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Abstract. Light field cameras are an emerging imaging device for aggmB-D information of a scene by capturing

a field of light rays traveling in space. As light field cameb®some portable, hand-held, and affordable, their
potential as a 3-D measurement instrument is growing in nagpyications, including 3-D evidence imaging in crime
scene investigations. We evaluated the lateral resolafi@m@mmercially available light field cameras, which is one
of the fundamental specifications of imaging instrumentst the evaluation of the camera’s lateral resolution, we
imaged Siemens stars under various imaging configuratimhexperimental conditions, including changes in distance
between the camera and the resolution target plate, illatioin, zoom level, location of the Siemens star in the
camera’s field-of-view, and cameras of the same model. Thlysis results from a full factorial experiment showed
that (i) when a lower zoom level of the camera was used, tleedbtesolution tended not to be affected by distance;
however, when a higher zoom level was used, it tended to dserggnificantly with respect to the distance, (ii) the
center region of the camera’s field-of-view provided a bré#teral resolution than the peripheral regions, (iii) gier
zoom level yielded a higher lateral resolution, (iv) the twaonmeras of the same model used in the study did not show
a significant difference in the lateral resolution, and (vaueges in illumination did not affect the lateral resolataf

the cameras.
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1 Introduction

Light field cameras, also called plenoptic cameras, cagtdield of light rays traveling in space,
i.e., the intensity and direction of light rays. This is difént from conventional still-picture cam-
eras that acquire the aggregated intensity of incident teys from all directions. The idea of light
field camera was first introduced by Lippmann in 19G8d then realized by Adelson and Wang
in 19922 Since then, various camera configurations to acquire afiigldthave been proposed: (i)
a 2-D array of cameras(ii) a 2-D array of lens-prism pairs in front of the main lehand (iii) a
2-D array of microlenses between the imaging sensor and &ie lens>

Light field imaging has two major capabilities that diffetiate it from the imaging with the

traditional cameras: (i) computational photography andi@pth estimation. Computational pho-
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Fig 1: Light field imaging. (a) A scene observed from multigiewpoints in a light field camera
and (b) the subimages from multiple viewpoints and the caraad image coordinates. Source of

the light field image: 4-D Light Field Benchmark.
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tography refers to the imaging technology that generatésalimages with artificial camera ma-
nipulations, such as viewpoint change, aperture size ehayl refocusing, through algorithms
after an image is takéhDepth estimation with a light field camera, on the other hamgpssible
since a light field camera is essentially viewed as multiglmeras in a 2-D array (a light field
camera withS x T' viewpoints is shown in Figl(a)). The captured light field is represented as
LF(u,v,s,t), where(s,t) are the camera coordinates apdv) are the image coordinates (see
Fig. 1(b)).

One of the fundamental specifications of an imaging systets iateral (or spatial) resolution
to determine the ability of the camera to optically captune fietails in a scene. Lateral resolution
of an imaging system broadly refers to the spatial frequefeypattern (usually line patterns) that
the details in the captured image are no longer visuallyrdjsishablé® The contrast of the line
patterns in the image generally decreases as the line gpdetreases. Because the perception
of low contrasts becomes quite subjective, the lateralluésa is commonly represented as a
function of image contrast with respect to spatial freqyendhich is called spatial frequency
response (SFR) or modulation transfer function (MTF).

ISO 12233 is an international standard for methods for nreagthe resolution and the SFR
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of electronic still-picture camerds.According to the 2017 revision, current recommendations
for lateral resolution evaluation are (i) slanted-edgedyamms and (ii) Siemens star analysis. The
slanted-edge method uses a chart with straight edges teabkeen tilted (see Fig(a)) and looks

at the frequency components of the gradient of the €dee magnitude of the Fourier transform
of the edge gradient is the MTF in this method. If a perfecteeidgcaptured in the image, MTF
would be unity at all frequencies. The sharpness is geyatalireased when light rays go through
lenses and imaging sensor, and high frequency componemtstatdiminish. This method is
simple and fast but requires multiple edges at multipleragons in order to evaluate the angular
variations in spatial resolution.

