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Preface

Computational Photography is a new research field emerging from the eark; 2006h is

at the intersection ofomputer vision/graphics, digital camesagnal processing, applied
optics,sensors and illumination techniqu&eople began focusing on this fieldpmvide a

new direction forchallengingproblems in traditioal compter vision and graphics. While
researchers in such domains tried to solve problems in mainly computational methods,
computational photography researchers attended to imaging methods as well as
computational onedAs a result, they could find good solutgoim challengingproblems by
variouscomputations followed witloptically or electronicallynanipulatinga digital camera,

capturing images with special lighting environment and so on.

In this field researchers have been attempted to digitally capture the essence of visual
information by exploiting the synergistic combination of taglecific optics, illumination,

and sensors chall engi ng t r @anputabralnphotographygi t al
hasbroad applications in aesthetiad technicaphotography3D imaging, medical imaging,

humancomputer interactionjirtual/augmented reality and so on.

This book is intended for readers who are interested in algorithmic and técspeats of
computational photography reseagsH sincerely hope this book beconess excellenguide

to lead readers to a new and amazing photography paradigm.

This book was supported from University of Science and Technology's book writing support

program for being written.
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Chapter 1

Introduction

Since the first camer®aguerreotypdéFigure 1.1(a))was invented in 1839, there have been
a lot of developmentis terms of shape, components, functions and capturing metttpae
1.1 shows a good comparisoeflecting such huge developmeristween the first and a
moderncameraHowever, | would like to sedé most significant changéave beencreated

in recent yearsghroughtransition froma film camera toa digital camera. The transition,
maybe more accuratetyrevolutiond o e simglytmean the change of an imaguisition
way. It hasrapidly changedanimaging paradigm with newhallengingssues as well as a lot
of convenientfunctions In spite of sulk hugechangesité ironical there isno significant

change irtheshapatself as shown in figure 1.2

(a) Daguerreotype, 1839 (b) Modern Camera, 2011

<Figure 1.1 Comparison of the first and a modern camera



(a) Nikon F80 Film Camera (b) Nikon D50 Digital Camera
<Figure 1.2 Comparison of a film and a digital carmera

With the emergenceof digital cameras, people easily and instantly acquire photos without
time-consuming film development processhich was a necessaryprocessin film
photography. However, suctonveniencebrought negative matteras well. First of all,
photayraphic quality was critical issue in earlgommercializeddigital cameras due to
insufficient image resolution and poor light sensitivity in image senddiggtal camera
researchers have kejptproving photagyraphicquality to becompaableto film cameraand
finally a film camera have beconme historical device Howeverité still hard to saythat
modern digital camed® quality is better than film camésan the aspecof image resolution

and dynamic rangeResearchers amonstantlyworking to improve digital cameré& quality

and implement more convenient functions, which areshared goals in computational

photography research.

Computational photography researchers have involved in ohaléengingissues to break
traditional photograpt® limitation For example, digital refocusing technigoentrolsDOF
(Depth of Field) by software processing after shootiRgpbably, everyom experienced
disappointmentvith ill-focused photos and found there ispracticalway to recover well
focused photody traditional methodsuch as debluing functions in Photoshop Digital
refocusing technique provides a good solution for such casleswise, computational

photography researches have been broadening the borders of photography making imaginary



functions possible In such stream, tonvincemodern cameras will be evolved to raor

innovative forms

Chapter2

Modern Optics

2.1BasicComponents in Camesa

Let® imagine you arenaking acheapestameraWhat components aiadispensabléor the

job? First of all, youmight need a device to record light such as film or CCD/CMQOS, which
are analog and digital sensorespectivelyWhais next? Doyou need a lens for a cheapest
camera? What will happenybu capture a photo withowtlensas Figure 2.2 You will get a
photo anyway since your film or image sensor redait somehow. However, the photo
doesi@ actually provide any visual information regarding the subjécyou are using a
digital sensor, its pixels will recd meaningless light intensity and you canrezognize the

S u b s #ape 6 the captured photo. Widahe reason for th&As shownin Figure 2.1(a),
every point on the subjdstsurface reflects rays to all directions dimely all are merged with
rays coming from different subject points onto the film or image sefi$mrefore, is
impossible to capture clear visible information of the subject only with a filanamage
sensor. Then, how can your cheapest camera capture the subject ¥hape&y need ra
optical componento isolate raysomingfrom different subject points onfém or an image
sensor.Commercial cameras usually use lenses for this job but cheaper component is a
pinhole, which isa mere tiny hole passing incoming rays through it and blocking other rays
reaching outer region of the hoMour camera can successjutapture the subjedt shape

with a pinhole as shown in Figure 2.1 (b).
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Film/Image Sensor

From Photography, London et al.

<Figure 2.1(a) Imaging without any optical components (b) Imaging with a pirhole

2.2 Imaging with a Pinhole

Now you may have a question why commercial cameras use a lens instead of a pinhole
although a pinhole is much cheapilain reason is that pinhole imaging loses significant
amount of incoming raygenerallycausing avery dark photocomparedwith lens imaging

under thesame exposure timén Figure 2.1 (b)a single ray among a lot of rays reflected
from a subject point passes through an ideahgm while many rays pass through a lens.
The amount of incoming rays onto a film/image sensdirectly proportional to the captured

photd® brightness.

An ideal pinhole cannot ehysicallymanufactured in real world arsttualpinholes pass
through small portion of rays per each subject pofagure 2.3 shows how the captured
photo varies withpinhole diameterLet® start withimaginingan extremely large pinhale
Your photo doeshgive the subje& shapevith it sinceusingsuch pinhole is just same with

imaging by only a film/image sensam Figure 2.1 (a)Now you use a pinhole in 2mm



diameter then your photo would look likbe topleft photo in Figure 2.3The photo is still

too bluredto recognize the subject shape due to the interference between rays coming from
different subject pointsAs pinhole diameter is reducethe interference is reduced and
capturedphota® sharpness enhanced up to a certain level. In Figure 2.3, the midigie

photo taken with a 0.35mm diameter pinhole shows the best sharfingss.use a much
smaller pinhole than this, will you get auoh sharper photo? The answer is no as shown in
the two bottom photos. Thetgken with smaller diameter pinhojeshow blurred again, and

the reason for that is diffraction phenomenon.

LUZ
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0.6mm 0.35 mm

0.15 mm 0.07 mm

(from Ramesh Raskarlecture note

<Figure 2.3 Captured photasth a pinhole according to its diameter

Figure 2.4 shows water wawediffraction phenomenonand light shows similar
characteristicsvhen passing through a very tiny ar@éhen light experiences diffractioft,
diverges at the exit of the area in invepseportion to the area siz&€hus, the bottornight

casewith a 0.07mm diameter pinholaakes light more diverged than the bottaft case



with 0.15mm diameter pinhole, resulting in more blurred phddeally, your pinhole

photograph has the best sharpness at the slightly bigger size than causing diffraction.

|

<Figure 2.4Diffraction of water waves
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(from Fredo Durand's lecture npte

2.3 Lens

Although we can get a sharp photo with a pinhole came@,nitt applicable for a
commercial product since a pinhole blocks most incoming bgkatinga very dark photo.
Alternatively lens has been adopted in commercial cameras to overcome such@inhole
limitation as well as isolate rays coming from differeobject pointsFigure 2.5 compares
two photographs taken by a pinhole and a lens, respectively.may noticethat the two
photo® brightness is similar buhe pinhole photo at topas taken in 6 seconds exposure
time while the bottom photo using a lemastakenin 0.01 secondThe bottomright image
showsthat much more rays coming from a single subject point catrdmsmittedto a
film/image sensor compared wifiinhole imaging at the tepght image.The definition of
focusing in lens optics is the ability to converge rays coming from a ssagjkect spot into

an imagingspot. If you capture a photo with #ocused lens, the ray convergence fails and
the interference between raysiginated from diferent subjecpoints happensproducing a

blurred photo.



