRAPHY 

HDR photography was originally developed because a typical photograph could not capture a daylit scene without 
over or underexposure. This resulted in inconsistencies with different sections of photographs being either too bright 
or too dark (Bloch 2007). HDR images contain the entire range of lighting information including the light sources and 
light reflections from the surrounding environment. HDR imaging is also known as “an environment map, a radiance 
map, or a luminance map” (Cheney 2008:14). In order to accurately view a HDR image, two techniques can be used. 
These are “tone mapping” and “false colour rendering”. Tone mapping compresses the light values in the image so 
that the image can be viewed on the limited brightness range of a computer screen or printed page. False colour 
renderings use a range of colours that correspond to the luminance data contained in the underlying HDR image. 

Christoph F. Reinhart and Jan Wienold have explored the effectiveness of simulation when it comes to daylighting 
and HDR images have been used to discover the “full dynamic range of a scene, from direct sunlight to deep 
shadow”. HDR images are currently used to “derive empirical sky models” (Inanici 2010:26). An HDR image can 
capture the lighting data of a physical scene accurately and can “match human perception” of a scene (Cheney 
2008:26). The accuracy of this tool can provide HDR images to be used for daylight analysis within a space. These 
precedents for this approach have typically used a high quality DSLR camera (costing $1500-2000) in association 
with a fisheye lens (an additional $1000-2000) to capture the full field of view in a scene. This project is focused on 



  

the application of Smartphone technology for the same purpose. The basic rationale for this is not just cost, though a 
much reduced cost would ensure HDR image based lighting assessment was available to all. The rationale is that the 
highly detailed, high resolution HDR picture from an expensive DSLR camera contains far too may pixels than are 
needed to plot the light distribution in a scene, 

2. EQUIPMENT 

2.1. Mobile Smartphone 
The mobile Smartphone used in this research is a Motorola Defy with an Android 2.3.7 operating system. It has a five 
megapixel camera with flash and a magnetic fisheye lens, which can be attached to the phone’s camera via a 
magnetic ring (Fig.1). The lens, is attached to the camera with adhesive tape. The fisheye lens attachment was 
purchased online for US$50. 

The HDR Camera 2.20 application (Google Play HDR Camera) is downloaded from the Google Play store online at 
no additional cost. It requires an Android 2.2 operating system or above. This camera application captures three 
photographs under various exposures depending on the type of Smartphone used. Using the Motorola Defy, three 
photos are taken with exposure values of -1.50, +0.00, and +1.50, (Fig. 2) The HDR camera application fuses all of 
the photographs into a single tone-mapped HDR image. However, this research requires all three original frames to 
be kept and saved otherwise some lighting information may be lost through tone-mapping. All three photographs 
captured were held in the same position with minimal movement for change between each photograph. The 
photographs are then calibrated and fused manually using HDR software (Anyhere Software). 

2.2. Photometric Illuminance Sensors 
Photometric illuminance sensors (Fig. 3) are used for daylight measurements where the human eye is the “primary 
receiver” for example an indoor environment (LI-Cor Environmental Division 2012). They measure the illuminance in 
lux and can be “mounted at any angle” with a calibration uncertainty of ± 5%. 

Five LI-Cor LI-210A Photometric illuminance sensors were connected to a laptop and were taken into the Victoria 
University of Wellington lighting laboratory prior to being used in the pilot study. The five sensors were placed in a 

 
Source: (Author 2012) 

Figure 1: The fisheye lens adapter attached to a Motorola Defy 

                                              
Source: (Author 2012) 

Figure 2: Example photographs taken by the Motorola Deft using the HDR application. 
From left to right: exposure -1.50, +0.00, and +1.50.

 
Source: (Author 2012) 

Figure 3: The Photometric Illuminance Sensors measuring the illuminance inside the scaled model 



  

line and light measurements were recorded every minute for an hour to ensure that the readings on each were 
calibrated against each other and against an external, calibrated lighting standard. 
2.3. X-Rite ColorMunki 
The X-Rite ColorMunki spectrophotometer (Fig. 4) is a colour measurement device that records the RGB (Red Green 
Blue) values and reflectances of a surface in a scene. By downloading an additional plug-in, the ColorMunki software 
can load the pallet of colours captured in a scene directly into Autodesk 3ds Max Design through a .cxf file. To 
capture the colours in a scene, the ColorMunki is plugged into a laptop via a USB cable and spot measurements of 
the surfaces can be captured. A library of colours can be created in 3ds Max so that the exact values of the surface 
colours of the tested area can be modelled. 