A Siemens star consists of black and white wedges in a cisde Fig. 2(b)). The lateral
resolution is tested by changing the radius of a probe cimtiese center is located at the center
of a Siemens star. LeY be the number of sectors (black and white wedge pairs) in igm@eéhs
star, andR be the radius of the probe circle in millimeters. The lateeslolution examined by
the probe circle with radius is % Ip/mm (line pairs per millimeter). Note that, in this study,
the lateral resolution is represented in the object spdt;i$, the line pairs per millimeter in
the scene, not in the camera sensor. The MTF in this methdekisrtage contrast with respect
to the spatial frequencyz% Ip/mm1° The implementation of this method is more complicated
than slanted-edge analysis, but the lateral resolutiorbeagvaluated in various directions. Both
methods are known to exhibit comparable results in latesdlution evaluatioft

The lateral resolution of various light field cameras wa®rgg in the literature. Firmenich et
al.}* evaluated the lateral resolution of the first generatiomd_gamera. A resolution target plate
with straight lines was vertically tilted and horizontafigtated from the camera axis, so that the
slanted-edge method could be used to evaluate the latsmdliten of the camera, and moreover,
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Fig 2: Resolution targets. Examples of (a) slanted-edget®éreand (b) Siemens star chatt.

the lateral resolution of a focused light field cam@@uld be assessed, which gives an enhanced
lateral resolution. Fu et &f. compared the lateral resolutions of a conventional camedaza
light field camera (by placing a microlens array in front o tlmain lens), and found that (i) the
conventional camera has a higher lateral resolution atited plane than the light field camera, but
(i) the light field camera has a wider depth of field than thevemtional camera. Another study
by Damghanian et df. conducted the lateral resolution evaluation from a samiattern cube
(SPC) model on the data collected by the Raytrix R29 carifefianey found that (i) the camera
was capable of achieving the lateral resolution of apprexaty a quarter of).5 cycles/pixel at

the distance o800 mm with refocused images, and (ii) the results from the SP@ehshowed
agreement with the empirical results.

In this paper, a comprehensive lateral resolution evalnatf the Lytro lllum camera®’, which
are commercially available, is reported. The resolutiogdtplate has an array 8fx 3 Siemens
stars to measure the lateral resolution at different looatin the field-of-view of the camera. The
light field images of the resolution target were collecteddnduct a full factorial experiment with
the following variables (factors} (i) distance between the camera and the tarBetji) camera,
C, (iii) zoom level, 7, (iv) Siemens star location in the camera’s field-of-viéwand (v) illumina-

tion, 7. Under each condition, five images were collected—Ilocdlcates—to observe the effect



of random noise, for example, from the imaging sensor ordhgk. The entire data collection was
repeated three times—qglobal replicat&s-to observe any systematic errors coming from device

setup and operation of the experiments. The contributibtii®paper are:

e Design of a full factorial experiment for a comprehensiveral resolution evaluation of a

commercial light field camera

e Collection of light field data and development of an automatgorithm for Siemens star

analysis

e Statistical analysis of the factors that affect the latezablution

e Design of an interactive web-based system for browsing tleated images and viewing

the results from the lateral resolution evaluation.

1.1 Scope

This study was conducted under the scenario that the ligdtdemera was used in crime scene
investigations. Light field cameras are of interest to therigic community because the operation
of light field cameras is as simple as that of conventionalezasiand they are affordable for most
forensic laboratories. Three-dimensional forensic awigesuch as tire tread and shoe imprints in
substances like mud or snow can provide useful informatquotentially help link a suspect to a
crime scene. The accuracy of 3-D details obtained from ingagystems and their lateral and depth
resolutions are very important in forensic investigatiaten the evidence collected from a crime
scene is compared to the reference from a suspect. For exaifrptrace of shoeprints was found
in a crime scene, not only the size and sole pattern of a sleaengortant pieces of information to
examine the linkage between a suspect and the crime scertbellistinctive wear and tear found
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in a shoe that belongs to a particular individual is alsaaaiin comparisort>2? The experimental
setup in this paper is therefore adapted to a forensic scerthe distance between the camera
and the target is within m, and the zoom levels are set to fit an entire or a partial siradap
the camera’s field-of-view. However, the methodology foe thteral resolution evaluation and
statistical analysis presented in this paper is generaktande used for any data collected using

any camera for the same purpose.