Let® inspect how lens transmits raySgure 2.6illustrates the way in which rays are
refracted by an ideal thin len&bray enters to lens iparalleldirection with the optical axis
marked as a dotted line and is refracted toward the focal point of thedénay passing
through thecenterof lens keep moving in same direction without being refracted. All rays
coming out from the obje@ point, P, ee gathered in the crossing point of the two rays, P
As an example, the third ragc§ coming out at an arbitrary angle arrives at the poipt, P
called asimaging poind. Now you canreasilyfind out the location of the imaging point for
any kind oflens given the focal point of lens by simply drawing two rays, one in parallel

direction with the optical axis and the other entering to the lens center.

Photograph made with small pinhole

To make this picture, the lens of a camera was
replaced with a thin metal disk pierced by a tiny
pinhole, equivalent in size to an aperture of | 182
Only a few rays of light from each point on the

Photograph made with lens

This time, using a simple convex lens with an

/16 aperture, the scene appeared sharper than the

one taken with the smaller pinhole, and the

’ " 1/1 that th y n on th 1
asure time was much shorter, only 171N sec that they re snar the Jiim

From Photography, London et al.

<Figure 2.5Comparison of photographs taken with pinhole andens
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<Figure 2.6A diagram for image formation with a lens

Equation 2.Jexplains ageometricatelationbetween focal point (f), object poidistanceo)

and imaging point distang@ from lens.

1.1
+ =

| O

1
f |
< Equation 2.1 >

There isanother physical raw describing refraction in lens optics, which is &nall in
Equation 2.2When a ray penetrates a certain object suchlassan Figure 2.7 refraction
occurs at the entry point of the object. Refraction ghgsicalphenomenon to explain the
change of a ra$ propagating direction at entering from a medium diffarent medium. In
Figure 2.7 a rayenters to a lens a4 incident angle and is refractedgtangle.The amount
of refraction is related with medsardractive indicesn Equation 2.2, nand n for the first
and second mediumnrefractive index, respectively the case that a rgpenetrates a lens in

air, like Figure 2.7, pand nindicaterefractive indices of air and the lens.
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<Figure 2.7A diagram describing Snéilraw>
N;SiNg; = MeSinge < Equation 2.2 >

| assume you may Hamiliar with camer& zoom functionHave you been curious about
how it worksWhen you are adjusting zoom level in your camera, actually you are changing
the focal length of lens in your camehaphotography, zoom is often called as FOV (Field of
View) which means the area of view capturecaicameraWide FOV indicates that you
photo contains large a@avisual information and vice vergéigure 2.8shows the relation
between focal length and FOWith a lens having short focal length in the figure, your
camera gets an image in the boundary of the dotted lines. While it gétsage in the
boundary of thesolid lines witha lens having long focal lengtfherefore, we can say there
is inverse proportional relation between focal length and FOV. Your camera lens should be set
as long focal length to achieve a shallow FOV phisi@therwords a zoomn photo.Figure
2.9 depicts the numerical relation between focal length and FOV in mm and degree,
respectively with example photos. The wide FOV photo contains lariscapescene while

the small FOV photo does small area scene but in more detail.



long short o*
focal focal *
length  length

<Figure 2.8Focal length vsFOV>

5, , 500 mm
| 24mm Wide FOV
50mm
135mm Small FOV

(from Fredo Durand's lecture npte

<Figure 2.9Focal length vs. FOV in measurements
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2.4 Exposure

One of the most important factors in ph@tguality might be brightnesslsually, photas
brightness is controlled biwo setting parametergxposure timeand aperture size, in a
camera and an additional parameter, 1SO, for a digital carBgpmsure timemeansthe
amount of time duration for which a film/sensor is exposém can imagine that longer
exposure time would make your photo brighter than shesposure time and vice versa.
Also, ités straightforward to expect tiedfectin linear relationFor exanple, two times longer
exposure time would make a photo two times brigHtksually, exposure time is set in
fraction of a second such as 1/30, 1/60, 1/125, 1/250 anHoetg.exposure time igood to
achievea bright photo but may cause a side effect, motion Motion blur is blur effect
created in a photo due to the movement of a subjectcamerawhile exposing. The left
photo in Figure 2.10 shows motion blur effégt the subje@ movementFreezingmotion
effectas shown in Figure 2.1danbe achieved witlappropriateexposure time according to

subjectéspeed.

From Photography, London et al.

<Figure 2.1QMotion blurred photo (left) and sharp photo (right)
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Car Fast train

Walking people

1/1000

(from Fredo Durand's lecture npte

<Figure2.11Freezing motioreffectin photos with appropriate exposure times

2.5Aperture

Aperture indicates the diameter of lens openkigure 2.12 leftwhich controls the amount

of light passing through lenkens aperture is usually expressed as a fraction of a focal length
in Fnumber with Equation 2.3 formul® D and N indicate focal length, aperture diameter
and Fnumber, respectivelyln the formula, Fnumber is inversely proportional to aperture
diameter. For example given f/2 and f/4 im&mber with 50mm focal length, the aperture
diameter is 25mm and 12.5mm, respectivEmumber is typically set by following values
using a mechasm called diaphragm in Figure 2.12 right

f12.0, 1/2.8, 1/4, 1/5.6, 1/8, f/11, f/16, /22, and /32

Figure 2.13 shows different aperture sizes shaped by diaphragm.

<Figure 2.12 ens apertur@eft) and diaphragm (righ#)
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< Equation 2.3 >

NS

Full aperture Medium aperture Stopped down

<Figure2.13 different aperture sizes controlled by diaphragm

Aperturesize is a critical factor to contrghotd® brightness as exposure time. However, it
also has an important functiom photographywhich isthe control of DOF (Deptiof-Field).

DOF is defined as a specific region where all objects are well focused. Figure 2.14 shows two
photographs for a same scene taken with diffeOF settings. The left photo has a
narrower DOF where only foreground manwell focusedhan the right photo where the
both foreground man and background building are well focu&ech change of DOF can be
obtained by using different aperture siZée larger apertures used, the narrower DOF is
obtained.Accordingly, the let photo in Figure 2.14 was taken with the larger aperture than
the right photoln the left image of Figure 2.1resentinghe definition of DOF@@dlocation
gives the sharpest focus whdaanddjblocations do slight defocus creating not a point but
a circular image for a point object in the bottom ima§ech circular image is called as
ircle of Confusion(COCYand the farthest distance from the sharpest focusing location,
whereCOC is maximally acceptable as being focused, is defined as MOtRe right photo

of Figure 2.15, the top and bottom pencils mark DOF.

13



(from Photography, London et jal.

<Figure 2.14 Photos with large aperture (left) and small aperture ight)

Depth of field

oint 1n focus

@ I

sensor lens

8 P 410 11 R
82 L& %
|

bo

acceptable
circle of
confusion

oint 1n focus

sensor lens

(from FredoDurand's lecture note

<Figure 2.1Definition of DOF (left) and a photo showing DOF (right)

Now you learned aperture size is related with DOF. But &thhtmathematicarelation?