3.4. Macbeth ColorChecker 
The Macbeth ColorChecker (Fig. 5) is a colour chart containing 24 standardised colours which can assist in the 
calibration of photographs to ensure the accuracy of the images taken on site. The Macbeth ColourChecker Chart 
was inserted into the real scene when the photographs were captured so that they could be calibrated using the 
published colour coordinates for each colour on the chart.  

3. METHOD 

The pilot study for this research was conducted in the lighting laboratory in the School of Architecture and Design 
Campus at Victoria University of Wellington. The lighting laboratory measures 3500 mm by 3500 mm with a ceiling 
height of 2330 mm. It has rotating effulger panels as the walls which provide the user with two wall options; glossy 
white or mirrored (Fig.6). The effugler panels provide a mirror box sky distribution similar to the CIE overcast sky 
suitable for daylight analysis for a scaled model (Matusiak and Arnesen 2005). The brightness of the “sky” is 
controlled by a simple remote (Fig.7). 

 
Source: (Author 2012) 

Figure 4: The X-Rite ColorMunki colour measurement device 

 
 

Source: (Author 2012) 
Figure 5: The Macbeth ColorChecker chart used for calibration in the study room 
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Figure 7: The remote controlling the 
brightness of the fluorescent light in the 

lighting laboratory 

 
Source: (Author 2012) 

Figure 6: Inside the lighting laboratory with the mirrored 
effugler panels 



  

 

The pilot study was conducted under the artificial sky to allow the experiments to be conducted under a controlled 
environment. Any issues or errors that arise under an artificial sky in the lighting laboratory can be easily fixed. This 
was to ensure that once the monitoring process began in a commercial building the complications of the 
measurement process had been resolved and any further errors would be due to the on-site measurement process.  

To calibrate the HDR image created in the lighting laboratory, a luminance meter was used to measure the luminance 
of the laboratory from nine different points on the ceiling. The luminance meter was calibrated through the use of a 
white card and the nine measurement points were marked with a red sticker dot. 

3.1. Software Used to Create an HDR Image 
The software used to fuse the images for this research is Photosphere as it has been validated as one of the most 
accurate HDR software currently available and is also the most commonly used HDR software. Photosphere is a free 
program that is only available on the Apple operated system. It was developed by Greg Ward and it supports all 
HDRI formats. The most predominant feature of Photosphere is that accurate luminance values can be obtained by 
just “picking the pixel value” where currently no HDR software is available to do so (Bloch 2007:76). 

So for lighting designers and applications in the architectural field, Photosphere is the only option. It 
can also generate false coloured luminance maps, which is very useful for all you professional lighting 
analysts. (Bloch 2007) 

3.2. Camera Response Curve 
In order to create an accurate HDR image, a camera response curve must be created. An advantage of Photosphere 
is that it automatically calculates the camera response curve while fusing the photographs. It has been found that a 
camera response curve is less easy to create with a Smartphone camera because the images captured by the phone 
have less data contained in their EXIF file than more complex cameras provide. For example, the settings of 
exposure automatically generated by the HDR app for the Smartphone do not allow full control of exposure and white 
balance as is customary in a DSLR capture of an HDR image and they are not written to the image. The basic 
camera application in the Smartphone does however permit the manual capture of a series of images with different 
exposure values. This method is currently being explored in conjunction with the authors of the camera response 
curve software. In the interim, in order to evaluate the feasibility of the full HDR capture process a generic camera 
response curve from Photosphere was used. 

3.2. Physically Scaled Model 
A physically scaled model can be used to accurately “portray the distribution of daylight within the model exactly as it 
would in a full-sized room” (Bodart, et all. 2007:1). Physical models can also provide information on daylighting that 
can provide lessons for computer modelling. 