2 Evaluation of Lateral Resolution of aLight Field Camera

Lateral resolution of a camera is typically evaluated byemting the images of a resolution target
and analyzing the sharpness of the images of the resolatigett In this study, we use the Siemens
stars as a resolution target and develop an algorithm tavattcally detect the Siemens stars
from the collected images, extract the MTF, and estimatégtieeal resolution corresponding to a

desirable image contrast level.

2.1 Resolution Target

Two resolution target plates were used in this study to exalthe lateral resolution at two different
zoom levels. Each plate contains an arrayg of 3 Siemens stars, but the size of the Siemens stars
is different between the two plates. The Siemens stars irptate have the radius @0.743 mm

for a low zoom level of the camera, and those in the other late the radius 0f4.393 mm for

a high zoom level. At each zoom level, the camera’s zoom fasteet such that the nine Siemens
stars tightly fill the field-of-view at any distance (see F3ga)). This way, if the lateral resolution

is affected by lens distortion (lens distortion is gengradbre severe on the fringe of the lens than

at its center) or lens defect, it can be detedfedhe number of black and white wedge pairs in
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Fig 3: Siemens star detection. (a) A lateral resolutiondaegnsisting o8 x 3 Siemens stars, (b)
binarization, (c) morphological close operation, (d) fmglhine largest connected components, (e)
finding convex hulls, (f) finding Siemens star edges, (ghfit circle to the edge of each Siemens
star, and (h) the detection result of the Siemens stars.

a Siemens star i36 (N = 36). The resolution targets were printed 00 |b silk paper using a

Ricoh Pro7100 printé? at 600 dpi.

2.2 Siemens Star Detection

Images taken from a light field camera go through a decodioggss, which converts a raw light
field image in 2-D to 4-D (or 5-D in the case of a color imagehtifield data,LF'(u, v, s, t).
After decoding the light field, the subimage from the centewypoint, I (u, v) = LF (u, v, sq, to),
where(sy, to) is the center camera location in the camera coordinated~(ge#(b)), is examined
for lateral resolution evaluation. The Siemens stars inrttage are detected by fitting a circle to
the outer edge of each Siemens star. The detailed procentuBeimens star detection is below

with an example shown in Figg.

1. Convert the color imagé R(u,v), G(u,v), B(u,v))) to a grayscale imagd (u, v)) by fol-

lowing ITU-R Recommendation BT.6C%: I (u,v) = 0.2989 R(u,v) + 0.5870 G(u,v) +



0.1140 B(u,v).
2. Divide the image int@ x 3 sections equally along width and height (see B(@)).

3. Binarize each of nine subregions using Otsu’s meth¢ske Fig. 3(b)). Binarizing the

subregions individually copes with the uneven illuminataver the resolution target plate.

4. Perform a morphological close operation to connect théges in the Siemens stars (see

Fig. 3(c)).
5. Find the nine largest connected components in the entage (see Fig3(d)).
6. Find the convex hull of each connected component (see3eg).
7. Find the outer edge of each convex hull (see B{D).

8. Fit a circle to the edge points of each Siemeng%{aee Fig.3(g)).

The detected Siemens stars are labelefl/asL,, . .., Ly} (from left to right and from top to

bottom), as shown in Figg(h).

2.3 Modulation Transfer Function

For each Siemens star, the image intensity profile is exafratmng a probe circle. The center of
the probe circle is the center of the Siemens star, and itsgathanges from pixel to the radius
of the Siemens star with a step size0ds pixels (see Fig4(a)). At each radius value, the image
intensity values are sampled along the probe circle withreyukar step size o% which allows
two sampling points from each wedge in a Siemens star. Exaggblthe image profiles at various

radius values of a probe circle (color-coded in Fn)) are shown in Figd(b). It is observed that
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Fig 4: Example of image profile variations as the radius obproircle changes3( 15, 30, and39
pixels). (a) A Siemens star, (b) image intensity profilesigleach of the four probe circles, and
(c) Fourier transform of the image intensity profiles.

the image profile gradually shows a greater image contraseles black and white wedges as the
radius of the probe circle increases.

