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Abstract

Plenoptic particle image velocimetry (PPIV) has been demonstratdd past literatures as a
viable single/dual -camera technique for3D flow measurement. Compared to established four
cameratomographic-PIV and 3D-PTV, PPIV has the advantageof lower cost, simpler setup with
smaller footprint, a deeper depthof-field for a given aperture and potential for accesto otherwise
optically-restricted facilities. However, because camera bodigsave to besignificantly modified to
accommodatean embeddedplenoptic microlens array (MLA), past PPINimplementations have been
limited to <5Hz low-speed Imperx cameras.The mitigation of this short-coming through the
development of a modular plenoptic adaptoris hereby presented The developed adaptor, which
consists of an externallymounted MLA and apair of relay lenses, attaches to and enables plenoptic
capability in unmodified off-the-shelf cameras and intensifiers (including kHzrate high-speed
cameras and fullframe sensors),with imaging performance that are comparable to embedded/LA
designs. Results from the use of this adaptor to characterize timgesolved 3D flows around a
AOGAT 1T PET OA j OOAA EAI 1 U6 Qinafy@ateErond itbelbler@HnArk ofthAel new C
O U O O&ctutn€y against a traditional fourcamera tup.

1 Introduction

Many flow-fields of industrial and scientific interests exhibit highly unsteady three-
dimensional structures. Consequently, 4D flowvelocimetry techniques such asamographic particle
image velocimetry (tomo-PIV) and 3D particle tracking velocimetry (3D-PTV) have become the
established standard in modern experimental fluid dynamics. Details on these techniques are
described by Elsingaet al. (2006), Scarano (2013)Coriton et al. (2014)and Schanz et al. (2016)n
spite of tomo-PIV/3D-0 4 6 éféxtiveness these techniques aregenerally complexto set up and
expensivedue to theneedfor four or more imaging cameras In the effort to reduce equipment cost,
simplify installation and enable measurements in opticallyrestricted facilities, a new wave of
research isnow focused on developing singleor dual-cameraalternatives for 4D flow velocimetry.
Proposed alternativesinclude but are not limited to holography (Meng et al, 2004), scanning
mirror 3D -PIV (Bruckers et al., 2013) structured-light illumination (Aguirre -Pablo et al., 2019knd
fiber-optics-based or mirror-based viewsplitting tomography (see Halls et al., 2018, and Meyer et
al., 2016)

As part ofthis growing trend our group, the Advanced Flow Diagnostics Laboratory (AFDLAt
Auburn University, has developedthe technique of plenopticPIV (PPIV). As describeth details by
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Lynch (2011), Fahringer &Thurow (2012), Fahringer et al. (2015), and Johnson et al. (2016), PPIV
replaces the use of four or more cameras in flow tomography with a singler dual light-field-
capturing plenoptic camera. $iown in Figure 1, the plenoptic imaging process differs from
traditional camerasin the addition of a dense microlens array (MLA)n front of the sensor.Through
this MLA, light-OAUO AADOOOAA AU OEA pI AT T POEA AAI AOAGO 1 Al
finite circles on the sensor (instead of a grid opixel-points in traditional cameras). Each circular
sub-image is formed by a single microlens, andixels within each subimage encompassrays
originating from the samespatial (s,) but different angular (u,v) origins. Hence, both spatial and
angular information (i.e., the 4D lightfield) are preserved in a plenoptic imageSampling from the
grid of sub-images allowO E A  @vlahd®,tinformation to be recovered which allows 3D locations

of an imaged source to be inferred. Through this method,tomographic 3D reconstruction of a
particle field can be performed from as few as a singleplenoptic image, followed by 3D cross

correlation for velocimetry.
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Figure 1.Left: Optical configuration of a plenoptic cameraRight: Araw plenoptic PIVimage.

While the cited past works demonstrated the viability of PPIV, its applications had so far been
limited to the use of highly customized Imperx 16 and 28IP cameras with embedded omsensor
MLA (see left of Figure 2). Although compact, the embedd@dLA design suffers from several
disadvantages:

i. )T O0OAIT 1 ACETT T &£/ OEA -,1 OANOEOAO OEOEU OAi
protection glass to locate the MLA withi one focatlength (0.1-1mm) of the sensor (a
OANOEOATI AT O I O OEA 001 ATT POEA p8mnd AAI AOA
Lumsdaine (2009)).

ii.  The risk of sensor damage during MLA installation so far precludes the use of more
expensive highspeed caneras. Thus, PPIV have been limited to &z acquisition.

iii.  The embeddedMLA design is incompatible with intensified imaging, as intensifiers
must be installed between the MLA and camera sensor to spatially encode ray angle
information before they are diffusedwithin the intensifier.

