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Abstract. Light field cameras are an emerging imaging device for acquiring 3-D information of a scene by capturing
a field of light rays traveling in space. As light field camerasbecome portable, hand-held, and affordable, their
potential as a 3-D measurement instrument is growing in manyapplications, including 3-D evidence imaging in crime
scene investigations. We evaluated the lateral resolutionof commercially available light field cameras, which is one
of the fundamental specifications of imaging instruments. For the evaluation of the camera’s lateral resolution, we
imaged Siemens stars under various imaging configurations and experimental conditions, including changes in distance
between the camera and the resolution target plate, illumination, zoom level, location of the Siemens star in the
camera’s field-of-view, and cameras of the same model. The analysis results from a full factorial experiment showed
that (i) when a lower zoom level of the camera was used, the lateral resolution tended not to be affected by distance;
however, when a higher zoom level was used, it tended to decrease significantly with respect to the distance, (ii) the
center region of the camera’s field-of-view provided a better lateral resolution than the peripheral regions, (iii) a higher
zoom level yielded a higher lateral resolution, (iv) the twocameras of the same model used in the study did not show
a significant difference in the lateral resolution, and (v) changes in illumination did not affect the lateral resolution of
the cameras.
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1 Introduction

Light field cameras, also called plenoptic cameras, capturea field of light rays traveling in space,

i.e., the intensity and direction of light rays. This is different from conventional still-picture cam-

eras that acquire the aggregated intensity of incident light rays from all directions. The idea of light

field camera was first introduced by Lippmann in 1908,1 and then realized by Adelson and Wang

in 1992.2 Since then, various camera configurations to acquire a lightfield have been proposed: (i)

a 2-D array of cameras,3 (ii) a 2-D array of lens-prism pairs in front of the main lens,4 and (iii) a

2-D array of microlenses between the imaging sensor and the main lens.5

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

traditional cameras: (i) computational photography and (ii) depth estimation. Computational pho-
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Fig 1: Light field imaging. (a) A scene observed from multipleviewpoints in a light field camera
and (b) the subimages from multiple viewpoints and the camera and image coordinates. Source of
the light field image: 4-D Light Field Benchmark.7

tography refers to the imaging technology that generates virtual images with artificial camera ma-

nipulations, such as viewpoint change, aperture size change, and refocusing, through algorithms

after an image is taken.6 Depth estimation with a light field camera, on the other hand,is possible

since a light field camera is essentially viewed as multiple cameras in a 2-D array (a light field

camera withS × T viewpoints is shown in Fig.1(a)). The captured light field is represented as

LF (u, v, s, t), where(s, t) are the camera coordinates and(u, v) are the image coordinates (see

Fig. 1(b)).

One of the fundamental specifications of an imaging system isits lateral (or spatial) resolution

to determine the ability of the camera to optically capture fine details in a scene. Lateral resolution

of an imaging system broadly refers to the spatial frequencyof a pattern (usually line patterns) that

the details in the captured image are no longer visually distinguishable.8 The contrast of the line

patterns in the image generally decreases as the line spacing decreases. Because the perception

of low contrasts becomes quite subjective, the lateral resolution is commonly represented as a

function of image contrast with respect to spatial frequency, which is called spatial frequency

response (SFR) or modulation transfer function (MTF).

ISO 12233 is an international standard for methods for measuring the resolution and the SFR
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of electronic still-picture cameras.8 According to the 2017 revision, current recommendations

for lateral resolution evaluation are (i) slanted-edge analysis and (ii) Siemens star analysis. The

slanted-edge method uses a chart with straight edges that have been tilted (see Fig.2(a)) and looks

at the frequency components of the gradient of the edge.9 The magnitude of the Fourier transform

of the edge gradient is the MTF in this method. If a perfect edge is captured in the image, MTF

would be unity at all frequencies. The sharpness is generally decreased when light rays go through

lenses and imaging sensor, and high frequency components start to diminish. This method is

simple and fast but requires multiple edges at multiple orientations in order to evaluate the angular

variations in spatial resolution.