For each image profile, a Fourier transform is performed, \@adook at the magnitude at
the angular frequency of the Siemens star, thafis: % whereN is the number of black and
white wedge pairs in a Siemens star (see Big)). In order to correspond to image contrast, the
magnitude in MTF is defined as the doubled amplitude in Fotna@msform. The MTF of an image
from a Siemens star is then normalized by the largest madgftaund in that image, which yields
the maximum magnitude of a normalized MTF is alwdysThe spatial frequencyf [I[p/mm],

associated with a probe circle with the radius-¢inm] is as follows:

f=o (1)

The spatial frequency associated with a probe circle anchégmitude of the Fourier transform of
the image intensity profile along the probe circle yields @mgeint in MTF for a Siemens star, as
shown in Fig.5.

The lateral resolution in this paper is defined as the sgagiqliency corresponding td 7' F'10,
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Fig 5: MTF of a Siemens star. Magnitude in y-axis is the re&tialue to the maximum magnitude

observed in the Siemens star. Notice that the x-axis is og adale.

where the magnitude of Fourier transform of an image pro$il@(0% of the largest magnitude
found in the Siemens star. In order to estimate the latesaluéon corresponding td/7 F'10, the

following model is fit to the data points in MTF using the Lebeng-Marquardt algorithm:

1
- = 2
m a + becf (2)

wherem is the magnitude of Fourier transform of an image profile #nslthe spatial frequency.
The goodness-of-fit was evaluated by the pooled residuadiatd deviation. The residual standard

deviation for an MTF plot is defined as follows:

STD]?;es _ \/Z?:kl [gk’(fl) B mi]2 (3)

nNg —p

whereg,(-) is the fitted model of thé’'th MTF plot with n, data points ang is the degrees of
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freedom p = 3). The pooled residual standard deviation is then calcdlbye

Sy (n — 1)ST Dy
25:1 ng — K

STDpooled — (4)

whereK is the total number of MTFs. We fourtll’ DP°°'*¢ = (0.0189, which indicates about 1.9%
error between the data points and the estimates.
Given a desirable magnitude value(in this papern = 0.1), the corresponding lateral reso-

lution f; can be found as follows:

fu=tiog |1 (=) ©)
C m

Figure 5 shows the fitted model along with the estimated lateral tgsol at /7T F'10 for a

Siemens star.

3 Experimental Setup

The data collection for this lateral resolution evaluatwas conducted under various imaging
conditions, including changes in distance between the caiarad the resolution target plate (15
levels), the camera used for image acquisition (two canfesasthe same model), illumination (2
levels), zoom (2 levels), and location of Siemens starserrdéisolution target plates (9 locations).
Under each condition, five images were collected to exansindam noise coming from the imag-
ing sensor or the light sources (local replicates). Whennaeca was switched to the other one,
the camera was aligned to the resolution target plate swaththle camera moved perpendicular
to the resolution target plate. The entire data collectias vepeated three times to observe any
systematic errors during the image collection (globalioapés).
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Fig 6: Camera setup. (a) Photograph of the camera systenafarcdllection and (b) diagram of
the camera, resolution target, and illumination.

3.1 Camera System Configuration

The camera system consists of (i) a light field camera mouned rail stand with a ruler, and
(ii) a resolution target plate attached to a motorized s{age Fig.6). The camera stand on the
rail moves manually, and the distance from the origin of thiésystem is denoted ag. The
motorized stage for the resolution target plate, on therdihed, is controlled automatically with
a precision ofl0 240 steps inl mm. The motorized stage moves in the opposite directiondo th
camera, and the distance from the origin of the motorizegesia denoted ag,. The distance
between the origins of the rail and the motorized stagh is 80 mm.

The data collection was automated by the following conttéiifaces: LabVIEW to operate
the motorized stage for the resolution target plate andoLiPower Tools Beta 10 to set the
camera parameters and capture the images, and the proeeakiiaterrupted when the camera

location needed to be changed. The following settings weed for both cameras:

e Zoom and focus rings locked: The zoom and focus of the canveges controlled only by
commands, not by rotating the rings manually. The predetedzoom and focus steps of

the cameras with respect to distance were used (see S8ctfjon

e Auto-focus disabled
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Table 1: Variables considered in the lateral resolutioruatéon of light field cameras.