To address these disadvantages and enable tirmesolved, highspeed PPIV/PTV, AFDL
embarked on the development of a modular (oféensor MLA) plenoptic architecture in 2018. Tan et
al. (2019a, 2019b) describes successful benchtop ss of a prototype adaptor, which can be
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attached to unmodified offthe-shelf high-speed cameras and intensifiers to enable plenoptic

Ei ACET ¢C8 4EA |1 AOOOAA AAOBD@bonHygeQ OEBOOBDKk DI BADPA j AO
Figure 2. Descriptions ofDragonEyeis presented in this paper, along with selected results from

field-tests of the device to characterize tim&®OA OT 1 OAA o$ &£l T xO0 AOT OT A A Al
creature). Preliminary results are also presented for the validation tests oDragonEye against

conventional 4-camera tomaPIV.
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Figure 2. Left: An embeddedMLA low-speed plenoptic camera developed a&FDLin 2011. Right:
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2 Description of the DragonEye Plenoptic Adaptor

Shownon theright of Figure 2, DragonEyeconsists of acubical chassis that housesn identical
full-frame (35mm) MLA found in the embeddedMLA camerasThe MLA is floated on springswithin
the chassisand precisely aligned against thecamerad O 1 Bx@ Esinéthree micrometer adjustor
screws. Similar toclassical embeddeeMLA desigrs, the imagingmain-lensOEAO AAZET AO OEA
magnification and parallax baselings mounted forwardmost on the assembly However, wlike past
desigrs, an additional pair of relay-lenses are usecdn DragonEyeto project the MLA imageplane
downstream into an attachedhigh-speed cameraThis projection eliminated the requirement for
physically locatingthe MLA within one focallength of the sensor thus also eliminating the need to
modify existing cameras to accommodate &86mm MLA. Although primarily optimized for Vision
2A0AAOAES O 6 %/ kHzhigh-bpled 6avhergsPragongyeis largely cameraagnostic and
interfaces with any offthe-shelf ameraor intensifier through a standard lensmount.

Notably, wnlike early prototypes described in Tan et al. (2019a, 2019b) that used a Tamron
60mm /2 macro-lens for 1:1 relay, the current model uses a reversenounted Nikon 50mm /1.2
lensfocused at infinity to collect and collimate raysfrom the MLA,followed by either a Nikon 85mm
/1.8 or Pentax 70mm /2.4 (also focused at infinity) tofocusthe rays onto the sensorSwitching to
the use of a reversanounted collimating lens shortens tle minimum MLA-to-relay distance from
100 to 46.5mm. This increased the raycollection angle of the relay lens andgignificantly reduced
the vignette problem encountered inTan et al. (2019b) The use ofa 70-85mm second relay lens
produces a 1.41.7 magnification across the relay system, respectively, which further reduces
vignette to a negligible extent, at the expense of some light loss and increased effective system
magnification. This unique vignette-mitigation strategy is required because theDragonEyéVision
Research combination uses a larger sensor and MLA than most existing relaygdnoptic designs
(see Tan et al. 2019b) to maximize lightollection and image solutions both critical in PPIV. The
large MLA, coupled with the acute angles of ligitys exiting a microlens (compared to a diffused
source) made the relay design particularly challenging.
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In the current implementation shown in Figure 2 DragonEyeis matched to a Vision Research
Phantom VEO4kcamera Four sets of relay lens and MLAcombinations can be used providing
situation-specific optimal performance as outlined in Table 1. Notably, the M=1.4 relay
configuration provides higher final image resolutions and superior z-axis precisiors on all MLA
designs,while the 70mm Pentax lens involvedis also a compact pancake lens design. Ti=1.4
configuration is thus both optically and mechanically preferred However, the Pentax 70nm
employs an uncommonK-mount that is not compatible with most high-speed camerasHence, he
Nikon 85mm lens in the M=1.7 configuration maximizes camera compatibilityat the expense of
some optical and mechanical performanceAs the 2d-3rd column of Table 1 shows, employing the
AGEOOETI C )i PAO® AAI badosEgeis EeAa@dbQtiresultd in signifitantlly flower
image resolutions. At the same time, the extended DOF (i.enaximum measurable depth of a
plenoptic cameraas derived inFahringer & Thurow, 2018a) is also excessively large relative to the
lateral FOVfor most applications, while thez-axis precision is low. This large DOF characteristic
becomes more desirable when the system is used at high magnificat&ror when two DragonEye
are used in a stereo configurationto mitigate z-precision issues (as described inFahringer &
Thurow, 2018b).