A Siemens star consists of black and white wedges in a circle (see Fig. 2(b)). The lateral

resolution is tested by changing the radius of a probe circlewhose center is located at the center

of a Siemens star. LetN be the number of sectors (black and white wedge pairs) in the Siemens

star, andR be the radius of the probe circle in millimeters. The lateralresolution examined by

the probe circle with radiusr is N
2πr

lp/mm (line pairs per millimeter). Note that, in this study,

the lateral resolution is represented in the object space; that is, the line pairs per millimeter in

the scene, not in the camera sensor. The MTF in this method is the image contrast with respect

to the spatial frequency,N
2πr

lp/mm.10 The implementation of this method is more complicated

than slanted-edge analysis, but the lateral resolution canbe evaluated in various directions. Both

methods are known to exhibit comparable results in lateral resolution evaluation.11

The lateral resolution of various light field cameras was reported in the literature. Firmenich et

al.14 evaluated the lateral resolution of the first generation Lytro camera. A resolution target plate

with straight lines was vertically tilted and horizontallyrotated from the camera axis, so that the

slanted-edge method could be used to evaluate the lateral resolution of the camera, and moreover,
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Fig 2: Resolution targets. Examples of (a) slanted-edge chart12 and (b) Siemens star chart.13

the lateral resolution of a focused light field camera15 could be assessed, which gives an enhanced

lateral resolution. Fu et al.16 compared the lateral resolutions of a conventional camera and a

light field camera (by placing a microlens array in front of the main lens), and found that (i) the

conventional camera has a higher lateral resolution at the focal plane than the light field camera, but

(ii) the light field camera has a wider depth of field than the conventional camera. Another study

by Damghanian et al.17 conducted the lateral resolution evaluation from a sampling pattern cube

(SPC) model on the data collected by the Raytrix R29 camera.18 They found that (i) the camera

was capable of achieving the lateral resolution of approximately a quarter of0.5 cycles/pixel at

the distance of800 mm with refocused images, and (ii) the results from the SPC model showed

agreement with the empirical results.

In this paper, a comprehensive lateral resolution evaluation of the Lytro Illum cameras,19 which

are commercially available, is reported. The resolution target plate has an array of3 × 3 Siemens

stars to measure the lateral resolution at different locations in the field-of-view of the camera. The

light field images of the resolution target were collected toconduct a full factorial experiment with

the following variables (factors):20 (i) distance between the camera and the target,D, (ii) camera,

C, (iii) zoom level,Z, (iv) Siemens star location in the camera’s field-of-view,L, and (v) illumina-

tion, I. Under each condition, five images were collected—local replicates—to observe the effect
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of random noise, for example, from the imaging sensor or the lamps. The entire data collection was

repeated three times—global replicates,R—to observe any systematic errors coming from device

setup and operation of the experiments. The contributions of this paper are:

• Design of a full factorial experiment for a comprehensive lateral resolution evaluation of a

commercial light field camera

• Collection of light field data and development of an automatic algorithm for Siemens star

analysis

• Statistical analysis of the factors that affect the lateralresolution

• Design of an interactive web-based system for browsing the collected images and viewing

the results from the lateral resolution evaluation.

1.1 Scope

This study was conducted under the scenario that the light field camera was used in crime scene

investigations. Light field cameras are of interest to the forensic community because the operation

of light field cameras is as simple as that of conventional cameras and they are affordable for most

forensic laboratories. Three-dimensional forensic evidence such as tire tread and shoe imprints in

substances like mud or snow can provide useful information to potentially help link a suspect to a

crime scene. The accuracy of 3-D details obtained from imaging systems and their lateral and depth

resolutions are very important in forensic investigationswhen the evidence collected from a crime

scene is compared to the reference from a suspect. For example, if a trace of shoeprints was found

in a crime scene, not only the size and sole pattern of a shoe are important pieces of information to

examine the linkage between a suspect and the crime scene, but the distinctive wear and tear found
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in a shoe that belongs to a particular individual is also critical in comparison.21,22 The experimental

setup in this paper is therefore adapted to a forensic scenario; the distance between the camera

and the target is within1 m, and the zoom levels are set to fit an entire or a partial shoeprint in

the camera’s field-of-view. However, the methodology for the lateral resolution evaluation and

statistical analysis presented in this paper is general andcan be used for any data collected using

any camera for the same purpose.