Factor Description Labels Values

Distance D) Distance between camera ang Dy, Do, ..., | {330,380,...,1030}
resolution target plate [mm] | Dy5}

Camera() Cameras from the same mode{C', Cs} {Camera 1, Camera}2

Zoom (7) Size of resolution target plate{ 7, Z,} {280 x 215,195 x 125}
fitting the entire field-of-view
[mm]

Location (L) Location of the Siemens stafs{ L, Lo, .. ., {Top left, Top middle,. .,
on the resolution target plate| Lo} Bottom right

[llumination () | Lighting condition {I, L} {Ambient, Halogeh

T 3 global replicatesR) T 5local replicates

e Auto white balance: The color temperature and tint were eh@itomatically by the cam-

era.

e Programmed exposure mode: The ISO and shutter speed wedrg et camera based on

metered value and exposure value compensation value.

Two light stands were placed behind the camera. A halogep lara soft box with a diffuser
was mounted on each light stand, and a drape-type diffuseingtalled between the camera and

the light sources for more effective illumination diffusio

3.2 Variables

The dataset for the lateral resolution evaluation of thitligeld cameras was collected with the
following variables: (i) distance between camera and reswl target plate, (ii) camera, (iii) zoom
level, (iv) location of the Siemens stars in the camera’sl fidlview, and (v) illumination. Tablé
summarizes the variables considered in the study.

Distance The distance between camera and resolution target plagéined as) = d; +ds+dy,

and it ranges fron330 mm to 1030 mm with a step size d¥0 mm, yielding 15 levels. The camera
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Fig 7: Box plots of illumination measurements under coodisi of (R, 7). (a) Luminance’, (b)
chromaticityz, and (c) chromaticity).

and resolution target plate distance from their respeatiigns, (d;, ds), are{ (250, 0), (250, 50),
(250, 100), (250, 150), (400, 50), (400, 100), (400, 150), (550, 50), (550, 100), (550, 150), (700, 50),
(700, 100), (700, 150), (800, 100), (800, 150)} mm.

Camera The light field cameras used in this study, are two Lytro lllum camera¥ The
cameras were purchased at two different time poiit8 years apart), and we found that the offset
and orientation of the microlens arrays in the two cameraslaghtly different.

Zoom The two levels of zoomZ, were selected to examine the situation where the cameras
were used to obtain 3-D shoeprint evidence. At the zoom levél;, the resolution target plate
in the size 0f280 mm x 215 mm (with the Siemens stars with the radius20f743 mm) fills the
entire field-of-view of the cameras at any distance; at thmetevel of Z;, the resolution target
plate in the size 0f95 mm x 125 mm (with the Siemens stars with the radiusl@f393 mm) fills

the camera’s field-of-view.

Location Each resolution target plate has nine Siemens stars, andrhtabeled a§Lq, Lo, ..., Lo}
(from left to right and from top to bottom), as shown in Fgfh).

[llumination The default illumination condition for the data collecti¢f) was the ambient
lighting in an office-like environment. Additional halogéamps with diffuser {,) were used to

see the impact of illumination change on lateral resolutibthe cameras. The illumination was
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measured every time the condition changed using Konica K&irf@S-100 Chroma Metéf. The
distribution of the luminanc&” [cd/m?] and chromaticityr andy is shown in Fig.7. Luminance
is higher whenl, than when!l;, and the color distributions are also different dependinghe

condition of [. The distributions, however, are consistent aci®ss

3.3 Camera Alignment

To ensure the camera axis was perpendicular to the resoliatiget plate during the data collec-
tion, a camera alignment was conducted every time a camesaneanted. A cross-hair laser
module was attached to the camera on top of the main lensxappately parallel to the camera
axis, and the point where the laser intersects the resaltdi@et plate was observed while the
camera moved back and forth along the rail and the resolti@et plate also moved back and
forth. The pan and tilt of the camera on the mount were adjustil the laser point on the target

plane stayed still as the distance between the camera anelsibletion target plate changed.

3.4 Zoom and Focus Presets

The zoom and focus steps of the main lens of the cameras wedetprmined at ever®). The
zoom and focus steps of a Lytro lllum camera range frioto 1522 with a step size of. At a
distance point, a set of images of the resolution target whsated by changing the zoom step by
1, and the autofocus function in the camera was used to athi@g$btus lens of the cameras. The
radius of the nine Siemens stars on the resolution target plas estimated and plotted in FR&).
Then, the optimal zoom step for a distance point was chosémeasne where the median radius
of the Siemens stars on a resolution target plate was thestlast0 pixels.

