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charTER1  IMage-Based Editing

1.1 Control over Imagery

Much research in computer graphics has begatdd to producing realistic images from
synthetic data, through an intricate process cadedering Classical renderingwolves creat-
ing a geometric model of theond we would like to viewv, specifying the illumination and mate-
rial properties of the objects in thiovid, and using a projeegg mapping to transform our 3D
data onto a 2D image composed ofgiex But wly should we go through such a complicated and
lengthy process to produce realistic imagempen photographs, whichwyesuperior realism, are
easier to obtain? Often, weant to generate scenes thaid be too diicult or costly to ild in
real life. In addition, we ant the flaibility to easily change aspects of our scene, such as the
placement of objects or the lighting conditions. In general, the usefulnessipiter gneated
imagery (CGl) is in the control it gles to the userWhile real life conditions can only be con-
strained to a certain deee, a user is free to modifyyaof the basic parameters in a virtuabien

ronment.

Though the userains a great deal of control using CGl, he or she may findidudifto
obtain photorealistic results. In order to successfully re-create the cateplef the real wrld,

geometrylighting, and shading models must be defined with the utmost precision. Of course, this
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kind of precision is nearly impossible to obtain, especially when we are attempting to model phe-
nomena that are not well understood. As a result, approximations are made by the user or the ren-
derer to simulate realavld behaior. For example, users will frequently maluse otexture

mapsin their geometric models to add sagé detail. A teture map is an image that is applied to

the surfice of 3D object, li a type of wllpaper Thus, to create aomden block, we can apply a
wood-like texture to a cube instead of modeling the intricacies of thedvdirectly Through
approximations such as these, classical graphics rendeverbéden able to producairly realis-

tic images.

Yet, despite thesefefts, problems remain in bringing photorealism to CGI. v@ding a
desired scene to 3D geometry usualiyolmes a long and complenodeling process. The result-
ing geometric model is often composed of millions of polygons, making it unwieldy for inter-
active editing. Consequentlgnost softvare rendering packages constrain users yele of trial-

and-erroyas shan in Figure 1.1 belo:

Test n&v
changes

3D Geometry-
Modelin Based
J — Rendering

Make more
changes

FIGURE 1.1 The trial-and-error cycle of traditional 3D editing systems.

The user maés changes to the scene in a 3D modeling program and must then render it
separately to determine whether the changes were appropriate. If more changes are,rieeessary
scene must be re-edited and tiiele continues. Because masspolygonal data is costly to ren-

der, most commercial modeling programs, such as Aliagg¥kbnt Studio, limit users to edit
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wireframe \ersions of their 3D models [Alias96]. Thus, as a model becomes more detailed and
realistic, it also becomes less interaeti Finally there is a fundamental problem in making the
approximations we described aeo The estimates made during classical rendering cannot actu-
ally describe the pfsical world, and so the resulting images cannot be truly accuratethése

reasons, we muskplore other approaches to photorealism in computer graphics.

There gist some alternates to the traditional modeling and rendering process. Recently
laser scanning technology has aléal users to acquire geometric models of real objects. A laser
scanner wrks by casting a stripe of lasers on an object, which is simultaneouskdweith a
video camera to determine the objeabdntour From this information, we can construct a 3D
coordinate mesh to represent the object. Laser scanneesenawill often generate a huge
amount of data for gngiven object, agin making interacte changes ditult. On the other
hand, one could abandon rendering altogether and simply use image processing techniques. Pro-
grams such as Adobe Photoshop [Adobe97alleers to manipulate images, both real and syn-
thetic, to produce aaviety of efects. But since image processing saftevonly contains
knowledge about the pels in the image itself, it is di€ult to male accurate changes with such
programs. Br instance, rotating an object in an image or looking at a scene from an arbitrary
viewpoint are nearly impossible using pure image processing techniques. ,Geantyuld like
a system that maintains thexilality of a 3D modeler bt achiees photorealism through less

costly means.