2 Evaluation of Lateral Resolution of a Light Field Camera

Lateral resolution of a camera is typically evaluated by collecting the images of a resolution target

and analyzing the sharpness of the images of the resolution target. In this study, we use the Siemens

stars as a resolution target and develop an algorithm to automatically detect the Siemens stars

from the collected images, extract the MTF, and estimate thelateral resolution corresponding to a

desirable image contrast level.

2.1 Resolution Target

Two resolution target plates were used in this study to evaluate the lateral resolution at two different

zoom levels. Each plate contains an array of3× 3 Siemens stars, but the size of the Siemens stars

is different between the two plates. The Siemens stars in oneplate have the radius of20.743 mm

for a low zoom level of the camera, and those in the other platehave the radius of14.393 mm for

a high zoom level. At each zoom level, the camera’s zoom factor is set such that the nine Siemens

stars tightly fill the field-of-view at any distance (see Fig.3(a)). This way, if the lateral resolution

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

at its center) or lens defect, it can be detected.10 The number of black and white wedge pairs in
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Fig 3: Siemens star detection. (a) A lateral resolution target consisting of3 × 3 Siemens stars, (b)
binarization, (c) morphological close operation, (d) finding nine largest connected components, (e)
finding convex hulls, (f) finding Siemens star edges, (g) fitting a circle to the edge of each Siemens
star, and (h) the detection result of the Siemens stars.

a Siemens star is36 (N = 36). The resolution targets were printed on100 lb silk paper using a

Ricoh Pro7100 printer23 at600 dpi.

2.2 Siemens Star Detection

Images taken from a light field camera go through a decoding process, which converts a raw light

field image in 2-D to 4-D (or 5-D in the case of a color image) light field data,LF (u, v, s, t).

After decoding the light field, the subimage from the center viewpoint,I0(u, v) = LF (u, v, s0, t0),

where(s0, t0) is the center camera location in the camera coordinates (seeFig. 1(b)), is examined

for lateral resolution evaluation. The Siemens stars in theimage are detected by fitting a circle to

the outer edge of each Siemens star. The detailed procedure for Siemens star detection is below

with an example shown in Fig.3.

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

lowing ITU-R Recommendation BT.601:24 I(u, v) = 0.2989 R(u, v) + 0.5870 G(u, v) +
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0.1140 B(u, v).

2. Divide the image into3× 3 sections equally along width and height (see Fig.3(a)).

3. Binarize each of nine subregions using Otsu’s method25 (see Fig. 3(b)). Binarizing the

subregions individually copes with the uneven illumination over the resolution target plate.

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

Fig. 3(c)).

5. Find the nine largest connected components in the entire image (see Fig.3(d)).

6. Find the convex hull of each connected component (see Fig.3(e)).

7. Find the outer edge of each convex hull (see Fig.3(f)).

8. Fit a circle to the edge points of each Siemens star26 (see Fig.3(g)).

The detected Siemens stars are labeled as{L1, L2, . . . , L9} (from left to right and from top to

bottom), as shown in Fig.3(h).

2.3 Modulation Transfer Function

For each Siemens star, the image intensity profile is examined along a probe circle. The center of

the probe circle is the center of the Siemens star, and its radius changes from1 pixel to the radius

of the Siemens star with a step size of0.5 pixels (see Fig.4(a)). At each radius value, the image

intensity values are sampled along the probe circle with an angular step size of2π
144

which allows

two sampling points from each wedge in a Siemens star. Examples of the image profiles at various

radius values of a probe circle (color-coded in Fig.4(a)) are shown in Fig.4(b). It is observed that
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Fig 4: Example of image profile variations as the radius of probe circle changes (8, 15, 30, and39
pixels). (a) A Siemens star, (b) image intensity profiles along each of the four probe circles, and
(c) Fourier transform of the image intensity profiles.

the image profile gradually shows a greater image contrast between black and white wedges as the

radius of the probe circle increases.