Once the zoom steps were determined at e¥&rihe optimal focus step fdrD, Z) was deter-
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Fig 8: Selection of zoom steps of the camera with respeél for (a) Z; and (b)Z,. Gray bars
represent the range of radius of Siemens stars on a resolatiget plate atD, 7), and circles
represent the median value of the radius.
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Fig 9: Zoom and focus steps set at every distance point Wwhern(a) Preset zoom step at each
distance point, (b) preset focus step at each distance, @oidt(c) preset zoom and focus steps
used in the study overlaying all possible zoom-focus stés pa

mined by collecting five images with autofocus. The focup stéh a majority vote was chosen.

The zoom and focus steps that were used in this study are shdvigs. 9 and10.
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4 Experimental Results

A dataset of light field images for lateral resolution evélnmwas collected to conduct a full fac-
torial experiment with the six variable§Rk, C, Z, I, D, L). The images were examined to ensure
that the size of the Siemens stars was the same at any distatieg@om levels. In this section, we
report the variables that affect the lateral resolutiomi$icantly and present the mean trend of the

lateral resolution when the level of the variables changes.

4.1 Dataset

Data collection was conducted under conditions with fouraldes (O with 15 levels,C with 2
levels, Z with 2 levels, andl with 2 levels), and five local replicates and three globaliceges
were made. This yielded 1800 light field images (a total sf29075 GB). Raw light field images
were decoded using the software provided by the camera meuér (Lytro Power Tools Beta
1.0'%). The decoded light field data from a raw image islin(S) x 14 (T) x 541 (U) x 376

(V) x 3 (Channels).
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Fig 11: Parameters of linear model fit to the radius of Sienstass with respect to distande
when (a)Z; and (b)Z,. Parameterép,, p1) are within the gray region when the radius of Siemens
star is40 + 0.5 pixels in the images collected while changes betwee380 mm and1030 mm.

4.2 \ferification of Zoom Constraint

Each zoom level was set to keep the size of the Siemens stagathe in the images collected
under all conditions. To verify if the constraint was saéidfduring the data collection, a linear

model was fit to the radius of the Siemens stdmwith respect taD for a given(R, C, Z, I):

r=piD+ po (6)

wherep; andp, are the slope and the intercept of the linear model, resfabgti If the zoom
and focus lenses were well adjusted whilechanged, the radius of the Siemens star would be
consistent, hence, the slope of the linear mgdelvould be ideally0. If we allow the radius
variations within+0.5 pixels from the expected radius @b pixels, a set of paramete(g, p;)
satisfying this acceptable error bound would reside withengray region in Figl1l. We observed
that most of data points were within the acceptable errontdou

However, three data points were slightly off from the acabf# error bound. The error cases

came from the Siemens stars,, L4, L) in the images collected under the conditidt, Cs, 71, I>).
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Fig 12: Main effects of the full factorial experiment alongiwthe p-values fromF'-tests for each
factor. The factors for which the null hypothesiBy(: 1 = ps = ... = ) is rejected at a

significance level 06.01 are highlighted with a red color and double asterisks.

These Siemens stars are located on the left column of they array of the Siemens stars. All

these cases show a positive slope, which means the radibe &i¢mens stars tends to increase
as the distance increases. Nevertheless, this constralation on the three data points was not
considered as a serious error because the violation wagwertes and thus, no data points were

excluded from the lateral resolution evaluation.

4.3 Evaluation of Lateral Resolution of Light Field Cameras

In Section4.3.1 a full factorial experiment with the six variablé®, C, Z, I, D, L) determines
the factors that have a significant impact on the camerasdhtesolution. Then, the mean trend
of the lateral resolution under conditions defined by theaifigant factors is presented in Section

4.3.2

4.3.1 Factors That Affect Lateral Resolution

A full factorial design is to run experiments with all podsilsombinations of the levels from vari-

ables. Main effects and interaction effects are calculftted the data collected under the factorial
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Table 2: Ranked main effects and two-factor interactiom®gating to the absolute magnitude of
the effect forZ;.

