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Abstract There is significant need for optical diagnostic
techniques to measure instantaneous volumetric vector and
scalar distributions in fluid flows and combustion pro-
cesses. This is especially true for investigations where only
limited optical access is available, such as in internal
combustion engines, furnaces, flow reactors, etc. While
techniques such as tomographic PIV for velocity mea-
surement have emerged and reached a good level of
maturity, instantaneous 3D measurements of scalar quan-
tities are not available at the same level. Recently, devel-
opments in light field technology have progressed to a
degree where implementation into scientific 3D imaging
becomes feasible. Others have already demonstrated the
utility of light field technology toward imaging high-con-
trast particles for PIV and for imaging flames when treated
as single-surface objects. Here, the applicability and
shortcomings of current commercially available light field
technology toward volumetric imaging of translucent sca-
lar distributions and flames are investigated. Results are
presented from imaging canonical chemiluminescent and
laser-induced fluorescent systems. While the current light
field technology is able to qualitatively determine the
position of surfaces by locating high-contrast features, the
correlation-based reconstruction algorithm is unable to
fully reconstruct the imaged objects for quantitative diag-
nostics. Current analysis algorithms are based on high-
contrast correlation schemes, and new tools, possibly based
on tomographic concepts, will have to be implemented to
reconstruct the full 3D structure of translucent objects for
quantitative analysis.
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1 Introduction

Few flow and combustion processes are steady in nature or
less than 3D in space, and comprehensive studies ulti-
mately require full 3D resolution along with observation
rates that adequately resolve the temporal evolution [1]. In
particular, for combustion processes, the nonlinear cou-
pling of physical and chemical processes makes it difficult
to reduce the dimensionality of the problem without losing
important aspects. 3D measurements with adequate data
acquisition rates must capture velocity, temperature,
chemical species, and phase distributions, to provide rele-
vant qualitative and quantitative information. Efforts to
develop 3D imaging capabilities have been made for some
time in a variety of fields [2]. In combustion research, these
include techniques of simultaneously utilizing multiple
light sheets [3], a moving light sheet [4], holographic
approaches [5], and tomographic methods [6]. For scalar
imaging, these techniques offer only quasi-3D measure-
ments at best, as the entire volume cannot be imaged
simultaneously. For velocity measurements, tomographic
PIV offers a sophisticated approach requiring 4—6 cameras
with independent fields of view [7]. While tomographic
PIV offers excellent 3D reconstruction of the flow field, it
is a tedious system to calibrate and requires nearly unob-
structed optical access. Unfortunately many interesting
problems in fluid mechanics provide limited optical access,
which prevents the application of tomographic PIV as a
solution for 3D velocimetry in these studies. The need for a
technique to capture truly instantaneous 3D scalar fields
and/or 3D velocity measurements in applications with
limited optical access is tremendous, but of course difficult
to achieve. An example of a high frame rate single-camera
3D velocimetry technique for measurements in locations
with limited optical access was developed for short
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working distances and smaller volumes [8]. Another
example of a single-camera 3D velocimetry technique, but
with low frame rates, was demonstrated with a plenoptic
camera [9]. But the challenge remains to achieve instan-
taneous 3D-resolution for scalar quantities such as species
concentrations or temperature, and to obtain these mea-
surements for larger volumes while still achieving adequate
spatial resolution.

An opportunity exists to develop such imaging capa-
bility based on light field technology with a plenoptic
camera. A ‘light field’ is the representation of an object
when both the origin and direction of each ray is recorded.
A plenoptic camera captures the light field of an object by
utilizing a traditional camera lens as a main objective to
produce a real image, which is then reimaged by a micro-
lens array to produce many micro-images on the sensor.
The short focal distance of the micro-lenses compared to
the array dimensions allow each lens to produce an image
of the object from a unique perspective and field of view.
This concept was introduced by G. Lippmann in 1908 [10].
Regardless of sensor type, all raw plenoptic camera images
require extensive post-processing to derive 3D images. The
quality of the resulting 3D reconstruction can substantially
depend on parameter selection for the post-processing
procedure. Using the techniques sketched by Perwal3 and
Wietzke [11], the depth of focus and spatial resolution of a
plenoptic camera can be optimized by using a micro-lens
array populated with lenses of differing focal lengths. They
have also shown that a plenoptic camera equipped with
micro-lenses of three focal lengths in a regular hexagonal
grid can achieve a spatial resolution in the third dimension
of one quarter the resolution of the raw image sensor.