The amount of change in one parameter is inversely proportional to the amount of change in
the otheras shown in Figure 2.16. In the figuiethe aperture is decreased by two times, the
scene area contributing to COC is decreased by the saméntand thus DOF is doubled.
Figure 2.17 and Figure 2.18 show the relation of focusing distance vs. DOF and focal length

vs. DOF, respectivelylhe focusing distancds in proportional relationwith DOF while focal

14



length is vie versaas shown in the figures.

Diaphragm

Point 1n focus

N

sensor len Object with texture

<Figure 2.16Aperture size vs. DOF

, 30 ft (9 m) £ 30t (9 m)
? 25 ft (7.5 m) 25 ft (7.5 m)
8 20 ft (6 m) 20 ft (6 m)
N 15 ft (4.5 m) 15 ft (4.5 m)
E 10 ft (3 m) 10 ft (3 m)
5 ft (1.5 m) 5 ft (1.5 m)

0t (0 m) 0t (0 m)

S

5 ft (

1.5m) | 10 ft (3 m) \ 15 ft (4.5 m)

<Figure 2.17Focusing distance vs. DQFeft) and Focal length vs. DOF (right)

In summaryDOF isproportional tadfocusing distance and inversely proportional to aperture

size and focalength in Equation 2.3.

, Focusing Distance
Apertune *Hagal| Lengjth

DOF

< Equation 2.3 >

Until now, you learnedmportant camera parameters, terms and their physical meanings and

relations with others. Basically you have a lot of setting options for those parameters when

15



shooting your camera and you need to set the best valugsuforarget scenéigure 2.18
shows photosaken with different aperture and exposure time values. As you see in the left
photo,large Fnumber (small aperture size) is good for wide DOF andires|long exposure
time to achieve enough brightness in a pluo&ating motiorblur artifact. The right photo

with small Fhnumber (vide aperturesize)and short exposure timegsod for reduced
motion-blur artifact but backgrounid out of focused du®teduced DOFThe middle photo

shows trad®ff between motiotblur artifact and DOF.

(from Photography, London et al.

<Figure 2.18hotoscapturedvith different settings of aperture and exposure time
(Left to right setting values are (f/16, 1/8)4, 1/125), and (f/2, 1/500) for-Rumber and

exposure time, respectively.)
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2.61S0

ISO can be regarded as afectronicgain for a digital camera sensor such as CCD and
CMOS. As the most electronics gains do, it amplifies the both image signal and noise level.
ISO value linearly works for pho@® brightness and noise level. In Figure 2li®larger 1ISO

valueis applied, the brighter and nesphoto is captured.

Nikon D2X Nkon D2X Nikon D2X Nikon D2X Nikon D2X
1S0 100 1S0 200 150 800 150 1600 IS0 3200

<Figure2.19 Photos according to ISO values

2.7 Complex Lens

If you are using DSLRigital Single-lensReflex) camera, you may know there are a lot of
lenschoicesfor your camera. Figure 2.20 presents a few examples of lens for a DSLR camera.
Why are theresuchvarious types of lensPhe first lengés model name i€EF 75300mm
f/4.0-5.60where 75300mmand f/4.05.6 meanthe range of variabliocal length anéperture

size, respectively. The both arain itemsut there are mona lens specificationsrou need

to choosea proper one depending on your shooting scEne left image irFigure 2.21

shows the outer and inner shape of an expensive lens, about $2,000. You see there are
multiple lenseoloredin bluein the figure You may be curious why such arpensive lens

consists of many lenses.

17



EF 75300mm f/4.0-5.6 EF 70-300mm f/4.0-5.6 EF 100-400mm f/4.5-5.6

<Figure 2.20 Examples of complex lens

The right one in Figure 2.21 shows a photo of a biconvex lens where the center region is
clearly imaged but the outeregions isdistorted Such phenomenon, callespherical
aberration, is a generaharacteristiof a spherical lens, which is the most popular lens.type
Figure 2.22 demonstratethe reason why spherical aberration happens. Unlike our
expectation, the figureeveals that the rays passing through the lens tactoally focused

onto a point but multiple point3he raysravelling a center region of the lens are converged
ontothe nominal focal point, F butouter raysconverge onto pointiar from the focal point

because of the le@sspherical curvature.

(From Ray's Applied Photographic Oplics

<Figure 2.21The outer and inner shapetf 2470mm /2.8L USMlens(left). Aberrated

imagery from a simple biconvex lefrgght, from Rays Applied Photographic Optics)
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source: Hecht Optics

<Figure 2.22 Sphericaberratior

Spherical aberration can be resohadternatively by using aspherical lens stgownin
Figure 2.23In the top right photo, all the rays passing through an aspherical leesaaitéy
focusedon afocal pointand a captured photo (bottom right) witlslitows that light spots are
well focused compared with those in the bottom left phdh®n, whydond popular lenses
simply adoptasphericallens? The reason is@t difficult to manufacture and expensive.
Alternatively, most popular and commercial lenaes shaped in the array of spherical lenses
to compensate such imagery distorticalledasaberrationin lens opticsThere are several
kinds of aberration other than spherical aberration and Figure 2.24 explains chromatic
aberrationwhich is caused bylifferent refraction angles according to @ywavelength
spectrum Generally A ray, not ainglewavelengthlaser, has ra energy spectrumalong
wavelength ashownin the top left imageThe problem is that refractiois governed by
Snells raw in Equation 2.2 wherefractiveindex depends on wavelengikthough a single
ray enters to a lens in the top right image of Figure 2.®lréfracted into separated rays
along wavelengthssimilarly with prisn® doing In the figure, only three awelength

components, B (Blue), Y (Yellow) and R (Redjedrawn forexample

19



(From Canon red book

<Figure 2.23Formation of spherical lens (top [pénd a photo using it (bottom left).

Formation of aspherical lens (top right) and a photo usifmpttom righty

The separated, Y, and Rrays are focused at different locatiomarying axially or
transversallyaccording to the original ré&y parallel or slanted incidence redpesly with
optical axis.The photos affected by the two types of chramaberration are shown in the
bottom.In the bottom right photo, you see color shift along horizontal directdditionally
lens aberration includes comastigmatism curvature of field shape distortiomnd so on.
Such various lens aberrations is teason whycommerciallenses come with complex lens

array in Figure 2.21.
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source: canon red book

Axial chromatic aberration

Axial chromatic aberration
(longitudinal chromatic aberration)

Transverse chromatic aberration

<Figure 2.24Chromatic aberration
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Chapter3

Light Field Photography

3.1Light Field Definition

Light field is aphysicalspace whereays travel. A single ray can be described as Figure 3.1
with five parameters for a general 3D space movertieft] andwith four parameters foa

specific movement between two plarfgght), which models the case of photo shootifige

four light field parameters in photo shooting case can be expressed as four spatial parameters,
(u, v, t, s), or two spatial and two angular parameteyst ,(t, X). Now, you are ready to
understand the conversion between light field anchptured photd-igure 3.2 top image

shows how 2D light field, the simplified version of real 4D light field, is converted to a photo

in conventional photographwhere2-dimensional raynformation (x, q) is recorded as one
dimensional information, uvyou may note thathe three rays coming from the subject are

equally recorded as u.

L(x.y.z.0,0)

0
(x,y, z) /,—’Y S

¢

two-plane parameterization
[Levoy and Hanrahan 1996]

Parameterizing a ray in 3D space by position
{31zl and direction (&, @)

<Figure 3.1Light field parameterization
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In real photography, 4D light field information is reduced to 2D spatirmationin a
captured photo. Thus, it can be said that photo shooting is a process to lose higher
dimensional information in light field.Unfortunately, sch information loss has put
fundamental limitations in photography history. A representative limitation tnbgtthe
impossibility of refocused photo. You may have a lot of experience that your@hatget
subjects are mifocused and there is no way to recover a-aglused photdut reshooting.