Factor Effect | Factor Effect

L 0.0453 | (C,D) | 0.0051
D 0.0245 | (R,L) | 0.0043
(D,L) | —0.0172 | (R,)) | —0.0037
R 0.0107 | I 0.0023

(1,D) 0.0099 | (R,D) | —0.0020
(R,C) | 0.0079 | (C,L) | —0.0012
(L) | —0.0075 | (C,I) | —0.0006
C 0.0057

desigr?® The main effect of a variable is the average impact of theatseion the responses over
all possible conditions of the other variables. For a vdeiath two levels, its main effect is the

difference in average value of the responses between thepdaits belonging to level 1 and the
data points belonging to level 2. For a variable with morenttveo levels, we chose two levels that
gave the maximum and the minimum of the average responsedseateld as a variable with two

levels. For each variable, one-way ANOVA (Analysis of Vaga) was conducted to test the null
hypothesisH, that the means of all the levels are the same (Hg.; 11 = 2 = ... = p;, where

[ is the number of levels for the variable). The response irati@ysis was the lateral resolution
corresponding td/ 7T F'10.

Figure 12 shows the main effects of the six variables along with phealue from anf'-
test for each variable. Two variable®,and L, have a significant impact on the lateral resolu-
tion, whereasD, C, R, and[ barely affect the lateral resolution at a significance lefe).01.
For the variablel. which has more than two levels, Tukey’s test was conductesbiopare the
pairs of means from different levels. Two clusters of theelsun L. were found: central region

({La, L4, Ls, Ls, Ls, Lo}) and peripheral region {1, L3, L7}).
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Table 3: Ranked main effects and two-factor interactiom®gating to the absolute magnitude of

the effect forZs.

Factor Effect | Factor Effect
L 0.0583 | R 0.0068
D 0.0573 | | 0.0056
(D,L) | —0.0307 | C 0.0037
(R,D) | —0.0089 | (C,D) 0.0027
(R,C) | —0.0088 | (R,L) | —0.0022
(1LD) | —0.0082 | (R,)) | —0.0018
(I,L) —0.0076 | (C,I) | —0.0011
(C,L) | —0.0071

We also looked at the two-factor interactions of the vagabM/hen any two variables do not
behave additively, a two-factor interaction exists betw#gem, and they should be considered
jointly in the analysig? Since the effect of the variablé overwhelms the responses, two-factor
interactions of the five other variables are calculated updeh level ofZ. Tables2 and3 show
the the main effects and two-factor interaction effect$ &ine ordered according to their magnitude

underZ; andZ, separately. A couple of noteworthy observations are asvili

e [ has the most significant impact on the lateral resolutiori¢cvts followed by D and the

interaction betweel® and L.

e The impact ofD is comparable td. when Z,, whereas it is about a half of the impact of

whenZ;.

e R, C, andI have little impact on the lateral resolution.

Since the impact ob on lateral resolution is as big as thatlofvhenZ,, we considelD as one of

the significant factors along with and L in the following analysis.
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4.3.2 Mean Trend of Lateral Resolution

With the analysis results from Sectidii3., the three most influential variables#-L, and D—
are considered for evaluating the mean trend of the latesalution of the light field cameras. For

each condition of, the following second-order polynomial model was fit to tlated

f1(D, Ly, Ly; Z) = ag+a1 D+as Ly +asLy+asD*+as L2 +ag Ly +a7 D Lo+asD Ly+ag L, L, (7)

where(L,, L,) is the location ofL relative toL; (the Siemens star at the center of the resolution
target plate). ST D" are 0.0349 Ip/mm for Z; and0.0408 Ip/mm for Z,; ST DP°?'*d is (.0379
Ip/mm. Figurel3 shows the mean lateral resolution with respeddt@nd Fig.14 shows the mean
lateral resolution with respect to.

The minimum resolvable distancé;, refers to the minimum distance between scene objects
that can be distinguished in an image from a camera system.mihimum resolvable distance

can be derived from the lateral resolution of the cameraegy$t, as follows:

1

dL:E.

(8)

Table4 shows the minimum resolvable distance of the light field casé&at were studied in this
paper. As the lateral resolution is a function/ofand L under the conditions of, the range of the

minimum and maximum values is reported.

Based on the experimental results for the lateral resal@valuation of the light field cameras,

we can draw the following inferences about the lateral rggmh measurements and the variables.
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Fig 13: Mean lateral resolution with respect to distahtender the conditions of at M T F'10
along with the interaction effect ¢, L).