Applications for light field cameras have begun to
emerge and find their way into combustion research. The
use of light field photography for 3D velocity field mea-
surements has been demonstrated [9]. Mie scattering from
particles dispersed in water analogue internal combustion
engine flow was reconstructed to yield the 3D velocity field
[9]. More recently, the applicability of light field photog-
raphy using flame single-surface reconstruction was dem-
onstrated in an opposed multi-burner gasifier [12].

As the depth estimation process is currently based on a
cross-correlation algorithm of local contrast between
neighboring micro-images, arriving at physically valid
depth estimations requires the image to contain localized
high-contrast features. This is a significant limitation in
imaging chemiluminescence and scalar 3D distributions
with low spatial gradients in the scalar quantity. Here, we
test the limits of operation and applicability of correlation-
based light field technology to volumetrically resolve the
low-contrast systems often characteristic of experiments
utilizing chemiluminescence and laser-induced fluores-
cence. Both of these experiments are important tools
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commonly used in combustion research, and the chosen
conditions have fundamentally different intensity distribu-
tions. The premixed flame imaged in these experiments has
an intensity distribution originating from the thin reactive
shell on its periphery, whereas that of the laser-induced
fluorescence system is proportional to the continuous vol-
umetric distribution of a fluorescent tracer.

2 Experiment

Images were acquired with a 29-megapixel color plenoptic
camera (Raytrix R29) and were processed with the asso-
ciated software package (RxLive 2.8.61.0). This camera
uses a micro-lens array with lenses of three different focal
lengths, which enables two features. First, increased depth
resolution and second, increased lateral resolution in the
final image [11], i.e., up to 3,288 x 2,192 pixels in this
particular case.

The underlying approach of the 3D reconstruction is
based on a cross-correlation algorithm that determines the
location of regions in neighboring micro-images where the
same part of the object is represented. For the cross-cor-
relation to work, high-contrast features, i.e., strong spatial
intensity gradients, are required. The optical parameters of
the objective lens and micro-lenses are then used to esti-
mate the depth and intensity of high-contrast features in the
matching regions [11]. The size of the interrogation win-
dows used for the correlation algorithm and the pixel dis-
placement between neighboring windows are adjustable.
This step is similar in nature to typical particle image ve-
locimetry analysis approaches. The minimum local contrast
in interrogation windows to be used for correlation and the
minimum correlation value required to calculate a depth
estimate are user adjusted during post-processing, and are
individually tuned for each focal length lens type in the
micro-lens array. It is essential that the images contain
sufficient contrast, and therefore, the post-processing steps
may include user-controlled contrast enhancements, as well
as thresholding, to remove or reduce signals below a freely
selectable level. While this improves the quality of the
cross-correlation, it removes the initial linear relationship
between incoming light intensity and recorded intensity
values in the output images. Calibration of signals to
physical light intensity, or a corresponding concentration of
a molecular species, is therefore lost in this case.

The reconstruction settings require two calibration
steps. First, an algorithm is run to adapt the software to
the optical settings and second, the scaling of the third
dimension is calibrated to external references. The first
step is needed to determine the location of the micro-
images on the sensor. A diffuser plate (ExpoDisc, 67 mm)
mounted to the front lens creates a sufficiently uniform
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illumination to produce a pattern of spots on the sensor
that reflect the position of the lenslets in the micro-lens
array. The external calibration was necessary to determine
the proportionality constant between the reconstructed
depth response of the camera and physical object distance.
This was achieved by recording three reconstructed depths
for each millimeter of a 0—13 mm translation of a target
mounted to a translation stage. The process was repeated
for each set of depth calculation parameters used for the
experiments described here. The reconstructed depth ver-
sus distance curve is linear in distance with a sensitivity of
0.50 &+ 0.01 mm™".

The capability of cross-correlation-based light field
photography to fully resolve 3D chemiluminescence and
scalar imaging was tested in two separate experiments. A
commercial propane-fueled soldering torch was chosen as
an example of a high-contrast flame chemiluminescence
experiment. In this burner, the luminosity comes purely
from a thin reactive shell at the outer surface of the pre-
mixed flames. A faint enveloping outer diffusion flame is
not visible in the photographs presented. The second
experiment tested a 3D volume intensity distribution cre-
ated by laser-induced fluorescence of a pair of acetone-
seeded nitrogen jets. This second experiment was chosen to
test the camera technology in a fundamentally different
way than with the torch, as here the luminosity is produced
uniformly throughout the illuminated volume with sharper
edges only at the jet boundaries. The treatment and
extraction of the volume-resolved data from these trans-
lucent systems is discussed in the results section of this
paper.