To balanceOE A O Upérfornangeda newCsmall Hexagona MLA design was designed for
the DragonEyeVEO4k combination. The new MLA has significantly smaller pitch and lower F
number, resulting in coarseruvAE OAOAOEUAQET T AT A EECE A exténted CA
DOF andz-axis precisionon the Small Hexagonal MLAre, consequently, more closely matched to
that of the existing Imperx 29MP systemwhile light loss in the 1:1.41.7 relay was also partially
mitigated due to the lower Fnumber. Due to availaility, results presented in this paper were

acquired usingonlyc mpp 60 (AGACI T Al - ,138
Camera Imperx Vision Research Phantom VEO4k
29MP
Microlens Type Hexagonal, 100% fill (2011) Small Hexaonal, 100% fill
(2019)
Sensor Sizerfim) 36x24 27.6x15.5
SensorResolution (px) | 66004400 4096x2304
Full-res frame rate (ps) 5 938
Relay Magnification - 14| 1.7 -1.4 | 17
Microlens Pitch ( Q) 77 36
Microlens Fnumber 4 3
Pixel per Microlens 14 16 19 7.4 9
Final Img Resolution px) | 467x311 256x144 211x119 552x311 455%256
Extended DOKmm) at 34.7 139.4 170.7 20.2 25.9
72mmFOV
Focalplane z-uncertainty 4.9 16.5 20.1 5.7 7.0
(mm) at 72mm FOV

Table 1.Configurations and erformance characteristics ofDragonEye

3 Preliminary Results: Ctenophore Swimming Dynamics

Initial field -tests of the DragonEyewas conducted onthe study of unsteady 3D flows around
a Mnemiopsisctenophore, perfformed ET AT 1 1 AAT OAOET T  x EMbEs BiolGykdD O1
Sciences LalAn experimental setup consising of a holding &ank with static saltwater containing the

OAO
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ctenophore was used (seeFigure 3). A 500nW continuous-wave 532nm laser illuminated the
volume, which was filled with 10° & hollow glass spheresfor flow seeding Sufficient time was
allowed betweenthe transfer of ctenophore andPPIV acquisition for large bubbles within the water
to dissipate.Due to the continuousx AOA 1 AOAOS6O 11 x ET OAT OEOU AT A OAI
SNR), two DragonEyeinstalled VEO4k cameras wereinstalled, both in forward-scattering, for
simultaneous steresimaging. Main lens magnificationson cameras 1 and 2vere -0.249 and-0.279,
respectively, while relay lens magnifications werel.7 and-1.4, resulting in acommoninterrogation
volume of 70.6x39.6x34.0nm3. Volume reonstruction was performed via MART algorithm at a
resolution of 7.2vx/mm (or 1.5vx for every microlensin order to adequately sample the hexagonal
MLA). Laser light was limited to~30mm along the center of the tank to minimize reflection artifacts
from the tank walls. Due to the low speed of the ctenophore, camera framate was limited to 7.5
15Hz. Standard multi-pass crosscorrelation with 50% overlap was used to calculate the velocity
field.
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Figure 3. Left: experimental setupfor characterizing flow-field around a ctenophore Right: example
of a ctenophore within the interrogation volume.

Figures 47 exhibits preliminary results from the ctenophore study tohighlight DragonEyé O
time-resolved PPIV capabilities.Figure 4 showsthe ctenophore ina near-steady swimmingstate. A
series offrames spanning 0.0#5.00sin time is shown on the left where each streak image consists
of 5 instantaneousplenoptic images overlappedto illustrate the motion of particles. In this scene,
the ctenophore attempted to propel itself upwards, evident through the drawingin and deflection
of water downwards around the creature. The water surface, however, confined the creature in one
spot. In the initial framesOE A A O A Tfrbrb IBblesOVE® Bointed down and in an open, relaxed
state, while at ~2.5sthe creature contracted and maintained tis new posture to the end.The right
side of Figure 4 shows time traces ofimulated particles injected & Os from multiple rakes in the
reconstructed volume/velocity -field. During the 0-5sinterval, particlesthroughout the volume from
as far away as the leftmost edge were drawntowards the ctenophore at rates that appear
proportional to proximit ies with the creature. At approximately $nm from the ctenophore, the
particle streams wererapidly deflected downwards to generate propulsive forceThe 3D nature of
the flow-field, where maximum deflection occurred directly under the creatureis highlighted in
Figure56 O O1T OAOET ¢ OEAxOs8
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Figure 4. Streak images and 3D patrticle traces of flowiteld around a position-holding ctenophore
prior to and after lobe contraction.