Comparison studies of simple models have shown that daylighting studies carried out under sky and 
sun simulators can give very accurate results. (Bodart, et al. 2007) 

 
Source: (Author 2012) 

Figure 8: Outside view of the physically scaled model 
of the study room 

 
Source: (Author 2012) 

Figure 9: Inside the physically scaled model of the 
study room 

 
Source: (Author 2012) 

Figure 10: Location of the Photometric Illuminance Sensors in the Physically Scaled model. 



  

 

For the pilot study, a model of a study room at the School of Architecture and Design Campus was used. The model 
is a 1:20 scale of the actual room, and was placed in the mirror box artificial sky (Fig.8). The scale model is 
approximately 600 mm x 600 mm x 150 mm providing adequate space to insert a light meter or a Photometric 
Illuminance sensor (Jarvis and Donn 2007). 
 

The model was constructed out of 5 mm thick card/polystyrene sandwich board with cut-outs where the windows are 
located. The interior and exterior of the physical model was painted with various shades of grey so that the 
reflectances of the surfaces are as close as possible to the actual study room (Fig. 9). 

The scale model was set up on a table in the lighting laboratory with white fluorescent tubes turned on and mirrored 
effulger panels for the walls. This provided the scaled model with an overcast sky conditions. The Smartphone was 
placed inside the model with the camera facing the windows and HDR photographs of the scene were captured. Five 
illuminance sensors were placed inside the scaled model (Fig. 10). One was placed facing out the window so that the 
vertical illuminance produced by the artificial sky can be captured. Three illuminance sensors were spaced evenly 
about 100 mm from the windows edge and the last illuminance sensor was placed a further 100 mm away in the 
centre of the scaled model. This allowed for an even distribution of measurements in the scale model. The 
measurements were then recorded for a period of one hour. These measurements form the basis of the calibration of 
the HDR image. 

3.3. Study Room 
To validate the measurements taken in the scaled model, and to ensure their accuracy, measurements were 
conducted in the actual study room that the scale model represented. The study room is located on the second floor 
of the School of Architecture and Design Campus with windows on the north-east elevation. The building itself is set 
back from the street with a relatively large tree obstructing the view from the left-hand side of the window. High rise 
buildings are located on the opposite side of the street. 

HDR photographs of the sky (Fig. 11) and the study room were taken simultaneously as well as a vertical photograph 
through a window (Fig. 12). This was undertaken as capturing the sky from the ground or roof level does not take into 
account the surrounding environment that can affect the daylight availability in the space including trees and 
surrounding buildings (Inanici 2010). The vertical photographs were captured by pressing the fisheye lens hard up 
against the inside of the window. This takes account not only of the surroundings, but also the transmissivity of the 
glazing. 

 
Daylight levels were collected in the study room between 12th April and 17th April 2012 every 15 minutes. It is also 
important to ensure that light measurements of the external illuminance are recorded at the same time as the internal 
illuminance measurement as this will determine the type of sky – i.e. sunny, overcast etc. Therefore, one of these 
sensors was taped horizontally to the window. Another sensor was also placed on the window sill. These two sensors 
were used to measure the external illuminance value. The other three sensors were placed at desk level (720 mm 
above floor level) and approximately 1000 mm from the windows. A hand-held light meter was used to calibrate the 
results. 

3.4. Daylight Simulation 
Simulated data has been proven to be a “realistic measure” of daylight prediction in a space and for a “real world 
analysis”, it is important for the simulation to be accurate (Cheney 2008:29). With the development of digital 
modelling in the architectural profession, computer simulations are required to provide more realistic and reliable 
results. Through the design phases computer simulated models are require to be developed from the basic 
geometrical forms to realistic buildings in its built environment. Digital modelling in the architectural profession 
currently has three different methods to simulate the built environment, and each one has its disadvantages. These 
are: 

 Digital modelling in an empty environment providing no visualisation of the site context 
 Inserting a photograph as the background to the digital model providing a unrealistic representation of the site; 

and 

 
Source: (Author 2012) 

Figure 11: HDR image of an overcast sky 

 
Source: (Author 2012) 

Figure 12: HDR image through a window of the study 
room 



  

 Rendering the digital model with a digitally modelled built environment increasing the simulation and rendering 
time. 