The torch was orientated such that the gases exited the
nozzle nearly horizontal. Signals were collected and
imaged onto the camera chip without any spectral filtering
using a 200 mm main objective at a working distance of
500 mm and an f-stop setting of 8 to match that of the
micro-lenses, in order for the micro-images to fill the
image sensor without overlapping. The camera was trig-
gered internally with an exposure time of approximately
100 ms when imaging the propane torch. The geometries
of both experiments allow measurements free of reflections
and glare background, and thus, any non-signal contribu-
tion in the images can be considered noise. While the
minimum exposure time of the camera is about 100 ps, the
long exposure time was necessary to accumulate enough
signal on the chip to achieve an acceptable signal-to-noise
ratio of 23, where the S/N is calculated by

Hsignal — Mbackground (1)

S/N =

IMSpackground

by evaluating two 20 x 20 pixel regions taken on the flame
(signal) and on a dark region of the image (background)
and where g; is the mean pixel count in the regions.

3.9 mm ID Nozzles
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Fig. 1 Illustration of laser beam arrangement used to excite the two
acetone-doped jets mixing in air as viewed into the nozzles

Figure 1 presents the optical setup used for the LIF
experiment. Nitrogen was metered through a mass flow
controller and seeded with acetone at room temperature to
serve as a fluorescent tracer by passing through a gas-
washing bottle. The nitrogen flow rate was 5 slpm, and jets
were formed by a pair of vertically oriented tubes (3.9 mm
inside diameter) aligned perpendicular to the light sheet
and spatially separated by 6.35 mm on center. An exhaust
vent was placed 70 mm above the nozzles, which were
flowing in the positive y direction as shown by the axes in
Fig. 1; 266 nm radiation from a frequency-quadrupled
Nd:YAG laser (Continuum Surelite IIT) was passed through
dielectric beam splitters and a Pellin-Broca prism to
remove residual long wavelengths before exciting the
acetone. The beam was focused vertically with a +500-
mm-cylindrical lens placed 480 mm from the jets to
increase the sheet intensity while still illuminating the full
width of the jets at a height of 1 mm above the nozzle exits.
The camera was triggered from a 5-Hz signal derived from
the laser Q-switch output by a digital delay generator. The
main objective lens settings were the same as for the flame
chemiluminescence. The laser was operated at 10 Hz with
average pulse energies of 48 mJ. Despite this high pulse
energy, the camera exposure time had to be set to 500 ms
to accumulate signals from five consecutive laser pulses,
obtaining an S/N of 56 in the raw image.

3 Results and discussion

The results of the chemiluminescence measurement are
presented in Fig. 2. Figure 2a depicts the refocused image
of the torch flame, which is a 2D projection of the 3D
image as viewed from large values of z and is equivalent to
what would have been acquired with a traditional camera.
The image was acquired from a line of sight perpendicular
to the x—y plane in order to increase the difficulty of the
proceeding depth estimation as all three flames originate
from the same plane parallel to the optical axis. In this
case, the middle flame is indeed the closest to the camera of
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Fig. 2 a Refocused image of
torch (left), and b color depth
map of torch (right). The white
square shown in the left image
denotes the region that is
highlighted in Fig. 3
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Fig. 3 a Close-up of marked region in Fig. 2a, b same region when
contrast enhancement is turned off, ¢ blue channel line intensity
profile for (a), and d blue channel line intensity profile for (b). The
linear relationship between signal intensity and acetone concentration
has been destroyed in (a) and (c), but is present in the unaltered
images in (b) and (d)

the three flames exiting the nozzle despite the illusion
otherwise. Figure 2b shows the calculated depth of the
image structure where blues are located farther from the
camera and reds are closer to the camera. The gaps in the
depth values shown in Fig. 2b are low-contrast areas that
were excluded by the algorithm. The white and gray
checkered spots on the right in Fig. 2b are outside the
calibrated range for the third dimension and have to be
considered artifacts of the reconstruction.

