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Abstract 

In last decades, it is getting more significant to achieve more realistic image 

synthesis with increased accuracy in computer generated images. In order to achieve high 

quality in the image synthesis process, it is very important to have a specific reflectance 

model that can produce reproducible and accurate data. For this purpose, to measure the 

reflectance and to simulate appearances of real-world surfaces, several techniques and 

models are researched and developed. Many of these light measuring systems simulate 

the physical transportation of the light (Phong, 1975). Most of the recent models have 

been developed in order to study more complex light reflection (Blinn, 1977; Cook and 

Torrance, 1982; Poulin and Fournier, 1990; He et al. 1991).However, some specific 

models that I will discuss are based on physical measurement of the light distribution 

data.  

Bidirectional Reflectance Distribution Function, BRDF, is a significant parameter 

to determine the surface reflectivity properties of a material. Different reflectivity 

measurement systems in literature, which are developed to measure BRDF, are reviewed 

and compared with each other. 

 

 

Introduction 

Depending on the physical characteristics of the light and also physical 

composition and characteristic of the matter, when light interacts with matter, three types 

of interactions may take place: light reflection, light absorption, and light transition.  

The most important quantity in the discussion of surface scattering is the 

Bidirectional Reflectance Distribution Function (BRDF) which is the reflectance 

properties of a surface and describes how much light is reflected when light makes 

contact with a certain material (Cohen and Wallace, 1993; Nicodemus et al., 1977). 

BRDF is an expression of the physical property of a material which describes the pattern 

of light reflected from a surface of the material to all directions above the surface for all 

directions of incident light. When the light wavelength is ignored, BRDF can be defined 

as a four-dimensional function. For a homogeneous surface, the BRDF determines the 

appearance of materials for different viewing directions (Ke, 1999). 



International Journal of Advanced Scientific and Technical Research       Issue 6 volume 1, Jan. –Feb. 2016 

Available online on   http://www.rspublication.com/ijst/index.html                                      ISSN 2249-9954 

©2015 RS Publication, rspublicationhouse@gmail.com Page 11 
 

 
Figure 1.The geometry of bidirectional reflection process. 

 

In the Figure 1 (Figure from Ke, 1999), a surface is shown illuminated from a 

direction (θi , ϕi) by a radiation centered within a solid angle dΩiwith reflection in the 

direction (θr , ϕr), centered within a cone dΩr. Units of the light measurement parameters 

are summarized in the Table 1. 

Table 1. Units of light measurements. 

Symbol Name Unit 

Li, Lr Radiance Wm
-2

sr
-1

 

Ei, Er Irradiance Wm
-2

 

Lλi, Lλr Spectral radiance Wm
-3

sr
-1

 

fr BRDF sr
-1

 

 

 

Radiance is a measure of the flux density per unit solid angle (or steradian) while 

spectral radiance is the radiance per unit wavelength, and irradiance can be defined as a 

measure of radiometric flux per unit area, or flux density. BRDF can be expressed as the 

ratio between the directional reflected radiance and the directional incident irradiance, 

.    (Eq. 1) 

In the equation above, dEλ,i refers to the incident spectral irradiance, and 

dLλ,rrepresent the reflected spectral radiance (Ke, 1999).In most BRDF measurements for 
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global illumination, wavelength and polarization can be neglected, and in this case, 

BRDF equation can be simplified as  

)s(dE

)s,s(dL
)s,sfr(

iλ,r

riλ,r

ri
ˆ

ˆˆ
ˆˆ  .         (Eq. 2) 

Gonioreflectometer is the device that used to measure BRDF. A 

gonioreflectometer needs at least four degrees of mechanical freedom to measure the 

complete function since the BRDF is a function of four angles. The typical design for 

gonioreflectometer contains a light source, a sample area that can be moved in relation to 

the light source, and a photometer that can be moved in relation to the sample area (Ke, 

1999).  

Five different reflectance models are represented and compared in order to obtain 

realistic computer generated image synthesis. To achieve high quality, the model should 

be verified by measurements and experiments. Light reflectance distribution data is a 

crucial parameter to implement the model. 

 

1. Model by Murray-Coleman and Smith  

An early and basic gonioreflectometer designed by Murray-Coleman and Smith 

(1990) in which an incandescent lamp is used as thelight source, and sample and the 

reflectance detector are positioned with computer controlled stepper motors. This system 

has four degrees of freedom that are mentioned in the explanation of the BRDF. The light 

source can be fixed,and the luminance can be adjusted in order to prevent overflow in the 

reflectance detector as it can be seen in Figure 2 (Figure from Murray-Coleman & Smith, 

1990). 

 

 
Figure 2.A gonioreflectometer designed by Murray-Coleman and Smith 

Silicon photodiodes are used as the photodetectors in this specific 
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gonioreflectometer. In this model, lens and aperture are arranged in a way that the 

detector views the sample area or nearby only. Their data acquisition system measures a 

voltage differential proportional to the illuminance on the photocell. This system 

amplifies analog photodetector output and converts the signal to digital, and also 

produces a 16-bit number proportional to the initial photodetector output.  