For each image profile, a Fourier transform is performed, andwe look at the magnitude at

the angular frequency of the Siemens star, that is,f0 = N
2π

, whereN is the number of black and

white wedge pairs in a Siemens star (see Fig.4(c)). In order to correspond to image contrast, the

magnitude in MTF is defined as the doubled amplitude in Fourier transform. The MTF of an image

from a Siemens star is then normalized by the largest magnitude found in that image, which yields

the maximum magnitude of a normalized MTF is always1. The spatial frequency,f [lp/mm],

associated with a probe circle with the radius ofr [mm] is as follows:

f =
N

2πr
. (1)

The spatial frequency associated with a probe circle and themagnitude of the Fourier transform of

the image intensity profile along the probe circle yields a data point in MTF for a Siemens star, as

shown in Fig.5.

The lateral resolution in this paper is defined as the spatialfrequency corresponding toMTF10,
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Fig 5: MTF of a Siemens star. Magnitude in y-axis is the relative value to the maximum magnitude
observed in the Siemens star. Notice that the x-axis is on a log scale.

where the magnitude of Fourier transform of an image profile is 10% of the largest magnitude

found in the Siemens star. In order to estimate the lateral resolution corresponding toMTF10, the

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

m =
1

a + becf
(2)

wherem is the magnitude of Fourier transform of an image profile andf is the spatial frequency.

The goodness-of-fit was evaluated by the pooled residual standard deviation. The residual standard

deviation for an MTF plot is defined as follows:

STDres
k =

√

∑nk

i=1
[gk(fi)−mi]

2

nk − p
(3)

wheregk(·) is the fitted model of thek’th MTF plot with nk data points andp is the degrees of
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freedom (p = 3). The pooled residual standard deviation is then calculated by

STDpooled =

√

∑K

k=1
(nk − 1)STDres

k
∑K

k=1
nk −K

(4)

whereK is the total number of MTFs. We foundSTDpooled = 0.0189, which indicates about 1.9%

error between the data points and the estimates.

Given a desirable magnitude valuem (in this paper,m = 0.1), the corresponding lateral reso-

lution fL can be found as follows:

fL =
1

c
log

[

1

b

(

1

m
− a

)]

. (5)

Figure 5 shows the fitted model along with the estimated lateral resolution at MTF10 for a

Siemens star.

3 Experimental Setup

The data collection for this lateral resolution evaluationwas conducted under various imaging

conditions, including changes in distance between the camera and the resolution target plate (15

levels), the camera used for image acquisition (two camerasfrom the same model), illumination (2

levels), zoom (2 levels), and location of Siemens stars in the resolution target plates (9 locations).

Under each condition, five images were collected to examine random noise coming from the imag-

ing sensor or the light sources (local replicates). When a camera was switched to the other one,

the camera was aligned to the resolution target plate such that the camera moved perpendicular

to the resolution target plate. The entire data collection was repeated three times to observe any

systematic errors during the image collection (global replicates).
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Fig 6: Camera setup. (a) Photograph of the camera system for data collection 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 mountedon a rail stand with a ruler, and

(ii) a resolution target plate attached to a motorized stage(see Fig.6). The camera stand on the

rail moves manually, and the distance from the origin of the rail system is denoted asd1. The

motorized stage for the resolution target plate, on the other hand, is controlled automatically with

a precision of10 240 steps in1 mm. The motorized stage moves in the opposite direction to the

camera, and the distance from the origin of the motorized stage is denoted asd2. The distance

between the origins of the rail and the motorized stage isd0 = 80 mm.

The data collection was automated by the following control interfaces: LabVIEW27 to operate

the motorized stage for the resolution target plate and Lytro Power Tools Beta 1.019 to set the

camera parameters and capture the images, and the procedurewas interrupted when the camera

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

• Zoom and focus rings locked: The zoom and focus of the cameraswere controlled only by

commands, not by rotating the rings manually. The predetermined zoom and focus steps of

the cameras with respect to distance were used (see Section3.4).