'l OET OCE OOAOI Ah OOOAAE EI ACAO Elswinning Oydnicst OET x
changed prior to and after the lobe contraction. This is demonstrated in more detail in Figure 6,
which contains two instantaneous centralplane streamlines from the initial and the end of the
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sequence. Prior to contraction (Frame 5}he streamlines along the lateral sides of the ctenophore
were pointed steeply downwards and have very large velocity magnitudes. l.e., the creature was
propelling itself aggressively upwards. Perhaps due to the roundness of the creature, the
streamlines can be seen to wrap smoothly around the lower side of the ctenophore. After
contraction (Frame 74), not only were flow velocities reduced, the streamlines were oriented
generally more horizontally. l.e., propulsion intensity was reduced. It is not clear fromhé short
sequence whether Frame 74 is a weaker swimming state, or whether the ctenophore has ceased
swimming and the observed velocities were remaining flow inertia from the prior water movement.

Particle Traces (Frame 74

Ctenophore

Velocity Magnitude

Figure 6. Instantaneous planar streamlines of the positiorholding ctenophore before (top) and
after (bottom) contraction.
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Figure 7. Flow-fields around a spinning and escaping ctenophore, showing the ejection of a vortex
ring/tube under rapid acceleration.

While Figures 46 showed the ctenophore remaining in a steady position, Figure 7 highlights
a more dynamic swimming behavior. On the left, the creature can be seen to spin continuously along
an oblique axis in the span of 0.1:30.00s, while sporadically ejecting streams of water towards the
bottom-left to accelerate towards the topright. Each acceleration was produced by a jet of water
accompanied by vortices that are highlighted by arrows in the streak images. Between Frames 60
75, a large vortex from a previous cycle lingers in the bottonteft as a new smaller vortex was
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AREAAOAA AAEET A OEA AOAT I PEI OAG6O0 OOAEIEI ¢ AAcCA AO
was faithfully captured by DragonEyeand presented as 3D streanimes on the right of Figure 7.

Results presented from Figures 4 demonstrated DragonEyé O  -geBoivdd PPIV
capability, while also representing one of the first detailed characterization of 3D floviields around
a ctenophore. Analyses are ogoing in cdlaboration with Moss Biological Sciences L&b elucidate
the Mnemiopsi® OxEi I ET ¢ AUT Al EAOh xEEI A AAOAT T bi AT OAT A
automatic segmentation of the ctenophore from its surrounding particle field in the plenoptic image,

in order to separately reconstruct the particle field using MART and the ctenophore (scaléield)
using ART/SART to improve the quality of results.

4 On-Going DragonEye Developments

Concurrent with the ctenophore field-tests, efforts were devoted to performance validation of
DragonEye4 E A O UvdlGndel abdvelocity-measurement accuracies were benchmarkedgainst
a traditional 4-cameratomo0) 6 OAOODP AO O0OOAOA 51 EOAOOGEOU ET Al
group. Performance of the system usinga single (see Figure8) and dual DragonEyein stereo
configuration were both tested.In this benchmark test, the cameras were deployeth characterize
3D velocity profiles within a 6.35mm diameter tube containing both steadyand pulsatile flows,
where analytical solutions for the velocityfields are known. While the camera systems were
operated in straddleframe mode with test-point-dependent dt, acquisition rate was maintained at
900Hzthroughout.

Figure 8. Pipe-flow experimental setup forvalidation of high-speed plenoptic camera

To facilitate accurate comparison, volume data from both camera systems were reconstructed using
the identical standard MART code suite. The preliminary comparison, as shown in Figure 9, was
performed in the domain of 11x10.5x10.5nm3 centered on the pipe, at a resolution of 45/mm.
Since reconstruction using the traditional tomography setup consisted only of four views while the
plenoptic camera contains on the order of 100 views, their sotions are expected to converge in
different iteration counts and benefit from different relaxation rates. In this initial result, the 4
camera volume uses 5 iterations and a relaxation of 0.5, while the plenoptic volume uses 4
iterations with no relaxation. Optimization of these parameters remain in progress.

From the initial reconstruction, Figure 9 shows that the same pipe volume can be
obtained from both setups. At close inspection in they-view, particles from both setups can be
observed to overlap wdl. Qfactor analysis to characterizevx-to-vx correlation between both
volumes are expected to be possible once the reconstruction parameters are finalized. Hzeviews
in Figure 9 shows that particles reconstructed from the single plenoptic camera areare elongated