1.2 Image-Based Rendering: Flexibility and Photagalism

Image-based endering(IBR) is a rapidly grving alternatie to the classical computer

graphics process. Systems that emake of image-based rendering use photometric aisers
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to generate imagernyin other vords, these systems utilize a set of sample images and some infor-
mation about he these images correspond in order to produce aribitrans\wéa scene. Figure

2 illustrates the image-based rendering procedure. Heagy@ylg statue can be seen from avne
perspectre by using pigl data from three reference imagestakt diferent vievpoints. \arious

technigues ha been deeloped to perform this mapping, as we will discuss in Chapter 2.

Database of reference images w Wewpoint

FIGURE 1.2 The image-basedendering process.

This approach contrasts with the one used by classical rendering, which relies on gsometry

face, and lighting models to yield the desired results.

IBR systems hae maiy key adwantages eer the traditional methods. First, the cost of
viewing a scene is independent of its comjftle Even when a scergeyeometric and swate data
are dificult to obtain or model, an IBR system can produceioaing results, since it manipu-
lates sample images of a scene and not a 3D representation of it. The use of sample images also

means that an image-based renderer can use either photographic or synthetic input. As a result,
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we can manipulate rich, photorealistic scenes withogegplicit 3D modeling. Finallyimage-
based rendering techniques generally require less computatioveal fhan their geometry-based

counterparts, making them accessible to a watety of applications.

While the image-based approach holds promise, the problems of manipulating and modi-
fying these representationsvieanot been addressed. Standard editing operations, such as com-
posing a scene from a set of objects, changing the material properties of an element in the scene,
or changing the lighting conditions,Jyeanot been supported imisting IBR systems. These
shortcomings may be due to tlaetfthat scene elements, whicbuld have been distinct in a
geometry-based system, are represented indirécdlyall, in an image-based system. Further-
more, modifications to a scenestructure are ditult to male without r@erting to a geometric
description. Thus, thereists a need for peerful editing tools in an IBR system that enable the

user to manipulate and change the aitab of a scene.

But hav would one edit scenes in such a system? Certairaiing indvidual modifica-
tions to all of the reference images in our database can be time-consuming and produce inconsis-
tencies. Instead, weawld like to hae operations that automatically propsgchanges back to
the reference images. In this manmer IBR system wuld maintain its acantages in speed and
realism while still allving the user to modify agn scene contents. The focus of oupwk is

to male this form of image-based editing a reality
1.3 Objecties of our System

A useful editing system must be able to change aspects of an image-based virtual en
ment to suit our purposeso this end, we he designed the IBR editing toolkit to meet the fol-

lowing objectves:
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« The system will alle interactve editing and nagation of scenes.
« It will be flexible enough so that both photographic and synthetic images can be used as input.

« It will allow the user to manipulate objects in aegi scene (i.e. @/can cut and paste objects,

move them around independentbaint on their sudces, etc.).
« The system will allev the user to change the illumination in the scene.
« Changes to a scene can beesband restored.

« All changes are made via modifications to the input images and not through the specification of

nen geometry

A system that meets these objees will male image-based rendering a viable alteueati
or supplement to geometry-based systems. Image-based editing brings a fundamental set of con-
trols to the usemwhere nonexasted before. W& are proiding the user with a necessary suite of

tools for manipulating imagery

1.4 Potential Applications

There are manpossibilities for image-based editing technology architect might use
this system to try out ddrent lilding configurations or composite a scale model into a real life
scene. An interior decorator could use the system te inghts, furniture, or change the appear-
ance of a room gen only a a set of images. An IBR editing toolkit could act as a virtuakmo
theater set, where lights and camera angles can be adjusted in the pre-production stage. In gen-
eral, may operations that auld be dificult to achi®e in real life could be done with relaiease
through image-based editing. One could position a car at the edge bbarolife a fire lydrant

from one side of the street to another while still maintaining photorealism. Furthermyore, an
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touch-up vork one might hee performed on seral indvidual images can nobe done at once
with our editor In this way, we can gtend the photo-editing capabilities of programs such as

Adobe Photoshop to deal with multiple images in a consistent manner

The ease in creating virtual@eronments for our system might alsegirise to image-
based clip art. Just as repositories for 3D geometric models and 2D im&sgésday sample
images corresponding to particular objects and scenes mealppén the future, making the edit-
ing process\en easier Rather than acquiring wamages for eery scene, one could merely re-

use image-based objects from arseng archve.