In computer vision, many techniques like sharping operatawe fbeen widely explored but
such techniques coul@nprovide a comparableesult with a reshooted photo since the
restoration of higher dimensional information from already ilofstrmation is inherently an
ill-posed problemif the limitation is originated from the informatidasing process, how
about recording the whole light field without losing the information? The figure 3.2 bottom
image exactly explains the idea, where the tdomensional light field information is fully

recordedas 2D spatial informatiom photosensor by the help of microlens array.

Main lens
Photosensor

Conventional Imaging: 2D Spatial Recoding

Microlens
array

Main lens

Photosensor

Light Field Capturing: 2D Spatial+2D Angular Recoding

<Figure 3.2Light field conversion into a photo
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With the fully recoded light fieldwe can identify each ra§ information coming from
different subjects and conceptually a refocused photo can be generated by using the
distinguished ray information for target and background objet® detail process to
generate a refocused photo is covered in the next ch&#eently, many researchers are
working on applications associated with light field information and some are on its recoding

methodsRepresentativapplications and recoding methods are dealt in following sections.

3.2Generation of a Refocused Photo gsiight Field Recoding

One of light field applicatiors with huge attentions refocused photographyigure 3.3
shows the techniq@ resultswhere each photograph shows different DOFs. Those five
photographs are generated framsingle captured photo with only computation, which means
photograpls focusis adjustableafter shootingaccording toa use® intention.In the first
photoonly the front womaiis well focusedin the second photo the second front man is, and
so on.Thereforealthough your original camera DOF missed the target subject in a captured
photo, you can generatengll-focused photo for the subject by computation with applying

the techniquelNow lets find out how to implement thtechnique

>3

-
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o

B Lt atE
Sep SFOR S FCA
G )G

-

kN
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./// ."’/

(from Stanford Tech Report CTSR 26032)

<Figure 3.3Refocusedesults along various DOFs
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Figure3.4 showsne of the refocusing cameras, Stanford Plenoptic camenéch has been
implemented by Marc Lev@y research grouf:he only thing you need to modify the camera

is inserting a microlens array in front of the image senduwe. top photos show the camera
which was used for their experiments and the exposed image sensor with disassembling the
camera.The bottornleft photo represents the microlens array which is thg &kement to

record light field and the bottomght one is a zooAn photo for the small region of iThe
microlens array consists of 29292 tiny lenses in 125mm squaresided shapeEach
microlens plays aote to diverse the individual incoming rays to different image sensor space,

as shown in the bottom imagéFigure 3.2.

Contax medium format camera Kodak 16megapixel sensor

e 2 2 2 2 R B R

';"".000‘..’“.
sl L L L L R F L

- rTIITIITr
GB ﬁ; rTIIIIIr
rTITTIITT

Adaptive Optics microlens array 12% squaresidedmicrolenses
(292x292microlense}p

(from Stanford Tech Report CTSR 2003)

<Figure 3.4Stanford Light Field (Plenoptic) Camera

1 NG, R, LEVOY, M., BREDIF, M.,DUVAL, M.,HOROWITZ, G., AND HANRAHAN, P. 2004.ight field photography with a haraeld
plenoptic camera. Tech. rep, Stanford University.
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The left photo ofigure3.5showsa raw photacaptured by Stanford Plenoptic camera shown

in Figure 3.4 in 40004000 pixel resolution(a), (b) and (c)are zoomin photos for the
corresponding regions marked in (d), a small version of the raw photo. In (a), (b) and (c), you
see small circular regions which are images formed by microlenses. Basically the raw photo
provides 2D spatial information and eaaficrolens image does additional 2D angular
information. Thus, you can assume that the raw photo contains 4D light field information.
Since the raw phote resolution is 40001000 and it includes 29292 microlens images

with neither pixel gap nor overlapp between thepreach microlens image has314t pixel

resolution by simple division.

Raw light field photo (4000x4000 pixels) ©) (d)

(from Stanford Tech Report CTSR 2003)

<Figure 3.5A raw photo captured by Stanford Plenoptic camera

Figure 3.6 explains how to process the raw light field photo to generate digitally refocused

images like Figure 3.3.et& assume thabdpositionin the figure is our aiming focal plane in
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the refocused photdhen, we need tvace where the ray informan consistingdbdplaneis
locatedin the capture light field photdnterestingly it& dispersed in different microlens
images as shown in the right side of the figin®a result, a refocused photo thbplane
can be generated bgtrievingthe dispersed ray information in green regidtefocused

photos for different focal planese generated by same logic.

<Figure 3.6lmage processing concept for refocusing techrtque

3.30ther Synthetic Effects using Light Field

3.3.1 Syntheti&perture Photography

Figure 37 shows relation between aperture size of main lens and microlens ibhaage.
aperturdensallowsincoming raysat wide anglesncreasing angular dimension in microlens
image.In otherwords the size of microlens imagepsoportional to the main lefsaperture

size as shown in the figurBasically, more angular information is desirable in most cases
however overlapping between microlens images as the bottom figure must be afeided.
designconcept in implementing aglint field camera, you need to choose an optimum aperture
size for main lens, which gives the largest microlens images with no overlapping as f/4

aperture case in Figure73.
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(from Stanford Tech Report CTSR 2602)

<Figure 37 Variation in migolensimages according to main léesperturesize>

How can you utilize the relation between main Graperture size and microlens image to
implement synthetic aperture photograpfygure 3.8 top represeriight field imagingwith
main leng full aperture. Averaging eackmicrolens imagegives a normal photograph
captured with the main lenslow your mission is to generate a synthetic pheiiln smaller
main lens aperturby processing a light field raw photo as shown in the top figtoe.can
simply perform this job by averaging small circular region pixelarked as a green circle in
the bottorright figure,in each microlens imagd&he circular region size is proportional to
your synthetic aperture sizBuch synthetiaperturephotography has a major benefit in DOF

extension.
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<Figure 3.8mage processing concept for synthetic stopjiogin effect

Figure 3.9 demonstrates such effect comparing conventional and synthetic aperture
photographs. In the left photo captured withlens, the womais face in the red rectangle is
out-of-focused since she is out of the IBnBOF. The middle photo shows the same wdman

face is well focused due to extended DOF with /22 lens but noisy for the decreased amount
of photons. The right pito is a processed result for synthetic stoplag/n using light field
photograph In the photo, as you can see, the woidace is welfocused and much less
noisy than the middle photo. In summary, you can achieve the extension of DOF as well as

good IR in synthetic aperture photograph.
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conventional photograph,  conventional photograph, light field, main lens at f /4,
mainlensat f/4 main lens at f /22 after all-focus algorithm
[Agarwala 2004]

(from Stanford Tech Report CTSR 2602)

<Figure 3.9DOF extension by light field photography

3.32 Synthetic ViewPhotography

A conventional phot@ontainsonly single viewinformation and we cannot get different view
information fromit. What if there is a photograph with which we can see different views of
subjects”Such photograph would be much more informative and useful than a conventional
one. Light field cameracan beutilized to provide such a magical photograghllecting
averaged pixalfrom a center region of each microlens imagmeratesa reference view
photograph whichs synthetically samevith a conventional photaFigure 3.10 top)f we
collect averaged pixels from a bottom region of each microlens image (Figure 3.10-bottom
right), synthetic bottom view photograph is generated. Likewise, arbitrary viewtenidoe
acquired from a light field photograpkigure 3.11 shows synthetiop and bottom view

photos where vertical parallax is clearly olveek.
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<Figure 310Image processing concept for syntheiew effect>