 

2. Ward’s Model 

As another example of gonioreflectometer design, a basic device which uses 

imaging technology is created by Gregory J. Ward (1992) in Lawrence Berkeley 

Laboratory to estimate BRDFs. The main optical components were a half-silvered 

hemisphere and a CCD camera with a fish-eye lens in his system. The combination of 

these elements takes care of the two degrees of freedom. Here, the hemispherical mirror 

collects the light reflected from the sample surface in holder A and reflects back into the 

fish-eye lens and onto the CCD array B (Ward, 1992). 

In Figure 3(Figure from Ward, 1992), the schematic on the right shows the 

advantage of using a half-silvered hemisphere.  The lens is being focused at one half of 

the hemisphere radius allowing an image of luminance in all different reflected angles to 

be generated. The light source in this system is a 3 watt quartz-halogen lamp. To generate 

a parallel beam, Ward used an optical precise parabolic reflector. The half-silvered 

hemisphere allows the light beam to go through and illuminate the sample, and an 

exterior baffle shields the camera from stray radiation (Ward, 1992). 

 

 

 
Figure 3.(A) Ward’s silver hemisphere reflectometer, (B) Half-silvered hemisphere 

geometry of Ward’s gonioreflectometer. 

 

Turning the light source arm at point C and the sample holder at point A allows 

controlling the angle of incidence θiandϕr mechanically in Ward’s system. A computer 

controlled motor is used to move the light source during data collection, and the sample is 

A 
B 
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moved manually and also mϕiis changed manually. Free variables in Ward’s system are 

shown in Figure 4(Figure from Ward, 1992). 

 

 
Figure 4.Free variables in Ward’s gonioreflectometer. 

 

The most significant contribution of Ward’s device is that the hemisphere of 

reflection is captured in a single image enabling fast data collection. Using his system a 

complete BRDF measurement can be recorded in a few minutes including time for 

manual rotation of the sample (Ward, 1992). 

 

3. The Measurement System by the Columbia Automated Vision Environment 

research group 

Other than Ward’s device, Columbia Automated Vision Environment research 

group has also built a system to measure BRDF. This system uses a robotic manipulator 

and a CCD camera to allow simultaneous measurement of BRDF and BTF (Bidirectional 

Texture Function) (Dana et al., 1996; 1999). The Figure 5(Figure from Dana et al., 1996) 
gives the picture of the system, and the basic elements in this system were a personal 

computer with a 24-bit RGB frame grabber, a robot arm for sample orientation, a halogen 

bulb with a Fresnel lens which produces a parallel beam as the light source, a 

spectrometer, and a 3-channel CCD color video camera as the detector (not visible in 

Figure 5). 
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Figure 5.The BRDF measuring equipment in Columbia University. 

 

This system fixes the light source during the BRDF measurements providing a 

uniformly illuminated sample. The CCD camera is mounted on a tripod and placed in 

seven different locations during the measurements. Camera locations are 200 cm away 

from the sample and separated with 22.5 degrees as the Figure 6 shows(Figure from Dana 

et al., 1996). 

 

Figure 6.Sample orientations in System by the Columbia Automated Vision 

Environment research group. 

 

Columbia Automated Vision Environment research grouphas established a BRDF 

and BTF database using their system with 61 different 10x12 cm sample surfaces 

including specular surfaces, diffuse surfaces, isotropic surfaces,and anisotropic surfaces, 

etc. This database can be found at http://www.cs.columbia.edu/CAVE/software/curet/ 

(Dana et al., 1999). 
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The light source is moved by a computer controlled motor during data collection, and the sam-

ple is moved manually. Figure 2.5 shows the system’s free variables. Note that mji is changed

manually.

The prominent merit of Ward’s device is that the hemisphere of reflection is captured

in a single image, which makes data collection proceed quite rapidly. According to Ward’s

description, a complete BRDF measurement can be recorded in a few minutes, including time

for manual rotation of the sample.

2.3  Measurement method at Columbia University

The Columbia Automated Vision Environment research group uses a robotic manipu-

lator and a CCD camera to allow simultaneous measurement of BRDF and BTF (Bidirectional

Texture Function) [Dana96]. The measurement equipment is depicted in Figure 2.6. It consists

of a personal computer with a 24-bit RGB frame grabber, a robot arm to orient the samples, a

halogen bulb with a Fresnel lens which produces a parallel beam, a spectrometer and a 3-chan-

nel CCD color video camera (not shown in Figure 2.6).

The light source remains fixed throughout the measurements. The light rays incident

on the sample are approximately parallel and uniformly illuminates the sample. The camera is

Figure 2.6 The BRDF measuring equipment in Columbia University (copied fr om

[Dana96])
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mounted on a tripod and its optical axis is parallel to the floor of the lab. During the measure-

ments for a given sample, the camera is moved to seven different locations, each separated by

22.5 degrees in the ground plane at a distance of 200 cm from the sample. For each camera

position, the sample is oriented so that its normal is directed toward the vertices on the hemi-

sphere, as illustrated in Figure 2.7.