The contrast-based correlation algorithm used for the
depth estimation requires high-contrast structures upon
which to calculate the depth. It was necessary to drastically
enhance the contrast of the image by increasing the
brightness and contrast settings of the raw image before
calculating the depth map. Image brightness was increased
by multiplying the intensity values so that peak values
reached the upper end of the dynamic range. Increasing the
contrast stretched the recorded intensities to the lower and
higher end of the dynamic range around the middle
intensity value, in this case 127 counts. Values that reach or
exceeded the lower or upper limit are set to that respective
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value. Finally, a lower threshold was set below which all
values were set to zero (contrast offset) to reduce back-
ground levels and to artificially increase the resulting sig-
nal-to-noise ratio. The combined effect of these processes
on the images is demonstrated in Fig. 3. The steeper
intensity gradient shown in Fig. 3a aids the depth estima-
tion process and yields a more reliable result than the more
diffuse edge shown in Fig. 3b, when the -contrast
enhancement has been turned off. Figure 3c, d shows the
blue channel line intensity profiles over the pixel columns
marked white in Fig. 3a, b, respectively. In post-process-
ing, median and mean filters were applied to smooth the
depth map after it was calculated. A close examination of
Fig. 2b indicates an apparent swelling of the flames com-
pared to the photograph shown in Fig. 2a. This is due to an
additional and final post-processing step used to fill in the
depth field by interpolating from the sparsely populated
depth map that was originally calculated.

The camera’s software is optimized for surface imaging
applications and prevents more than one depth value to be
displayed for each pixel in the lateral plane. This means
that the camera’s software prevents the rear surfaces of the
flames from being displayed. However, in the analysis of
the raw images, such information is generated and avail-
able for export to external software prior to any post-pro-
cessing steps. As these data are exported before the final
post-processing steps of filtering and interpolating the
depth field, it was necessary to apply either a filter or
outlier removal algorithm to the exported data. An outlying
point detection process was applied where points with a
nearest neighbor distance greater than the mean were
removed. These points were plotted using the RGB inten-
sities calculated by the camera, but given that the CH*
chemiluminescence (430 nm) dominates the emission from
the flame cones, only the blue channel has measureable
signal.

Figure 4 presents the resulting scatterplot viewed
toward the positive x-axis or in the upstream direction of
the burner. Note that the points from the nozzle surface
have been removed and replaced by a circle for clarity. The
three flames are clearly distinguishable as general regions
of highest population, although there are several significant
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Fig. 4 Scatterplot looking into the nozzle of the torch. The arrow
indicates the line of sight of the camera, and the point colors are the
RGB values recorded by the camera. A traditional 2D image of flame
geometry is displayed in the background

nonphysical artifacts in the image that lie outside of the
nozzle represented in gray.

Figure 5 presents the results of the scalar acetone
experiment in the same format as shown previously in
Fig. 2. Figure 6 presents an analogous scatterplot image to
Fig. 4 of the acetone jets viewed from above. The
improved depth estimation from the contrast enhancement
does come at the expense of quantitative measurements
from the intensity values, as the linearity between con-
centration and intensity has been destroyed. Links between
the signal and the concentration of acetone cannot be made
at this time.

4 Conclusions

The existing camera technology was able to adequately
estimate the depth of the front surfaces of three premixed
flames exiting the nozzle of a soldering torch, as well as the
front surfaces of a pair of acetone-seeded nitrogen jets
mixing in air. However, the reconstruction algorithm was
unable to reconstruct the back surface of these diffuse
objects without producing nonphysical artifacts to the rear
side of the structures.

Fig. 5 a Refocused image of
acetone-seeded jets (left), and
b color depth map of acetone-
seeded jet (right)

X (mm)

Fig. 6 Acetone-seeded jets viewed from above. The arrow indicates
the camera line of sight, and the colors are the RGB values recorded
by the camera

There are three main limitations of the current tech-
nology toward suitability for imaging translucent systems.
Firstly, the correlation-based reconstruction algorithm
functions poorly in the low-contrast features characteristic
of chemiluminescent and fluorescent systems. Secondly,
the small pixel size of 5.5 um, the concentration of CL/LIF
signals in the blue channel, the required small aperture, and
the presence of the micro-lens array all combine to greatly
reduce signal intensity through the system. This decreases
the signal-to-noise ratio where the noise in the background
of the image interferes with the depth calculation. The
background can be removed electronically, but at the cost
of destroying the linearity between LIF signal and the
measured scalar quantity. This couples with the poor per-
formance of the reconstruction algorithms to make calcu-
lation of the depth quite challenging. Lastly, a priori
knowledge of the system is required to reconstruct the
scene using the multitude of adjustable parameters used by
the reconstruction algorithm.

While the results for these specific experiments could be
marginally improved through the use of a monochrome
camera with a lower f/# micro-lens array, it would not
improve the fundamental weakness of the contrast-based
reconstruction process. For these reasons, we believe the
future of light field technology for volumetric imaging of
translucent systems would benefit from a tomographic
reconstruction approach rather than the algorithms
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currently applied [13, 14]. Development in this area is
necessary for the acquisition of high-fidelity volume-
resolved data from chemiluminescence and laser-induced
fluorescence measurements.
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