<Figure 3.11Synthetic top and bottom viesmagescreated from a light fielphotograph
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3.4Light Field Microscopy

Marc Levoys groupat Stanfordpresented light field microscopy systeim 2006. They
implemented the system by attaching a microlens array and digital camera to a conventional
microscope as shown in Figure 3.%¥au can compare differences between a conventional
and light field microscope in Figure 3.13 where an imaging sensor substitutesrfan eyes

and eyepiece lens is replaced by a microlens afrag. overall scheme is similar with
Stanford Plenoptic cametavered in the previous sectidRays reflected from the specimen

are focused onto the intermediate image plamere the microlens arrayallocates the

incident rays into the sensor pixels.

microlens
array

(from LEVOY, M.,NG, R.,ADAMS, A., FOOTER, M., AND HOROWITZ,M. 2006. Light field microscopy. ACM Trans. Graph. 2, 2

<Figure 3.12Marc Levoy groufs light field microscopy system

2 LEVOY, M.,NG, R.,ADAMS, A., FOOTER, M., AND HOROWITZ,M. 2006. Light field microscopy. ACM Trans. Graph. 22, 2
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Figure3.14 shows a captured photo for a biological specimen by the light fieldsoope.
In the right closaip photg microlens imagescontaining 4dimensional light field
informationin circular shapeare clearly shown anthe information can basedto provide

various visualization effects.

A

sensor
eyepiece L m-mm-meoq [ ———————
intermediate microlens
. . ~CEEEXHEEEEED ;
image plane*, array
objective

specimen

(a) aconventional microscope  (b) a light field microscope

<Figure 3.13 Comparison between a conventional and a lightfielcbscope

TIX

(from LEVOY, M.,NG, R.,ADAMS, A., FOOTER, M., AND HOROWITZ,M. 2006. Light field microscopy. ACM Trans. Graph. 2, 2

<Figure 3.14Light field microscopghoto(left) and its closaip photo(right) >
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Figure 3.15 demonstrates that light field microscopeeates various view images for the
specimen by user interaction from a single captured pA®ts. is very useful function in
microscopy since @ very troublesome task to change a specin@ose and rsetup
microscopic conditions such as lens focusing for observing different views of the specimen.
Plus,light field microscope can generate a photo focused atlatraryfocal plane as shown

in Figure 3.161In the figure,the specimed® specific depth plane is focused and other plans
are outof-focused, which can be achieved by a similar processing wibugng technique

in previous section.

<Figure 3.155pecimes view change by user interaction>

(from left to right, leftside, front and righside view)

S

S

AN

<Figure 3.5 Specimefs focal plane change

(from left to right, leftside, front and righside view)
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Possessing arbitrary 2D view information about an object means that 3D reconstruction for
the objeds shape is possiblgchieved Figure 3.17 shows the 3D reconstruction results
which are rendeckusing the synthetic view images presented in Figure JH&& a very
powerful feature of light field microscopwith providing 3D shape information for a
specimen from a single photo. In summary, users can be benefited in understanding

specimes 3D shape and detailed observance for a specific part of itusirig light field

microscopy

<Figure 3.173D reconstruction result for a specimen using light field microscope>

3.5Maskbased Light Field Camera

Section 3.3 described Stanford Plenoptic camera wiachrds 4D light field information
using amicrolensarray. Needless to say, a microlens array is an effective component to
capture light field but @& not cheap. Stanfol microlens array costs thamslsUS dollars
for a master model andundreds US dollars fa copy. So, some researchers proposed a
maskbased light field cametain cheap cosas shown in Figure 3.1& the cameraa mask

with attenuating pattens adopted instead af microlens aay in Stanford Plenoptic camera.

3 Veeraraghavan, A., Raskar, R., Agrawal, A., MokfanTumblin, J.: Mask enhanced camefasheterodyned light fields and coded
aperture refocusing. ACM SIGGRAPH 2007
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The mask plays an exactly same ratansmitting 2D angular informatiowjth a microlens
array atsame place near an image sendoiSection 2.2, we learned that pinhi®leole in
image formation is same to l@esBasically a pinhole mask in Figure 3.19 left can be
adopted for a microlens arragtowever, pinholé& limitation, attenuating incoming photons,
still holds. Alternatively, cosine (Figure 3.18 botteleft) or tiled-MURA mask (Figure 3.19

right) can be useatimplement a maskased light field camera.

Cosine Mask

<Figure 3.B Maskbased light field camera

<Figure 3.19 Pinhole artded-MURA mask>
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The two masks consist oépetitive patterns andeach pattern region can be regarded as a
single microlens. Howevethey have a distinctfeature in procest® transmit incoming rays
comparing with a microlens arrayhile a microlensarray spatially allocates 4D light field
into image sensor, a cosinetded-MURA mask do in frequencgiomain.A captured photo
with a cosine maskn Figure 3.20 looks similar with Stanford Plengptiamera photo in
Figure 3.5 howevedD light field information cannot be exicted by pixelise operation
but frequency domain operatidfigure 3.21 shows how light field information is tsamtted

by such masks. In the figure, light field consists afidensional parameters, x agdor
spatial and angular information, respectively. Figure (a) explains that lightrfiélelquency
domainis vertically modulated alongy axis when the maslks located at aperture plane.
Whereas, when the mask is between aperture and sensor plane in Figlght(bgld is
modulated along a slanted line at angl&fom the horizontal axisa is given by the ratio of
ag distance between mask and sensonglandd/§ distance between aperture and sensor

plane.

Encoding due to
Mask

<Figure 3.20 A captured photo with a cosine mask>
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Such modulationis a key process to transmit light field intmage sensor in frequency
domain as shown in Figure 3.22. Figure (a) represents a normal imaging process without a
mask. Original light field in frequency domain,xfand §, is captured recording only, f
information marked as the retbt rectangleFigure (b) represents the case the light field is
modulated by a maskn the same manner, image sensor only recogxdsférmation
surrounded byhe red-dot rectangle buactually it includesreplicas offyinformation The

five small boxes in the redot rectangle match with original light fiedsl boxes, which means

that light field can be recorded ipndomainwithout loss.

x-plane o-plane
t, t i
a=90°
(a) « f—>* < —> —« —>
X X X
l lMask at aperture
v
Tfﬁ fo
(b) <« > Y € af > €
X X
l Mask between aperture

and conjugate plane

Incoming Light-Field Mask Modulation Function Modulated Light-Field

(a) when a mask at aperture position (b) when a mask between aperture and sensor

<Figure 3.21 Light fill modulation by a cosin@mask.>
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Figure 3.23 conceptually shows a process to recover the original light field from the recorded
sensor signals. In the figure, the dispersed light field information regagdang f; is

rearrangedy demodulation process.

fy Desired fol Modulated
Band-limited : Light Field
¢ fenl Light Field faﬂ_ﬂ a0 .
R {
a :_ ______ o ‘_: ...... o s s |
I 1 fx B /- | fx
fxD i
Sensof Slice

Mask Modulation Function

Mask Modulation
Function

(a) Lost light fieldrecording without a mask (b) Full light field recording by mask
modulation

