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Abstract — Goal of this work is to design an illumination
array that ensures uniformity of light field. The array design
is simulated using a non-sequential ray trace tool. This tool
provides illumination measurements using charts of intensity
variation that is quantified in a hemispherical or a spherical
volume. The sphere acts as a receiver surface to compute the
spread of light field and to determine the corresponding
radiometric value. The spherical radius of this receiver can
be varied to obtain collection efficiency at certain distances.
Prototype of the array is optimized considering the electro-
optical and physical constraints of the light emitting diodes.
A planar uniformity is verified from captured images. The
illumination of chess board pattern provides a statistically
measure for comparison. The intensity gradients are
extracted using edge processing operators. The binary map
of edges provides a numerical value of intensity transitions
for a given arrangement of sources. Using near infrared
sources organic samples is imaged to make inferences under
low light conditions.
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l. INTRODUCTION

In the era of green energy light emitting diode (LED) is
used in variety of applications. This is an experimental
study comprising of illumination array design for medical
instrumentation. LightTools™ a non-sequential ray tracing
tool is used for array design staring from selection of
sources to optimization. The design process comprises of
simulation, prototyping and light field verification using
image processing algorithms. Various topologies are
realized based on electro-optical parameters and power
consumption. White light source with different
photometric measure in terms of brightness is used to
demonstrate irradiance on a surface. Array design with an
optimal count of LED to achieve uniformity of field
without extra optics is discussed [1],[2],[3]. The geometry
of such an arrangement is important in terms of packing
density in a given plane. The lattice configuration that
defines angular spacing in 3D is used for improving the
sampling efficiency [2].

Il. PRINCIPLE OF LIGHT MEASUREMENT

Radiometry is a study of total energy content delivered
from a source. Analytically, radiometric measuring
technique is by encapsulating the source within a receiver
sphere. The surface of this receiver sphere is divided into a
finite number of zones. The total flux is the sum of
product of the zonal area and average intensity collected

[4].

Extended area source unlike point sources are not
isotropic. The calculation of the throughput for such
sources can be done based on the following assumptions:
Firstly, if the separation between source and entrance
aperture of the sensor’s field- of- view is large then the
solid angle and radiance is independent of the source area.
Secondly, the path loss for such sources is considered to
be negligible [5]

The photometry measurement is based on the visual
sensation of the eye. Spectral energy distribution for
photopic vision is in the wavelength range of 380-780 nm.
When an object is illuminated, the reflected intensity is
given as (1)

1) =p(MLA) 1)
Where p(A) is reflectivity or transmissivity characteristic
of the object and L(A) is incident energy distribution.

For white light sources, the conversion between the two

that is radiometric to photometric is given as (2),
780

QV: 683 f380 V()\')de}" (2)

By definition, lumen (Im) is 1W of radiant energy at a
given wavelength of maximum visual sensitivity (around
0.55 pm) which is equal to 683. Q, and Q, are luminous
energy measure in  photometry and radiometry
respectively. V (1) is the efficiency function at a particular
wavelength for spectral luminosity[8].

I11. RADIOMETRIC SIMULATION

A. Array geometry

Source arrangement in a global coordinate system is
done using LightTools™. It allows modeling,
characterizing of sources and array design. This technique
is useful to model interferometry, diffraction and wave-
optics phenomena [6]. It can be used with sources that are
of various shapes, viewing angle and optical power [6].
LightTools™ illumination module provides Monte Carlo
ray tracing for precise predictions of intensity and
luminance. It also has the capabilities for illumination
analysis and visualization of spread of light based on
point-and shoot ray [6].

Analytically, source or collection of sources is placed at
estimated coordinates with the receiver sphere enclosing
them. The receiver is a mesh for analysis and intensity
collection. The surface of the receiver is divided into zonal
areas that act as collection bins. The receiver type
currently being used is of Type-C is an Illumination
Engineering Society (IES) —photometry standard for
illumination measure  (IES-American  format for
measurement) [7]. The measurements are done based on
zenith and nadir as reference points. the coordinate is
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represented using the vertical and lateral axis (V, L).The
coordinate system has vertical angle or nadir (OV, OL) and
it ranges from (0,180° ) while the zenith (180V, OL)
ranging from (0, 360°)[6]. Each area/bin/zone on the globe
collects light for calculating the net radiometric measure.

a0, 0L

o, oL

Fig.1. Topological arrangement of the LEDs, a hexagonal
placement shown in global coordinate system

Simulation scenario considers factors that are tailored to
fit the environment and hence are not to actual scale. The
array shown in Fig.lis rotationally symmetrical and is
devised to emit the light field covering a 360° field of
view.