(d) fL(Dma:vaL:vaLy;Z2) (e)fL(DminaL:vaLy;ZQ) ® fL(DdifaL:vaLy;Z2)

Fig 14: Mean lateral resolution with respect to locatiominder the conditions of at M7 F'10.
Three heatmaps in each condition are shown: lateral resotu{a) atD,,., when Z;, where
D,.... is the distance that gives the highest mean lateral resalufb) atD,,;, when Z;, where
D, is the distance that gives the lowest mean lateral resolu{© at D, ; when Z;, where
.fL(Ddifa Lwa Ly; Zl) - fL(Dmawv Lacv Ly; Zl) - .f(Dmma Lwa Ly; Zl)’ (d) atDmaw WhenZQi (e) at
D,.., whenZ,, and (f) atD,; whenZ,. The brighter the color, the higher the lateral resolution.
Note that the color schemes in the plots are independentabf eter in order to compare the

relative lateral resolution according foin an image.
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Table 4: Minimum resolvable distancé;() of the light field cameras [mm] at/7 F'10.
Minimum d;, Maximumd;,

Condition | Value Condition Value
(Z1, D5, Lg) | 0.4709 | (Zy, Dy, Ly) | 0.4985
(Zy, Dg, Lg) | 0.3220 | (Z3, D15, Ly) | 0.3465

Replicate The three replicates of the experiment did not exhibit aigant difference.

Distance The lateral resolution depends on the distance betweenatinera and the resolu-
tion target plate. Particularly wher,, the lateral resolution tends to degrade considerablyes th
distance increases.

Camera Two light field cameras used in the study did not show a sigamfidifference in lateral
resolution. This implies that a consistent lateral resoiuis expected from different units of the
light field camera model tested in this study.

Zoom A higher lateral resolution is obtained at a higher leveladm (7;) than at a lower level
of zoom (Z;). When a higher zoom level is used, the lateral resoluticslge affected by the
distance as the interaction betweBrandZ becomes significant.

Location The lateral resolution depends on the location of a scerecbln the camera’s field-
of-view. The central region provides a higher resoluticantthe peripheral region.

[llumination  Changes in illumination condition did not affect the lateesolution of the cam-
eras with automatic camera settings for white balance apdsexe mode and normalization of the

images.

5 Conclusions and Future Work

Light field cameras can be an effective 3-D imaging tool foefwsic investigations since they are

convenient to use, portable, and affordable for most faceladoratories. The key component
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to be suitable for forensic applications is that the cambea® high accuracy in 3-D estimation
and sufficient lateral and depth resolutions. In this stuey,examined the lateral resolution of
commercially available light field cameras. A full factdrexperiment was conducted with the
variables including distance between camera and objestes from the same model, zoom,
location in the camera’s field-of-view, and illuminatione\Wbserved that the average lateral reso-
lution ranged from..0031 Ip/mm to 1.0618 Ip/mm (the minimum resolvable distance fram 709
mm to 0.4985 mm) when a lower zoom level was used. When a higher zoom leaglused, the
average lateral resolution ranged frdm429 Ip/mm to 1.5529 Ip/mm (the minimum resolvable
distance fron®.3220 mm t00.3465 mm).

The method for lateral resolution evaluation presentetigygaper can be further enhanced for

more accurate measurement as follows:

e The resolution target plate needs to include referencesgedy patches for image normal-

ization.

e Atest for the cameras to prevent saturation needs to be dgoeesldata collection.

¢ Ideally, the imaging sensor of the camera and the resoluéigyet plate must be parallel
to each other. A method to either ensure this property or ureabe accurate pan and tilt
angles of the resolution target plate relative to the caragimand compensate data for the

unwanted pan and tilt angles afterwards is needed durindétsecollection.
We will continue the study along the following directions:

¢ Different decoding algorithms can be used to convert rawtligeld images to 4-D light
field data. This way, the impact of decoding algorithms ondamnera resolutions can be
evaluated.
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e The angular variation of the lateral resolution can be aedyin 2-D MTF.

e The lateral resolution of a light field camera is expecteddaybeatly improved by using
a super-resolutici*° or refocusing algorithni,or focused light field camer®&. This will

provide the upper-limit of the resolutions expected froghtifield cameras.

e We will evaluate the depth resolution of the same light figtheras.

The analysis results of the lateral resolution evaluatibthe light field cameras are avail-
able online with an interactive user interfacelat:t ps: / /i sg. ni st. gov/ deepzoomaeb/

resources/ | ytroEval uations/index. htm .
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