<Figure 3.22mage sens@ capturingor light field>

Demodulation from Sensor Slice

Recovered
Light Field

<Figure 3.23.ight field recovering through demodulation process>
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Figure3.24 shows a traditional capturing case for two plane objects. 2D Light field from the
objects and its FFT image are shown in thpand {-f; space, respectivelfhais our target
information for capturing but unfortunately our sensor captura/ x-dimensional
informationin the bottoraright image In maskbased light field capturing, a sensor image
and its FFT image for the same objects are shown in thadiopof Figure 3.25. Note the
ripple signal in the sensor image which represents the medukignal by a mask. The
modulated light field=FT clearlyshows light field replicas along a slanted larel the sensor

FFT represents its 1D signal along the sensor slice paralledxsx

f

aditional Capture

T

.
g Sensor Sensor
gl — x Image FFT f,

<Figure 3.24In traditional capturing, an example of a sensor image ariisertransform

image>

Modulated light field FFT

Mask-based Capture

Mask Modulation
Function

e

Modulated Sensor Image Sensor FFT

Intensity

Recovering Light Field
Rearranging FFT

e
‘ l —
X
Recovered Light Field Recovered FFT of Light Field

<Figure 3.25In maskbased light field capturing, an example to recover light field from a

modulated sensor image>
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Since the sensor FFT image includes slices of the original light field, rearranging them in
FFT domain gives the FFT signal of the light field and in turn light field in spatial domain by
inverse Fourier transfornfigure3.26 compares araditionalphotoand its FFT image with a
maskbased light field camera pho#md its FFT imagelhe FFT image ofight field camera
photo contains slices of the original ligigld in the bottorrright image The light fieldFFT

signal can be reconstructed by rearranging them in 4D frequency damndirthe original

light field in spatial domain is acquired big 4D inverse Fourier transform.

2D )
FFT *

q
Traditional Camera Photo Magnitude of 2D FFT
2D
FFT
q
Mask-based LF Camera Photo Magnitude of 2D FFT

<Figure 3.26 A traditional photo and its FFT imdtmp) vs. Maskbased light fieldcamera

photo and its FFT imaggottom)>
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Figure3.27 compares a conventional photo with refocused images acquired by dasesk

light field cameraThe original photo (apas DOF for middle parts, which is similar with
refocused image faniddle parts in the figure (b). @htrastively the refocused images in (c)

and (d) show better focused images than the original photo for far and close parts,

respectively.

(a) Raw sensor photo (b) Refocused image for middle parts

(c) Refocused imge for far parts (d) Refocused image for close parts

<Figure 3.27Raw photo vs. refocused images acquired by a +haskd light field camera>
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Chapted

lllumination Techniques in Computational

Photography

Ambient light is a critical factor in photography since photographic subjects can be
considered as reflectors sensitively reacting t@rbfessional photographers sometimes use
specialized lighting system to capture good photographs and general usertsiodt pictures

with bursting a flash in dark environmelttés true that photographic lighting system was
commonly considered as accessorialool for better photasBut recently many researchers
are focusing on its usages to achieve additional information or newer visualization effects in
computationalphotography field.Synthetic Lighting photographyin 1992 Figure 4.1
presented byaul Haeberliwas aninitiative work in such stream. In the work, synthetic
lighting photo with beautiful colors as shown in the boom is generated from white
illumination. The first row photos are captured with white illuiion at different directions

and then different color channisl extracted from each photo in the second row. The final
synthetic lightingesultis generated by mixing the color channéihough the processing is
very simple, the result giveskeautifuland interesting photo which cannot beadhed by a

conventional light. In following sections, more interesting techniques are described.
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Photo at first directional lighting Photo at second directional lighting  Photo at third directional lighting

$ ¥ $

Red channel extraction Green channel extraction Blue channel extraction

Synthetic lighting result

<Figure 4.1 Synthetic light photography

4.1 Multi-flash Camera

A conventional camera has only one flash to make the photo scene bright. While,eRatkar
presented a fodftash camera as shown in Figure 4.2, called Midsh camera Now, lets
begin with the background behind of the carferavention.See photos in Figure 4.3.
Whais your first feeling on them? You feel the objects in the phatevery complicated so

ités difficult to recognize any part¥hat maybe the reason why car manualsdragings as

4 RASKAR, R., TAN, K-H., FERIS, R., YU, J., AND TURK, M. 2004. Nonphotorealistianera: depth edge detection and stylized
rendering usingnulti-flash imaging. ACM Trans. Graph. 23, 3, 6888.

44



shown in Figure 4.4 instead of real photos in figure 4.3. Sometimes raw photos makes viewer
complicated and are less effectivectmvey $iape information. However, drawings in Figure

4.4 cost more thaphotos because they should be drawn by artists. What if there is a magical
camera to produce such drawing? Milish camera in Figure 4.2 is intended for the

purpose.

<Figure 4.2Multi-flash camera system

<Figure 4.3Complicatedscene photos
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Figure4.5 compares a raw photo and its Canny edges with fifagth camera imagé&.he
figure demonstrates the unique feature of Mildish camera distinguished from general
edgessuch as Canny edgskownin themiddlefigure, which is the extraction of depth edges
for front objects.n the input photo, a hand is located at the front omamcately textured

object. General edge detection algorithms detect pixels where thesitige rapidly change.

RESERVE TANK RADIATOR CAP
@ //'-/

> b ‘ N o~
=  / 17 )
Z:" / ‘v"/l\ A
> ~
2% R / ) 7 2
o> oS A )
2 3 ‘ /
\__\‘\;J‘;’A // /
¢ BN d /
Input Photo Canny Edges Multi -flash camera image

<Figure 4.5Input photo vs. Canny edges vs. Miléish camera image
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Accordingly, the Canny edge result in the middéflects all the complicated edges in the
backgroundexture. While, Multiflash camera detecpsxels where an objegtlepth position
rapidly changes, which is the definition of depth edgtsy can Multiflash camera detect
depth edges with a regular 2D image sensa® flashes in Multflash camera are the key

part for the function.

. /
SN
'ﬂb_

<Figure 4.7 Depth edges from Muftash camera
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Figure 4.6 shows four photos captured with one of the four flashes in Matth camera.
Since the fouflashesilluminate at left, right, top and bottom directions as shown in Figure
4.2, Figure 4.6 photos are captured with corresponding directional lights. THefttap
Figure 4.6 is captured with left illumination so shadow is created at right direction. Likewise
photos with right, top and bottom illumination contains shadows at opposite directions with
illumination. From the four photos, we have fdlirectiona shadow for the object and depth
edges are located at the intersectional points between the object and its $tradegsing
stepsin Figure 4.8are exactly intendetb detect such pointsihe processing starts with
capturing four directional shadow imegywith Multiflash camera. Next step is generating a
Max image of which pixels have same intensity values with maximum pixels among the four
input images at each pixel position. The Max image represents a sfragamage. The four
input images are divet by Max image, which is called a normalization proddssmalized
images have enhanced shadow signals in low pixel values as shown in the second column of

Figure 4.8 since neshadow region becomes close to 1 by division.
Left Flash Left / Max

2 :‘."' -
e g

i -

W

1.0

T

1

Right Flash  Right / Max

<Figure 4.8 Processing stejpsdepth edge detection
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Next step is detecting depth edge pixels by -lnydine searching as shown in the third
column. Note that searching direction depends on the shadow direction. For example, in a left
flash image, shadows are created in the +sitet of the object and the searching direction is
left-to-right in the top row images of Figure 4.8. In the same logic, a right flash image in the
bottom row isprocessedy rightto-left searchingDepth edges are located in the negative
transition points @line-by-line searching (the third columnkinal depth edge image is
generated by collecting all depth edge pixels frgen four input images in the fourth
column. Figure 4.9 shows depth edge result for complicated mechanical parts with four

inputflash photos and Max image.