 The system’s free variables are shown in Figure 2.8. Note the change of jr is done by

changing the camera’s position manually. The main constraint of this system is that when the

robot arm moves, both the incident angle and reflection angle are changed. This makes it

impossible to keep the incident angle fixed during a BRDF scan.

With this arrangement, a considerable number of measurements are made in the plane

of incidence (i.e. the plane in which source direction, viewing direction and sample normal

lie). Sample orientations with corresponding viewing angles or illumination angles greater

than 85 degrees are excluded from the measurements to avoid self-occlusion and self-shadow-

ing. This exclusion results in a collection of 205 images for each sample.

A BRDF and BTF database was established by using this equipment. Samples of these

surfaces are 10x12 cm each. The database contains a collection of 61 real-world surfaces,

Figure 2.7  Sample orientations (copied from [Dana96])
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4. The Gonioreflectometer at Cornell University 

Another significantgonioreflectometerdevice was built by the Light Measurement 

Laboratory at the Cornell University (Foo, 1997) and is used to acquire reflection and 

emission data. A light sensor is acted as the light measuring instrument in Cornell’s 

gonioreflectometeras in Murray’s reflectometer.  

Figure 7(Figure from Foo, 1997)shows a picture of the system, and the device on 

the right is the light source while the device on the left is the optical detector. The sample 

stands in the middle and it is the bright area in the picture. A folding mirror leads the 

reflected light from the sample to the light sensor.However, this system can only measure 

isotropic surfaces.  

 

 

Figure 7.Gonioreflectometer at Cornell Light Measurement Laboratory. 

 

5. ACME Facilities in the University of British Columbia 

Automatization of the measuring process will be useful since BRDF requires huge 

amount of data. The previous systems are not totally automated and required human 

intervention at some point of the process, thus, Ke (1999) built a new system in the 

University of British Columbiato measure the BRDF automatically after the initial setup. 

His system is called ACME (Active Measurement) Facilities with two degrees of 

freedom for the direction of incident light and another two degrees of freedom for the 

direction of reflected light. ACME is an integrated robotic system which is created to 

obtain optimum measurements in order to achieve accurate computational models. In this 

system, a 3 Channel CCD Camera is used as the light measuring device. 
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Figure 2.9 Gonioreflectometer at Cornell Light Measurement Laboratory (copied from

[Sing97])

Figure 2.10  Overhead view of the gonioreflectometer at Cornell (copied from [Sing97])
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The camera was calibrated as a function of the incoming light irradiance, the 

camera’s f-number, and the camera’s shutter speed. They decided to use a test station of 

three degrees of freedom and a gantry with five degrees of freedom as their computer 

controlled motion platforms to reach enough degrees of freedom for BRDF measurement. 

Figure 8(Figure from Ke, 1999)shows basic elements in the ACME System, such as the 

CCD camera, sample holder, and the light source. 

 
Figure 8.ACME systemthe University of British Columbia 

 

 In his research, Ke used several materials as sample, such as, paper and silk, and 

reached estimated overall error less than 8%. (Ke, 1999).However, the automation 

process and the accuracy of measurement of this system can be improved to achieve more 

successful measurements. As further development, the three channel 8 bit CCD camera 

they used can be replaced with a higher bit camera, such as a 12 or 16 bit camera, it will 

ease the camera settings and will give a better understanding in the obtained images due 

to the higher resolution images. For example, an 8 bit camera will have 0-255 range in 

each RGB channel while a 12 bit camera will have 0-4096 range which is significantly 

higher comparing the one in ACME system. 
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Figure 9.Devices when sample and light are attached to test station 

In this system A 3-channel CCD camera was calibrated as a function of the 

incoming light irradiance, the camera’s f-number and the camera’s shutter speed. 

 

Conclusion 

The most important property to indicate the reflectivity of a surface is explained 

and five different image synthesis models to measure BRDF are presented and compared 

with each other. Since BRDF measurements require huge amount of data, it is very 

significant to automate the process and provide an automatic data acquisition. Murray’s 

reflectometer and Cornell’s gonioreflectometer used a light sensor as the light measuring 

instrument while Ward’s reflectometer, the system used at Columbia University, and 

ACME Facilities in the University of British Columbia used a camera. Having a sensor 

with a larger output range from the camera can provide some advantages, but the incident 

light should be evenly distributed over the sensor’s viewing area. On the other hand, 

when a camera used as the sensor, it no longer requiresto distribute the incoming light to 

the camera’s viewing area. Also, a three-channel camera can be more efficient by giving 

response in RGB comparing one signal output of a sensor. The latest model, ACME, is 

more developed than the previous three models in automatization of the process. 

However, it also needs to be improved to achieve a better reflectivity measurement.  
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