1.5 OQOutline

In this discussion, we ka examined our goals and meditions in liilding an editing
toolkit for IBR systems. The remainder of this document is structured asd$ollGhapter 2 sur-
veys related wrk in image-based rendering and editing systems. Chapter 3 presevesviao
of our system, including theavious operationsvailable to the userThe implementation details
are ékamined in the follwing three chapters. Chapter 4 introduces the inputs, data structures, and
the image-based rendering algorithms used by our system. Selecting, adding, amthremo
objects are detailed in Chapter 5. Chapter 6 describewaonodify scene elements through the
scaling, re-positioning, painting, and re-illuminating operations. Our results are reported in Chap-

ter 7, and finallyChapter 8 discusses our conclusions and futor&.w
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cHAPTER 2  Related \WWrk

In recent years, mamresearchers in the field of computer graphiegtiacused on
image-based rendering. éMill analyze their &rious approaches to find a suitable basis for our
editing system. Wwill also &amine preious interactre and image-based editindagfs. From
this related wrk, we can gin insight into the problemsvalved in manipulating image-based

scenes.

2.1 Researh in Image-Based Rendering

Since image-based rendering is at the core of our system, we will starebiygating the
research of others in this area. Note that much of this research focusegatintpa scene and
not on editing its appearance. While the ability to tour a scene is an essential feature, our system
must be designed for more than passnteraction. The background information we obtain from

this previous work will help us to design the rendering engine behind our editing toolkit.
2.1.1 Movie-Maps

Lippmans Movie-Mapsystem [Lippman80] as perhaps the first stepviard image-
based rendering. The Mie-Map made use of pre-acquired video to generat@kthvough in a
particular emironment. Its speedas therefore independent of the comjtleof the scene, since

the system dealt only with video clips. ThewsMap system also alleed for random access to
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the video clips, so that users could change theiwpait as thg traversed the scene. ttever,
Movie-Maps required a great deal of space to store the database of video footage. In addition, the

system wuld only allav navigation in areas where footage had been acquired.
2.1.2 \Mew Interpolation

In another approach to image-based rendering, Chen dinthW deseloped a technique
to interpolate between sample images to generate intermediate images [Chen93]. These interme-
diate images were made by re-mappingfsirom the samples’ wigpoints. iew interpolation
as it was called, assumed that the user coul@igeocamera transformation and range data for
each of the sample images. Range data is simply the depth associated withetactapix
image. Using these depthlues, Chen and Wams were able to find a pairwise, pbdo-pixel
correspondence betweenawample images. Thealled this correspondencerrph mapand
used linear interpolation to generatevrimages from this map. Though the principles ofwie
interpolation could be applied to real scenes, the sys&gronly demonstrated on synthetigien
ronments. Moreeer, this method only found correspondences between a pair of images at a time,
limiting its accurayg. Nonetheless, this systenvd®ped the concept of using depth to determine
a pixel’s location in 3D space. This idea has been incorporated into aterimcluding our edit-

ing system.
2.1.3 QuickTime VR

Apple Computes QuickTme VR application [Chen95] alleed naigation through an
image-based virtual gmonment. The system usegiadrical panoramic projections of its input

images. These images, which could be either real or synthetic, together comprisegr860-de
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panoramas. Each imageasvprojected onto g/linder, called arervironment map Environment

maps let the useawy his or her orientation while the wimg location remains fed. Thus,

QuickTime VR allaved the camera to pan in space. One of 8gaakhantages of the systenmag

its ability to construct a panoramic image from sample images, which could be photographs. The
sample images had to contawedapping rgions, which the user identified. Quickie VR then

applied a “stitching” algorithm to mge the component images. The reswaswne complete
360-dgree image. Another type of Quidkie VR mwie allowved the user to rotate an object

about its axis. Here, sample image®takt rgular increments around the perimeter of the object

were used to simulate rotation.
2.1.4 Mew Morphing

A technique knavn asview morphingwas suggested by Seitz and Dyer [Seitz96] to han-
dle 3D projectre camera and scene transformations in imagesv Morphing generates an in-
between vies from a pair of reference images by using proyectieometry to re-map pais.