<Figure 4.9Depth edge image from four flash photos
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Figure4.10 compares a depth edge image by Mldsh camera with a conventional Canny
edge image. The depth edge image much more effectively conveys the complexdobjects
shape information than the Canny edge image. Additionally a depth edge image can be
combined withpseudocolor to provide better visibility as shown the topright of Figure

4.10. The pseudo color information is sampled from the original fshotdorinformation.
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<Figure 4.10 Depth edge imags. Canny edge image
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Depth edge image bMulti-flash camera works well for various types of complex objects

including flowers and even hairs in Figure 4.11.

<Figure 4.11Depth edge results for complebjects
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4.2 Descattering Techniqusing lllumination

In our environment various kinds of reflections happen at every tirAetually, seeing
objects means the objects are reflecting ligfintcomputer vision and graphics fields, such
reflections are fven categorized into two groupdirect and global reflectionfkesearchers
have been tried to separate those two in their sensed light signals because they have different
characteristics and information. Howevére tseparation of direct amfiobal components of
incident light has beena challengingtopic due to the complex behavior ofreflection
including interreflection, subsurface scattering, volumetric reflection, diffusion, and so on.
These complexharacteristics are one of the main factirglering an analyticadolution for

the separation oflirectglobal reflection For this reason, active coding methddse been
proposedby Nayar et al. They projeced high-frequency patterns ontoraflective scengo
achieve accurate and robust sefanaNarasimhan et &l usel structured light to estimate

the 3D shape obbjects in scattering media, including diluted suspensions. Atchesch et al
estimate the 3D shape of norstationarygas flows. In manypreviousapproaches, scattering
scenes amposed of lowdensity materials (eg. smoke, liquid, and powdeaye been
explored wheresingle scattering mode is dominarilowever,general scene is not modeled

by just single scattering but multiple scattering. A computational photography approach to
tackle the problem in multiple scattering case was introduced by Jaewon Kitnleissd on

angular filtering with a microlens arrafigure 4.12 presents their optical setup and its

° NAYAR, S., KRICHNAN, G., GROSSBERG, M., AND RASKAR, R. 2006. Fast separation of direct and global components of a scene
using high frequency illumination. ACM Trans. Graph. 25, 3,-938.

6 Narasimhan, S.G., Nayar, S.K., Sun, B., Koppal, S.J.: Structured light in scattering media. In: Proc. IEEE ICCV, v2014p.
(2005)

7 Atcheson, B., Inrke, 1., Heidrich, W., Tevs, A., Bradley, D., Magnor, M., Sditlel; Timeresolved 3D capturef mon-stationary gas
flows. In: ACM TOG (2008)

8 KIM, J., LANMAN, D., MUKAIGAWA, Y., AND RASKAR, R. 2010. Descattering transmission via angular filtering. In Proceedings of

the European Conference on Comput er \éncs,ivoh 6311 Spih@Gew &L 0 ) . Lecture Not e
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schematic diagram. In the figure (a), they placed multiple scattering media consisting of
milky water and a target object between a LED light and a camera. Such milky water creates
multiple scattering so the target object inside of the milky water tab&redy recognizable.

The figure (b) shows the process to create multiple scattering in participating media such as
milky water.Rays emitted from a LED in blur color travels through the media where patrticles
scatter the rays at irregular directions in pedor. Scattered rays keep scattered again by
other particles, which creates multiple scattering. This research tresp&watehe original

rays, direct rays in blue, emitted from a LED from the scattered rays in red using a pinhole or
microlens array laced in front of a camerdaigure 4.13 explains how such pinhole or
microlens array can be used to separate direct and scattered rays. In the figure (a), direct rays
are simply mixed in a captured photo without such optical components while there exist tw
regions in pinhole or microlens array imaging as shown in the figureOf. is gure
scatteredregion and the other @nixed directscatteredregion. Such two regiodsreation

is originated from difference in r&yincident angleDirect rays emi#d from a LED have
limited incidence angle at imaging through a pinhole or microlens. In the figure (b), the direct
rayDincidence angle range is bounded by mixed diseettered region. While, scattered
rays have much wider range of incidence angle thieett rays so it includes pure scattered
region as well as mixed direstattered region. The important fact is that scatteredrays

imaging contribution can be estimated from pure scattered region.
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Scattenng screen
media t

Direct rays ——
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(a) Acutal Setup (b) Schematic Diagram

<Figure 4.120ptical setup fodescatterindgpased on angular filterirg
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Once scattered raggalues are obtained, direct r@yslues can be computed by subtracting
the scattered ragsalues from mixed direedcattered values. Figure 4.14 demonstrates such

computation process.
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(a) Without any optical component (b) With lenslet or pinhole

<Figure 4.13magng of multiple scattering scene without (a) and with (b) a microlens or

pinhole array
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<Figure 4.14Computation strategy for separation of direct and scattered walues
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The figure (a) is one dimensional intensity profile in a pinhole or microlens image without
scattering. The profile shows a sharp peak contributed by pure direct rays while profile in the
figure (b)shows a gradual intensity change due to scattere@a@ysibution. Note that still
direct ray$contribution is limited in the sant@irect regiodof the figure (a), which becomes
dmixed direct & scattered regiém the figure (b). In the figure (cinknown scattered values

for dmixed direct & scattered géond are estimated from known scattered valuespure
scattered regidrand then direct values famixed direct & scattered regidare calculated by
subtracting the estimated scattered values from the ori@maéd direct & scattered region
values.By repeating this process for all pinhole or microlens images, scatiehgdind
directonly images aregenerated in Figure 4.1%rom left to right column, milky watés
concentration increases making more scattering. Although the-$toaipe oject in milky
water tank looks unclear with increased concentration, the dinbgtimages provide clear
shape information for the object since scatteredd@ystribution to make the object unclear

is eliminated.

0.03% 0.05% 0.07% 0.09%

o R BE S

(a) Normal Photo

Object in milky
water tank

(b) Direct-only Image

) Scattered-only Image

<Figure 4.1Directonly andscattereebnly images
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Figure4.16 shows SNR (Signal to Noise Ratio) comparisons for the red line in thefttop
Figure 4.15. In normal photos, the signahat distinguishable fohigh concentration case
(Figure 4.16 (a)while it does in direebnly image (b). As shown in the graph (d), the
signafs SNR is rapidly decreased with tlmeenseof milky water concentration whileGt

slowly decreased in direcinly image.
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<Figure 4.16SNR comparisongn a normal photo vdirectonly image
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Thisresearch can be appligalvarious media includinghallow parts of human body such as
fingers.Figure 4.17 shows nearfrared imaging setup tasualizehuman finger veins. Near
infrared is widely used for vein visualization singemoglobinin veins absorbs the light
making veins dark in an infrared image as shown in Figure 4.17 (b). To capture an infrared
image, they attached {Rass filter to a cameraith removing IRcut filter inside of the
camera in Figure 4.17 (a). Infrared light emitted from the IR LED penetrates a finger
allowing a finger vein image to the camera in the figure (b). However, sfepein the

image is still vague. So, direonly image can be applied to provide better visibility for the

finger veins as shown in the figure (c).

—.

(b) Normal Photo (c¢) Direct-only (d) Scattered-only

<Figure 4.1Direct-scattered separation images &ruman finger

using infrared imagingetup>
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Fingervein shape can be utilized for personal iderdiimn orauthenticatioras finger print
because each person has different finger vein shdpeady commercial products using
finger veins for personal identification have been presented as shown in Figure 4.18. Finger
vein is regarded as a sat@pmetrics than finger print so there were attempts to use finger
vein-based identification for banking servideirect-scattered separaticd@chniquecan be

applied to those devices to improve #oeuracyby offering a clearer finger vein image.