• Auto-focus disabled
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Table 1: Variables considered in the lateral resolution evaluation of light field cameras.

Factor Description Labels Values

Distance (D) Distance between camera and
resolution target plate [mm]

{D1, D2, . . . ,

D15}
{330, 380, . . . , 1030}

Camera (C) Cameras from the same model{C1, C2} {Camera 1, Camera 2}

Zoom (Z) Size of resolution target plate
fitting the entire field-of-view
[mm]

{Z1, Z2} {280× 215, 195× 125}

Location (L) Location of the Siemens stars
on the resolution target plate

{L1, L2, . . . ,

L9}
{Top left, Top middle,. . .,
Bottom right}

Illumination (I) Lighting condition {I1, I2} {Ambient, Halogen}
† 3 global replicates (R) ‡ 5 local replicates

• Auto white balance: The color temperature and tint were chosen automatically by the cam-

era.

• Programmed exposure mode: The ISO and shutter speed were setby the camera based on

metered value and exposure value compensation value.

Two light stands were placed behind the camera. A halogen lamp in a soft box with a diffuser

was mounted on each light stand, and a drape-type diffuser was installed between the camera and

the light sources for more effective illumination diffusion.

3.2 Variables

The dataset for the lateral resolution evaluation of the light field cameras was collected with the

following variables: (i) distance between camera and resolution target plate, (ii) camera, (iii) zoom

level, (iv) location of the Siemens stars in the camera’s field of view, and (v) illumination. Table1

summarizes the variables considered in the study.

Distance The distance between camera and resolution target plate is defined asD = d1+d2+d0,

and it ranges from330 mm to1030 mm with a step size of50 mm, yielding 15 levels. The camera
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Fig 7: Box plots of illumination measurements under conditions of(R, I). (a) LuminanceY , (b)
chromaticityx, and (c) chromaticityy.

and resolution target plate distance from their respectiveorigins,(d1, d2), 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,C, are two Lytro Illum cameras.19 The

cameras were purchased at two different time points (∼ 2 years apart), and we found that the offset

and orientation of the microlens arrays in the two cameras are slightly different.

Zoom The two levels of zoom,Z, were selected to examine the situation where the cameras

were used to obtain 3-D shoeprint evidence. At the zoom levelof Z1, the resolution target plate

in the size of280 mm× 215 mm (with the Siemens stars with the radius of20.743 mm) fills the

entire field-of-view of the cameras at any distance; at the zoom level ofZ2, the resolution target

plate in the size of195 mm× 125 mm (with the Siemens stars with the radius of14.393 mm) fills

the camera’s field-of-view.

Location Each resolution target plate has nine Siemens stars, and they are labeled as{L1, L2, . . . , L9}

(from left to right and from top to bottom), as shown in Fig.3(h).

Illumination The default illumination condition for the data collection(I1) was the ambient

lighting in an office-like environment. Additional halogenlamps with diffuser (I2) were used to

see the impact of illumination change on lateral resolutionof the cameras. The illumination was
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measured every time the condition changed using Konica Minolta CS-100 Chroma Meter.28 The

distribution of the luminanceY [cd/m2] and chromaticityx andy is shown in Fig.7. Luminance

is higher whenI2 than whenI1, and the color distributions are also different depending on the

condition ofI. The distributions, however, are consistent acrossR.

3.3 Camera Alignment

To ensure the camera axis was perpendicular to the resolution target plate during the data collec-

tion, a camera alignment was conducted every time a camera was mounted. A cross-hair laser

module was attached to the camera on top of the main lens approximately parallel to the camera

axis, and the point where the laser intersects the resolution target plate was observed while the

camera moved back and forth along the rail and the resolutiontarget plate also moved back and

forth. The pan and tilt of the camera on the mount were adjusted until the laser point on the target

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

3.4 Zoom and Focus Presets

The zoom and focus steps of the main lens of the cameras were predetermined at everyD. The

zoom and focus steps of a Lytro Illum camera range from1 to 1522 with a step size of1. At a

distance point, a set of images of the resolution target was collected by changing the zoom step by

1, and the autofocus function in the camera was used to adjust the focus lens of the cameras. The

radius of the nine Siemens stars on the resolution target plate was estimated and plotted in Fig.8.