This arrangement has distinctive advantage:

1. The field illuminates the walls of the cylindrical tube
which is the primary condition.

2. The light field range is directly proportional to the
number and spacing of the LED.

3. Reduced effects of hot-spot in the near field because of
the orientation of the sources as seen in Fig. 2

G

Fig.2. 3D chart gives a measure of intensity distribution
as seen on the receiver sphere. The intensity spread is as
per the colors, red being high intensity to blue being the

least

B. Constraint considerations
The layout and placement of the sources is simulated
using the tool while source selection is done on three main
parameters namely, electrical, optical and physical. For
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example the brightness can be chosen based the current
rating of the LEDs. When operating between 3-3.5V and
driven by constant current of 20mA, LED has a
photometric value of 68 Im/mwW for 100% luminous
intensity [11]. Similarly for getting higher luminous
intensity a high brightness LED maybe used when driven
at a constant current of 300mA for obtaining 100%
luminance [10].

Another parameter is optical that characterizes a
source’s emitting surface. This is radiating energy in space
that is angular dependent also called as viewing angle of
the source. Typically the viewing angle can vary from
120° (Lambertian) to 20° (narrow or collimated).White
light source are characterized by color rendering index
(CRI) while narrow spectral sources are characterized as
full width half maximum (FWHM). CRI is related to the
temperature dependency of the source. The physical
parameter is the dimension of the foot prints that defines
the packaging density in a given plane.

C. Prototype design

Placement information for the sources is dependent on
the physical dimension of the source and viewing
angle.The empirical calculation in terms of number of
sources and corresponding edge length that are realized for
given physical dimensions are based on geometrical
placements. Given, r the radius of reference plane and R
physical radius of the source, we can calculate the upper
bound for a closely packed set of circular ring design.

ub =] @

If the angular separation between the sources is
provided, then calculating the arc length using sector
equations would translate to the spacing between the
sources.

These parameters give the count for number of sources
that are placed on a PCB plane. With equally spaced
sources in a group of 3,4,6,8 are realized. The PCB plane
is considered for low power and high power LEDs. The set
of sources are namely 3, 4 for high brightness (HB) and
6,8 for low power (LP) collimated sources. The design
implementation is for the topologies as shown in table I.
With the HBLEDs, Cree® XLamp MX-6 LEDs that are
surface emitters having wide viewing angle and no extra
optics used is devised [10].

Table I: LED characteristics that were used in the current

application
Characteristics  of | Lower power | High brightness
source rad=5 mm dim = 5x5 mm
Number of source 6,8 3,4
Power consumption | <0.7 W =8W
Photometric flux 68 Im/mwW 114 Im/mwW

Power consideration for LED sources that operate at low
currents versus a high current is a crucial parameter. As
the number of sources increase, this results in net increase
in power. For example: Considering the 120 LED with a
constant continuous current drawn, the total power
consumption roughly 2.97 W. For a low power LED array,
power consumed is around 0.42 W. On average a
reduction of 70 % in consumed power.
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IV. IMAGE VERIFICATION

A. Experimental set up

Verification of the light field spread over a volume is an
important measure of light system design. An image based
approach provides a measure of uniformity at varying
distances on the detector plane. The images are captured at
distances ranging from 2-15cms, is tested for uniformity
over an area. Image based lighting are commonly being
used in photorealistic rendering and to fix non-uniformity
in illumination [13].

For this work, images of same view are acquired with
variation in exposure time within the saturation limit of the
camera. The set up comprises of the following steps:

1. VI characteristics of the LEDs set to stable region of
operation based on de-rating current [8],[9].

2. Based on step-1, constant current setting of the array are
I+= 20mA, 300mA for LP and HB LEDs respectively.

3. Step -2 ensures luminance value of the white LED set to
100% [8],[9]-

4. CCD has a wide spectral response (400- 1100nm)and
software setting for gain and exposure time that are
changed for measurement comparison.

(default: (gain, exposure time)= (200, 1ms))

5. Ambient lighting conditions: Camera calibration set to
default gain and exposure time that form the base-line
setting to eliminate any stray light.

6.The variable distance is done by moving the screen with
respect to the array. The camera parameters are not
changed to retain consistency in the measurements.

The on-axis measurement set-up is as shown in Fig.3.
Light field at different distances (z-direction) is shown by
varying CCD plane and screen approximately 2-15cms.