<Hitachi> <Sony>
Finger vein recognition for personal ID

/

Personal authentication and security

<Figure 4.18Examples of finger vein authentication deviees
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4.3Highlighted Depthof-Field (DOF) Photography

One of thepopularhighlighting techniques in Photographyusng narrow depth offield

(DOF) of a lengto framefocused objects whilmakingtherest of a scenblur. Photographers

often use expensivand large aperture lenses to achieve this blur efiedheir photos as
shown in Figure 4.19Can you imagine a better way to emphasize target subjects in your
photcs other than this method3ee Figue 4.20 photo. Can you easily recognize target
subjects and feel they are effectively emphasized in the photo? How about Figure 4.21 photo?
In the figure, the target subjects (an adult and a boy) are brighter than others making them
highlighted.If our caneras provide such photos, it can be attractive to photographers since
it a new type of photograph. Howeveds ihot easy to generate such photos milve

image processing techniques becatlse subject8boundary suffers from discontinuity as
shown in the zooan photo of Figure 4.21. In Computational Photography field, this
problemhas beerhandled by Jaewon Kim et &lin Highlighted DOF Photography method

where a projector is used as a computatioashfifor depth estimation.

<Figure 4.19 Narrow DOF effect to focus target subjects (two chilavbit¢ makingthe rest

of a scendlur>

9 Jaewon Kim, Roarke Horstmeyer;Jge Kim, Ramesh Raskar, Highlighted depfttfield photography: Shining light on focus, ACM
Transactions on Graphics (TOG), Volume 30 Issue 3, May 2011, Article No. 24
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(from activities4kids.com.gu

<Figure 4.20 Ineffectiveness of defodoased highlighting photography

<Figure 4.21Brightnessbased highlighting photography
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Figure4.22 shows the basic idea for their method using intensity drop in the light reflected
from outof-focused objectsWhen a spotlight source illuminates a focused object, the
brightness of the g is high and its size is small in a captured photo in the top of Figure 4.22.
While, in the case that a spotlight source illuminates arobidcused object, the brightness

of the spot is low since the light energy is dispersed in large area as shtherbwitom of

Figure 4.22.

Scene

Out-of-focus

.
In-focus .
4 Y

Photo

Spot is small and intensity is high

Point light Camera

Scene

Out-of-focus

Photo

In-focus

Spot is large and intensity is low

Point light Camera

<Figure 4.22Basicconceptdor highlighted DOF photography. Light reflected from a
focused object has high intensity (top) while light reflected from aobfdcused object has

low intensity (botton®
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Therdore, a highlighted DOF photo can be simply generated by scanning a spotlight,
capturing photos at each spotlight position and collecting spot pixels in the captured photos in
Figure 4.23However, such method takes so much time ragiirescapturinghuge number

of photos. Alternatively, dgpattern projection method has been presented in Figure 4.24.
Spotlight scanning and capturing multiple photos can be substituted by-@attin

projection and a singlshot capture as the figure demonstrates.

Out-of-focus

In focus

Highlighted DOF Photo

Point light Camera

<Figure 4.23Generation of highlighted DOF photo by spotlight scarnming

Spotlight Scanning Dot Pattern
Projection
Out-of- focus Out-of- focus
- % g
In focus ‘ In focus ‘ % | -
120 > b ] k

Projector

F=4

Camera

Point light Point light
source Camera source Camera

Photo
O )

Photo
far

<Figure 4.24Generation of highlighted DOF photo by gumdttern projection
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Bright regions in depattern is regarded as a spotlight so in a processing step pixels for the
bright regions are collected to create a highlighted DOF photo as shown in Figuréof.25.
see bright regions in the capture photo (left side) and the middigeiris the processed
highlighted DOF photo where the focused gremayon looks brighter than others in
comparison with the conventional photo (right sidéjowever, this methodhas a

disadvantagen reduced resolution as shown in the characters dfighdighted DOF photo

Captured Photo Highlighted DOF Photo Conventional Photo
with reduced resolution

<Figure 4.25 A highlighted DOF photo vs. a conventional photo

Max. pixel in each
pixel coordinate

Shift |

mp

1 |
Captured 9 photos

C

Dot pattern | lu l ||

Highlighted DOF Photo

<Figure 4.2@ot-pattern shift and mukshot capturing methed
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To overcome the limitation, they proposed the second mettaded multifiot method py
shifting a dotpattern and capturing multiple photos at each shiffrigure 4.26.In a
processing step, a maximum pixel value at same position among the captured photos is

collected to generate a highlighted DOF photo in full resolution in Figure & result

image has same resolution with the conventional photo as well as highlighted effect for the

il

green crayon.

Conventional Photo Highlighted DOF Photo
Multi-Shot Method
(Full Resolution)

<Figure 4.27A highlighted DOF photo vs. a conventional photo in full resolution

The multiple-shot method has an advantage in achieving ardabtlution result but also a
disadvantage in capturing too many shagpjcally 9. To provide a fulresolution HDOF

photo with few shots, they presented the third method cdllentShot Method When a

scene is photographed with projectimgptinverted patterns Figure 4.28, a focused aiad
defocused region is shown differently. As shown in Figure 4.29, projected patterns are clearly
captured in a focused region while they are blurred in a dséac region. Thus, the
subtraction of the captured photos gives hagid lowintensity infocused and defocused
regions, respectively. Based on this subtraction process, we get a variance map which

distinguishes focused and defocused regions by intetiffigyenceas shown in the tepght
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image of Figure 4.2By multiplying the variance map to a MAX image, which consists of
maximum pixels of the two capture photos at same piasition a HDOF photo is generated

in full-resolution (Figure 4.28).

Invert

<Figure 4.28Inverted patterns fofwo-Shot Methoc

Inverted Pattern #1 Inverted Pattern #2 Variance Map

High variance

Inset of out-of-focused region Low variance

<Figure 4.29 Closeps of a captured photo with inverted patterns>
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In the figure, while the focused wontarface maintains same brightness, the defocused doll
is dimmed in HDOF photo. Figure 4.29 shotvsw seamlessly their method generates a
HDOF where even a single hair is well preserved without any deigore 4.30 compares a
conventional and HDOF photo when the focusing is opposite. Accordingly, the background
doll at focusing shows same brightnesthe both photos while the defocused woédace

is dimmed in the HDOF photo.

(a) Conventional Photo (b) HDOF photo

<Figure 4.30A HDOF photo vs. a conventional photo in full resolutvamen the foreground

womard face is focused

___Single hair is preserved in
— highlighted DOF photo

Conventional Photo Highlighted DOF Photo
Invert and Compare

<Figure 4.31A HDOF photo vs. a conventional photo in full resolution>
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(a) Conventional Photo (b) HDOF photo

<Figure 432 A HDOF photo vs. a conventional photo in full resolution when the background

doll is focused>

<Figure 4.33loseups of the HDOF photo in Figure 4.30 preserve detail shapes of tie doll

hair>

The detail shapes of d@l hair are accurately preservedtie HDOF photo (Figure 4.31).
Highlighted Depth of Field technique has various applications and one of them is automatic
natural scene mattingAn alpha matte image (Figure34. (8) for a focused object is
automaticallygeneratd by segmenting a target objeict the variance map-{gure 4.34 ()

and computing alpha valueBhe Figure 4.34(f) image shows a new composition result using

the alpha matte imag€lash matting metho(Figure 4.34 (g)j)) introduced inSIGGRAPH
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