Then, the optimal zoom step for a distance point was chosen asthe one where the median radius

of the Siemens stars on a resolution target plate was the closest to40 pixels.

Once the zoom steps were determined at everyD, the optimal focus step for(D,Z) was deter-
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Fig 8: Selection of zoom steps of the camera with respect toD for (a)Z1 and (b)Z2. Gray bars
represent the range of radius of Siemens stars on a resolution target plate at(D,Z), and circles
represent the median value of the radius.
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Fig 9: Zoom and focus steps set at every distance point whenZ1. (a) Preset zoom step at each
distance point, (b) preset focus step at each distance point, and (c) preset zoom and focus steps
used in the study overlaying all possible zoom-focus step pairs.

mined by collecting five images with autofocus. The focus step with a majority vote was chosen.

The zoom and focus steps that were used in this study are shownin Figs.9 and10.
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Fig 10: Zoom and focus steps set at every distance point whenZ2. (a) Preset zoom step at each
distance point, (b) preset focus step at each distance point, and (c) preset zoom and focus steps
used in the study overlaying all possible zoom-focus step pairs.

4 Experimental Results

A dataset of light field images for lateral resolution evaluation was collected to conduct a full fac-

torial experiment with the six variables,(R,C, Z, I,D, L). The images were examined to ensure

that the size of the Siemens stars was the same at any distanceand zoom levels. In this section, we

report the variables that affect the lateral resolution significantly 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 four variables (D with 15 levels,C with 2

levels,Z with 2 levels, andI with 2 levels), and five local replicates and three global replicates

were made. This yielded 1800 light field images (a total size of 99.75 GB). Raw light field images

were decoded using the software provided by the camera manufacturer (Lytro Power Tools Beta

1.019). The decoded light field data from a raw image is in14 (S) × 14 (T ) × 541 (U) × 376

(V )× 3 (Channels).
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Fig 11: Parameters of linear model fit to the radius of Siemensstars with respect to distanceD
when (a)Z1 and (b)Z2. Parameters(p0, p1) are within the gray region when the radius of Siemens
star is40± 0.5 pixels in the images collected whileD changes between330 mm and1030 mm.

4.2 Verification of Zoom Constraint

Each zoom level was set to keep the size of the Siemens stars the same in the images collected

under all conditions. To verify if the constraint was satisfied during the data collection, a linear

model was fit to the radius of the Siemens star (r) with respect toD for a given(R,C, Z, I):

r = p1D + p0 (6)

wherep1 and p0 are the slope and the intercept of the linear model, respectively. If the zoom

and focus lenses were well adjusted whileD changed, the radius of the Siemens star would be

consistent, hence, the slope of the linear modelp1 would be ideally0. If we allow the radius

variations within±0.5 pixels from the expected radius of40 pixels, a set of parameters(p0, p1)

satisfying this acceptable error bound would reside withinthe gray region in Fig.11. We observed

that most of data points were within the acceptable error bound.

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

came from the Siemens stars(L1, L4, L7) in the images collected under the condition(R1, C2, Z1, I2).
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factor. The factors for which the null hypothesis (H0 : µ1 = µ2 = . . . = µl) is rejected at a
significance level of0.01 are highlighted with a red color and double asterisks.

These Siemens stars are located on the left column of the3 × 3 array of the Siemens stars. All

these cases show a positive slope, which means the radius of the Siemens stars tends to increase

as the distance increases. Nevertheless, this constraint violation on the three data points was not

considered as a serious error because the violation was not severe, 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 variables(R,C, Z, I,D, L) determines

the factors that have a significant impact on the camera’s lateral resolution. Then, the mean trend

of the lateral resolution under conditions defined by the significant 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 possible combinations of the levels from vari-

ables. Main effects and interaction effects are calculatedfrom the data collected under the factorial
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Table 2: Ranked main effects and two-factor interactions according to the absolute magnitude of
the effect forZ1.