Generally lighting simulation uses light sources made up by the renderer according to their “rules” and “prescribed 
number of light-bounces of materials” (Cheney 2008:8). However, this process cannot always be accurate and can 
be misleading when used as a basis for design decisions.  

Digital modelling programs tend to provide a multitude of lighting options, many of which affect the 
lighting in unrealistic ways. The complexity and availability of unrealistic options can easily confuse the 
user and the result in a poorly lit digital environment that does not accurately predict the final 
appearance of a design. (Cheney 2008) 

Most rendered images from lighting simulations cannot be an “exact match of the physical environment”. Digital 
modelling cannot create the “inter-reflections and light diffusions caused by surrounding buildings, vegetation, [and] 
sky variability” (Cheney 2008:10). Daylight systems that simulate “light reflections from the sky […] and direct 
sunlight” and “standardised sky models” are possible in some simulation software. However, this cannot always be 
accurate (Cheney 2008:10). The biggest problem when it comes to “digital modelling and rendering” is the knowledge 
the users are required to have on the “effects of lighting in a physical environment in order to mimic these effects 
accurately” (Cheney 2008:10). Different lighting software requires different techniques to create a simulation that is 
realistic; therefore it is very difficult to master the skills required to create a “photorealistic rendering” within a limited 
timeframe. Creating an accurate lighting environment in a physically-based renderer is very difficult and requires a 
“steep learning curve and unavoidable approximations” (Cheney 2008:10). 

There are many varieties of daylight simulation software available. The selected daylight simulation software used for 
this research is Radiance. It is a physically-based rendering program that has been validated for daylight analysis 
“with physically-based modelling of material and sky conditions” (Cheney 2008:10). Radiance is a script-based 
program requiring text files instead of using validation to simulate the building. Google SketchUp was used to create 
the base model so that it can be visually viewed and be exported by layers to Radiance for further editing. 

The Ecotect™ Radiance Control Panel was used to manage the Radiance files created by Google Sketchup. The 
material properties of the surfaces are captured using the ColorMunki in the scene and are inserted into the 
materials.rad file. The ground plane was assigned a dark grey colour with a reflectance value of 0.2 as that is the 
worst case scenario for a daylight simulation. 

3.5. Image-Based Rendering 
Image-Based Rendering (IBR) or Image-Based Lighting (IBL) is a computer graphics rendering method that uses 
HDR images as a light source in a computer simulation. IBR is an “analytical tool for studying daylighting effects in a 
design space” as it provides “accurate visual aids and light level data to accelerate and improve the design process” 
(Cheney 2008: 4) are either a 180 degree or 360 degree luminance map by taking HDR photographs of the 
environment. 

1. Create the digital model of the space studied – including “geometry, materials, synthetic light sources, and 
camera viewpoints” (Cheney 2008:36). 

2. The hemisphere or spherical luminance map is used as the sky model for the digital model. 
3. The rendered image is then produced with an HDR image as the luminance map. 

IBR is one of the most accurate processes when it comes to daylight simulation. However, it is not a very common 
simulation technique as it is a “script based technique” and the lack of “designer-friendly graphic user interfaces 
(GUIs) hampers the wide adoption of IBR among architectural professionals” (Cheney 2008:40). Using IBR 
techniques, the simulation can produce visually and numerically accurate results and can help with design options.  

Instead of using a standard sky, IBR techniques simulate a real sky based upon the luminance map captured in an 
HDR image of the sky. Currently, it is not known whether a horizontal (rooftop) or a vertical (at the window) HDR sky 
is more accurate for daylight simulation. A vertical image capturing the external environment through the window view 
provides the simulation with light sources that capture any trees and buildings that can obstruct the view, plus the 
ground reflections affecting that façade: however, a horizontal sky view captured from the ground can provide 
information of the surrounding environment above the level that it was captured from. Both methods are used in this 
research for the HDR sky simulation and comparisons will be made. 

HDR images used as a light source for the model were taken from: the artificial sky; a real overcast sky; and vertical 
sky image also on an overcast day. These images were mapped to the “environment” using a mathematical formula 
in a “.cal” file. This file instructs Radiance “how to map the direction vectors in the world” (Debevec 2002:5). Two 
different mathematical formulae were used for this research as both a horizontal sky probe and a vertical sky probe 
will be used.  