CCD plane

Screen

Fig.3. Experimental set-up-1 for on- axis measurement
representation of the 3 planes namely the screen, CCD and
light array; with screen moving in the z-direction shown
by the arrow (Cylindrical Coordinate system — (r,0,2))

B. Measurements

The end application is to verify for a cylindrical volume.
With the simulated layouts providing an optimal
placement of the sources and maximizing spread of light
in a circular cross-section a necessity. The on-axis light
collection is done for validating the continuity measure of
light field for this cross-section. To differentiate highlight
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and low light regions Mach band effect which is an
empirical technique is used [15].Intensity measurements at
distances = 2 -10 cms were captured. Fig. 4 and Fig. 5
show the spread of light at 2 cms distance between the
screen and the array. The luminance of each source is set
to 100% (read from the datasheet). Gain and exposure
time is provided for tuning the visibility conditions under a
low light situation. A histogram for the spread of the field
over the region of interest is shown in figure 4(b) (within
the yellow circle using ImageJ [30]) for providing the
gray-level gradients.

The viewing angle and physical dimension of the source
are critical factor for designing the array. The figures 5(a)
and(b) is image of low power collimated source array and
the corresponding histogram.

[

0 255
Count: 28448 Min: 94
Mean:174.010 Max: 254
StdDev: 37.318 Mode: 224 (333)
(b)

Fig.4. (a) Image captured using array of three wide
viewing angle HBLEDs with default camera setting (b)
The histogram for the statistics of the gray levels in the

enclosed region
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256
Count: 21736 Min: 3
Mean: 35.898 Max: 66
StdDev: 13.786 Mode: 47 (9313
(b)

Fig.5. (a) Six low power LED light field spread for on-axis
measurement (b) The histogram of the gray levels as
enclosed by the red circle

The low power LED arrays are of particular interest as
the power consumed is low. The area of the histogram can
be increased by populating the array with more number of
LEDs. With the default camera setting and luminance of
the source set to 100% operating, images were captured
with varying distance to visually verify. Parameters such
as exposure time, gain and luminance of the sources(in
terms of constant current setting)was varied and images
captured to verify the photometric measurements.

C. Edge Statistics

In vision and psychological perception, foveal images of
varying contrast patterns are generally used [16]. Chess
board for example has blocks of contrast pattern. The
borders and corners form a montone slope [16]. Using
these known patterns the field continuity can be estimated
at the corners or edges by illuminating them. Intensity
transitions are viewed as key components for object
identification when contrast maps are used. Gray scale
images are characterized by the gradients of contrasts and
one of the obvious techniques of looking at irregularity is
identifying the sharp intensity transitions. These sharp
variations are obtained by “Edge detection” operators.

A.sobel B.prewitt

C.canny

(@)
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A.sobel

B.prewitt

C.canny D.log

(b)

Fig.6. (a)The binary map using 3 LED array, first
derivative (A,B) operators and second derivative (C,D)
operators(b)The binary image for 6 LED array (template -
3, appendix-D) using first derivative (A,B) operators and
second derivative (C,D) operators

The four operators used to compare the first order and
second order statistics. The commonly used edge detection
operators that comprise of simple operations are Sobel,
Perwitt, Canny and Laplacian of Gaussian (log) [14]. The
patterns when illuminated using three HBLEDs and six LP
LEDs are shown in the Appendix A-1(a) and (b)
respectively. The image is a gray scale (8-bit), bmp format
with a pixel size of 204 x 153. Upon usage of edge
operators, a binary map is obtained. The representation of
this binary map in the image format is as shown in Fig.
6(a) and (b). The binary map is of 204x153 size. A script
in matlab that count the ones in the binary map isused
which returns the integer value. This count is the edge
statistics; it isscaled for every 1000 pixel group.Fig.7 gives
a statistical comparison for such 1000-pixel grouping. It
compares the edge statistics for both the illuminations as
shown in appendix A-1(a) and (b).

Edge statistics per 1000 pixel

i’

Canny LoG

Edge count

Sobel Perwitt
Operator
Fig.7. Statistical comparison for binary map in Fig 6(a)
and (b), dark orange is representation for high brightness
and light orange is statistics for low power LED array.

There is almost 50%reduction in statistics between LP
and HB arrays. If bench marking is done with Canny
operator difference in efficiency is about 20 %.
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V. APPLICATION

Narrow spectral band near infra-red (NIR) sources are
populated to form the array. This is used to illuminate
organic samples such as paints (water based) and fruits.
The uniformity of field is in compliance with the white
light array of smaller viewing angle and low power.
Images captured using NIR array demonstrates the need
for analysis of light field’s interaction with scene that is
being illuminated. The NIR sources used are of two
different wavelengths, details provided in the datasheet
[19],[20].