Factor Effect Factor Effect

L 0.0453 (C,D) 0.0051

D 0.0245 (R,L) 0.0043

(D,L) −0.0172 (R,I) −0.0037

R 0.0107 I 0.0023

(I,D) 0.0099 (R,D) −0.0020

(R,C) 0.0079 (C,L) −0.0012

(I,L) −0.0075 (C,I) −0.0006

C 0.0057

design.20 The main effect of a variable is the average impact of the variable on the responses over

all possible conditions of the other variables. For a variable with two levels, its main effect is the

difference in average value of the responses between the data points belonging to level 1 and the

data points belonging to level 2. For a variable with more than two levels, we chose two levels that

gave the maximum and the minimum of the average responses andtreated as a variable with two

levels. For each variable, one-way ANOVA (Analysis of Variance) was conducted to test the null

hypothesisH0 that the means of all the levels are the same (i.e.,H0 : µ1 = µ2 = . . . = µl, where

l is the number of levels for the variable). The response in theanalysis was the lateral resolution

corresponding toMTF10.

Figure 12 shows the main effects of the six variables along with thep-value from anF -

test for each variable. Two variables,Z andL, have a significant impact on the lateral resolu-

tion, whereasD, C, R, andI barely affect the lateral resolution at a significance levelof 0.01.

For the variableL which has more than two levels, Tukey’s test was conducted tocompare the

pairs of means from different levels. Two clusters of the levels inL were found: central region

({L2, L4, L5, L6, L8, L9}) and peripheral region ({L1, L3, L7}).
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Table 3: Ranked main effects and two-factor interactions according to the absolute magnitude of
the effect forZ2.

Factor Effect Factor Effect

L 0.0583 R 0.0068

D 0.0573 I 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

(I,D) −0.0082 (R,I) −0.0018

(I,L) −0.0076 (C,I) −0.0011

(C,L) −0.0071

We also looked at the two-factor interactions of the variables. When any two variables do not

behave additively, a two-factor interaction exists between them, and they should be considered

jointly in the analysis.20 Since the effect of the variableZ overwhelms the responses, two-factor

interactions of the five other variables are calculated under each level ofZ. Tables2 and3 show

the the main effects and two-factor interaction effects that are ordered according to their magnitude

underZ1 andZ2 separately. A couple of noteworthy observations are as follows:

• L has the most significant impact on the lateral resolution, which is followed byD and the

interaction betweenD andL.

• The impact ofD is comparable toL whenZ2, whereas it is about a half of the impact ofL

whenZ1.

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

Since the impact ofD on lateral resolution is as big as that ofL whenZ2, we considerD as one of

the significant factors along withZ andL in the following analysis.
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4.3.2 Mean Trend of Lateral Resolution

With the analysis results from Section4.3.1, the three most influential variables—Z, L, andD—

are considered for evaluating the mean trend of the lateral resolution of the light field cameras. For

each condition ofZ, the following second-order polynomial model was fit to the data:

fL(D,Lx, Ly;Z) = a0+a1D+a2Lx+a3Ly+a4D
2+a5L

2

x+a6L
2

y+a7DLx+a8DLy+a9LxLy (7)

where(Lx, Ly) is the location ofL relative toL5 (the Siemens star at the center of the resolution

target plate).STDres are0.0349 lp/mm for Z1 and0.0408 lp/mm for Z2; STDpooled is 0.0379

lp/mm. Figure13shows the mean lateral resolution with respect toD, and Fig.14shows the mean

lateral resolution with respect toL.

The minimum resolvable distance,dL, refers to the minimum distance between scene objects

that can be distinguished in an image from a camera system. The minimum resolvable distance

can be derived from the lateral resolution of the camera systemfL as follows:

dL =
1

2fL
. (8)

Table4 shows the minimum resolvable distance of the light field cameras that were studied in this

paper. As the lateral resolution is a function ofD andL under the conditions ofZ, the range of the

minimum and maximum values is reported.