The next step is to replace the existing light source with an IBL environment and add a ground glow and source for 
the horizontal overcast sky image as with a 180° sky probe no ground information in captured. The term colorpict 
indicates the file name of the light probe image and the mathematical formula for the direction map; glow indicates 
the material property of the light probe being “treated as an emissive glow” and source states the infinite sphere 
geometry mapped “with the emissive glow of the light probe” (Debevec 2002:6). When the scene is simulated in 



  

Radiance, the rays hitting the surfaces will contribute its illuminance as the “light specified for the corresponding 
direction in the light probe image” (Debevec 2002:6). The scenes are now ready to be simulated.  

4. COMPARISON OF MEASURED AND SIMULATED LUMINANCE 

This section reports the first results from a comparison between real (Fig. 13) and simulated data under 180° fisheye 
sky probe (Fig. 14) and the 180° vertical probe (Fig. 15). This comparison was conducted using HDRscope which 
was developed by Viswanathan Kumaragurubaran in collaboration with Mehlika Inanici at the University of 

Washington (hdrscope 2012). Using the “Image Operations” tool, the difference between the pixel values can be 
calculated for two images. In this way an image mapping all the luminance values for a whole room can be 
compared, not just individual readings of light meters as in conventional daylight analysis. 
The comparison between the real and simulated results was more difficult to simulate than originally anticipated as 
the resolution between the two images was different and the image sizes were different. However, even after the 
image size and resolution was changed, the resultant was an overlap of the two images due to the distortion the 
fisheye lens caused. Therefore for this preliminary study, sections of the image will be studied. The two sections that 
will be explored are the bottom corners of the window as this area provided the less differences. The resultant image 
for the comparison between the vertical sky probe and the real HDR image (Fig. 16), and between the horizontal sky 
probe and the real HDR image (Fig. 17) is calculated where the black are shows the two images containing the same 
pixel values.  

The black pixels in the photographs show where the pixel values are identical in both images and therefore have 
been subtracted from the image. The comparison between the vertical sky probe and the real HDR image has an 
approximate 30% correlation for this specific area, whereas the comparison between the horizontal sky probe and the 
real HDR image has a reduced correlation. With a camera response curve developed allowing for a more accurate 
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        Figure 13: False colour            Figure 14: False colour rendering of    Figure 15: False colour rendering of  
   rendering of the HDR image          the simulated daylight model of the     the simulated daylight model of the  
    captured of the study room         study room under a 180° fisheye sky   study room under a 180° vertical sky  
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Source: (Author 2012) 

Figure 16: Resultant image the comparison between the vertical sky probe and real HDR image 

        
Source: (Author 2012) 

Figure 17: Resultant image the comparison between the horizontal sky probe and real HDR image 



  

HDR image from the selected commercial building, the correlation between real and simulated HDR image will 
increase.  

The next step for this research will be to determine a process to collect more fundamental information regarding the 
Smartphone camera so that a camera response curve can be created and to determine a more appropriate process 
in aligning the two images together so that the analysis process could be simplified and the whole HDR image could 
be analysed instead of only a very tiny portion allowing for a more accurate and precise analysis.  

CONCLUSION 

This research explores the adequacy of HDR photography as a tool for daylight analysis. The goal for this research is 
to develop an affordable data acquisition system that is less expensive than a DSLR camera with a fisheye lens. The 
study illustrates there is some potential in assessing the daylight availability in a building using a Smartphone HDR 
camera as seen in the comparison study with approximately 30% correlation between the two using a generic 
camera response curve from Photosphere. To create an accurate HDR image, a camera response curve is essential 
and the results presented in this paper is reasonably well as only a generic camera response curve was used. With a 
camera response curve developed for the individual Smartphone camera the results could be more accurate. This 
inexpensive programmable data acquisition system using an Android Smartphone and a US$50 fisheye lens can 
provide meaningful and useful data with more research and analysis. This is only the beginning for Smartphone 
cameras and as the technology develops, the more accurate the measurement process will become.   
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