Reflectance from a scene is said to be either specular or
diffuse light. Specular reflection is normally mirror like
reflection while diffuse reflection is as light travels in the
media and is then re-emitted. The specular reflection is
highly directional while diffuse is dependent on the micro-
facets of the surface [22]. Diffused light is scattered in all
directions making the surface a uniform scatterer or
Lambertian surface [21]. Primarily as light impinges on a
material’s surface it gets reflected, transmitted or
absorbed. With NIR band, certain materials become
transparent. This aspect is useful for identification of
absorbing and non-absorbing characteristics of the
material. Wavelet transformation provides a frequency
domain analysis. This filtering technique results in
coefficients that can differentiate the intensity gradients.

As a case study some fruits are considered for imaging
using the 750 and 840 nm sources. As an example fruits
are used, properties of in homogeneity in fruits make it
close to turbid media samples. Spatially resolved diffuse
reflectance profiles are commonly used for fruit
inspections and the diffusion theory model is used to fit
the data [23]. The physical state of the fruits can be
processed for visualization of certain parameters such as
damage [24]. The sample with high water content is used
to demonstrate the aspects of scattering and absorption
disparities as the source wavelength changes. The choice
of the samples is only to test the optical transparency
levels at the 750 and 840 nm wavelengths and not to
characterize the molecular contents in the bulk material.
The reflectance that is measured at a gain and exposure
time of the bulk sample is as shown in Fig 8(a) and (b). It
should be noted that the increase of gain results an
increase in the noise levels of the captured image. Hence
an optimal (gain, exposure time) has to be fixed for
minimizing unwanted noise and ringing in the images.

(@ (b)

Fig.8. (a) Plum with skin, illuminated with A;5o; exposure

time=1ms and gain =200 (b) Plum with skin, illuminated
With Aggo; exposure time=1ms and gain =200

International Journal of Electronics Communication and Computer Engineering
Volume 6, Issue 5, ISSN (Online): 2249-071X, ISSN (Print): 2278-4209

To extract edge information from images Haarwavelets
are used. Using the wavelet toolbox provided in MATLAB
the transformation and extraction of the statistics is
accomplished. The approximations and details coefficients
provide the frequency content in the images [29]. When
samples with high water content are illuminated with
narrow band NIR the absorption of energy by water
becomes pronounced and hence reflectance changes. For
example while imaging fruits that have high water content
we can observe the changes in the reflectance measure as
we go from visible to 840nm (since it is currently being
used). Water absorption peaks as we move towards 1500
nm. Studies have determined that water absorption bands
gets stronger around 1450, 1950 and 2500 nm
[25].Statistical properties of such speckles can be seen in
both first and second order coefficients. The filtered
coefficients namely the first order defines properties of
speckle fields or contrast disparities whilst the second or
higher orders characterize intensity variations [27]. The
image representation of the coefficients helps in locating
the specific region of interest. Fig.9 shows the two level
transformation or the horizontal, diagonal and vertical
coefficients (in the clockwise direction) of the imaged
fruit. The rot portion of the fruit has specific pattern and
the surface level abnormalities. The differentiated
coefficients show the scattering of light.

The use of NIR light is due to its ability of light to create
optical transparency in certain materials. It is known that
the interaction of light beam and tissue creates a photo-
biological phenomenon [26]. It is observed that the
physiological conditions are by absorption of low-intensity
light resulting in a non-coherent activity [26]. Hence
dependency on the light intensity operating in low power
has a stimulative action on organic samples [26].

Fig.9. Haar transformed image with two- level
decomposition along with the coefficients {Horizontal,
Diagonal and Vertical} in the clockwise direction
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V1. CONCLUSION

This work discusses simulation and prototyping of a
LED array without any extra optics such as collimators or
diffusers for achieving uniformity. The primary
considerations are the physical dimension and viewing
angle for prototyping. The light array is of dimensions
suitable for the 3:1 catadioptric objective [28] for radial
view that gives a panoramic surveillance. Hence structure
of the array itself is designed to illuminate a cylindrical
volume. The topologies realized are {3,4} with high
brightness and {6,8} of low power. Furthermore the field
spread can be increased by increasing the packing density.
The prototyped PCB realized is a ring structure with outer
radius 3.4cms. The scalability of the design is based on (3)
that considers the ratio of the physical design. The count is
chosen for suitability of the design of a particular
geometry to achieve a rotationally symmetry that results in
a uniform light field.

The NIR wavelength has to be chosen carefully and
sample thickness has to be prepared for imaging. Images
thus captured can be post-processed for obtaining the
activities that are occurring at sub-surface levels. This
makes the usage of the instrument suitable for medical
applications.

APPENDIX

(b)
Fig.A-1: Image captured after illuminating the templates
using array of high brightness and low power LEDs with
default gain and exposure time.
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