Based on the experimental results for the lateral resolution evaluation of the light field cameras,

we can draw the following inferences about the lateral resolution measurements and the variables.
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Fig 13: Mean lateral resolution with respect to distanceD under the conditions ofZ atMTF10
along with the interaction effect of(D,L).
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Fig 14: Mean lateral resolution with respect to locationL under the conditions ofZ atMTF10.
Three heatmaps in each condition are shown: lateral resolutions (a) atDmax whenZ1, where
Dmax is the distance that gives the highest mean lateral resolution, (b) atDmin whenZ1, where
Dmin is the distance that gives the lowest mean lateral resolution, (c) atDdif whenZ1, where
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Note that the color schemes in the plots are independent of each other in order to compare the
relative lateral resolution according toL in an image.
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Table 4: Minimum resolvable distance (dL) of the light field cameras [mm] atMTF10.

Minimum dL MaximumdL

Condition Value Condition Value

(Z1, D5, L8) 0.4709 (Z1, D1, L1) 0.4985

(Z2, D6, L8) 0.3220 (Z2, D15, L1) 0.3465

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

Distance The lateral resolution depends on the distance between the camera and the resolu-

tion target plate. Particularly whenZ2, the lateral resolution tends to degrade considerably as the

distance increases.

Camera Two light field cameras used in the study did not show a significant difference in lateral

resolution. This implies that a consistent lateral resolution is expected from different units of the

light field camera model tested in this study.

Zoom A higher lateral resolution is obtained at a higher level of zoom (Z2) than at a lower level

of zoom (Z1). When a higher zoom level is used, the lateral resolution isalso affected by the

distance as the interaction betweenD andZ becomes significant.

Location The lateral resolution depends on the location of a scene object in the camera’s field-

of-view. The central region provides a higher resolution than the peripheral region.

Illumination Changes in illumination condition did not affect the lateral resolution of the cam-

eras with automatic camera settings for white balance and exposure mode and normalization of the

images.

5 Conclusions and Future Work

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

convenient to use, portable, and affordable for most forensic laboratories. The key component
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to be suitable for forensic applications is that the camerashave high accuracy in 3-D estimation

and sufficient lateral and depth resolutions. In this study,we examined the lateral resolution of

commercially available light field cameras. A full factorial experiment was conducted with the

variables including distance between camera and object, cameras from the same model, zoom,

location in the camera’s field-of-view, and illumination. We observed that the average lateral reso-

lution ranged from1.0031 lp/mm to1.0618 lp/mm (the minimum resolvable distance from0.4709

mm to0.4985 mm) when a lower zoom level was used. When a higher zoom level was used, the

average lateral resolution ranged from1.4429 lp/mm to 1.5529 lp/mm (the minimum resolvable

distance from0.3220 mm to0.3465 mm).

The method for lateral resolution evaluation presented in this paper can be further enhanced for

more accurate measurement as follows:

• The resolution target plate needs to include reference grayscale patches for image normal-

ization.

• A test for the cameras to prevent saturation needs to be done before data collection.

• Ideally, the imaging sensor of the camera and the resolutiontarget plate must be parallel

to each other. A method to either ensure this property or measure the accurate pan and tilt

angles of the resolution target plate relative to the cameraaxis and compensate data for the

unwanted pan and tilt angles afterwards is needed during thedata collection.

We will continue the study along the following directions:

• Different decoding algorithms can be used to convert raw light field images to 4-D light

field data. This way, the impact of decoding algorithms on thecamera resolutions can be

evaluated.

25



• The angular variation of the lateral resolution can be analyzed in 2-D MTF.

• The lateral resolution of a light field camera is expected to be greatly improved by using

a super-resolution29,30 or refocusing algorithm,6 or focused light field camera.15 This will

provide the upper-limit of the resolutions expected from light field cameras.

• We will evaluate the depth resolution of the same light field cameras.

The analysis results of the lateral resolution evaluation of the light field cameras are avail-

able online with an interactive user interface at:https://isg.nist.gov/deepzoomweb/

resources/lytroEvaluations/index.html.
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