That is, gven that we knw the vievpoints of the reference images, we can compute an in-
between vie/point by interpolation. First, the user specifies corresponding points on a pair of ref-
erence images. He or she alsovjes projection matrices that correspond to these images. A
projection matrix can be found foryaimage if we knw the vievpoint from which the image as
captured as well as some characteristics of the camera that captured it. The caaribea, lik
images themseés, can be real or synthetic.e\dan then dere camera matrices based on the ref-
erence images’ projection matrices. xiNave apply the iverse of these camera matrices to the
images. Finallywe linearly interpolate the positions and colors of corresponding points in the

two images and apply awecamera matrix. This last matrix mapsedscto the desired we
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point. No knevledge of 3D shapeas needed to perform this morph, so photographic input could
be used. ¥w morphing is also limited only to pairwise mappingt its projectve warping tech-

niques are useful for our renderer as well.
2.1.5 Plenoptic Modeling

In recent years, IBR systemsviancorporated methods dexd from computer vision
research. \&can describe mathematicallyeeything that is visible from agen point using a
procedure called th@lenoptic functiofjAdelson91]. McMillan and Bishop @eloped an image-
based rendering system [McMillan95a] that sampled and reconstructed the plenoptic function for
a gven scene. The user specifies a pair of corresponding points ingut images. These refer-
ence images are projected ormytircders. Then, an epipolar geometry for each of ytieders is
determined using the useiCorrespondences. Epipolar geometry is a collection oésuinat
make up the image fle field. This means that if a poirglfs on a cure in the first image, it is
constrained todil on the corresponding cueyn the second image. Using this result, McMillan
and Bishop were able to reconstruct the plenoptic function for a scene and rendewmpints

arbitrarily.
2.1.6 Light Field Rendering & The Lumigraph

Levoy and Hanrahag'light field renderingsystem [L&oy96] also generated wies from
arbitrary camera positions using a set of reference images. This sysiavemhmade use of a
large number of input images that were resampled and recombined to produdgewse The
reference images represented 2D slices of adoaensional function called the light field. Light

fields are the radiance at points in\&egi direction, and can be generated from an array of images.
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This array taks the form of a light slab, representing a light beam entering one quadrilateral and
exiting another By placing our camergcenter of projection at the sample locations on one these
guadrilaterals, we can generate the light.slElhe system then resamples a 2D slice of lines from
the slab to produce neimages. A similar process of resampling a 4D function calletuha-
graphwas used by GortleGrzeszczuk, Szeliski, and Cohen [Gortler96]. Both of these systems
assume a lge database of either real or compuenerated imagesyubdo not require depth
information. In addition, light field and Lumigraph representations do not need to compute corre-
spondences between plg. While these rendering algorithms are computationaliparesve,

they do not contain anexplicit notion of the scene that is being displayed. As a result, itfis dif
cult to intggrate editing operations into this scheme. Ounald/need to determine Wwdight rays

are afected by scene modifications andhhinese rays should be redefined to presehanges

made by the user
2.1.7 Shape as ad?turbation of Projective Mapping

The rendering approach we use most closely resembles that described by McMillan and
Bishop inShape as adtturbation of Pojective MappingdMcMillan95b]. Here, a 2D image-
warping function is devied to represent shape in a three-dimensional scene. arpsmwalgo-
rithm determines the location of a reference imagel @ix3D space by using the pils disparity
value and a perspeeti mapping. Disparity is a form of depth information, which must be sup-
plied to the system. A perspesimapping is a ta~dimensional transform that relates projec-
tions of a 3D sudce. Such a mapping can be found from the projection matrix associated with a

reference image. Thus, if the projection matrix and dispaaityes associated with an image can
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be specified, the arping algorithm can map each @ixn the image to a 3D coordinate. The col-

lection of coordinates from a set of reference images comprisegdtad gshape of the scene.

Because this method uses apleit and reversible function to map peéts from image
space to wrld space, it is a good candidate for our systera.wadld like a relatrely simple pro-
cedure to determine which pits in the reference images need to be modified in order to @eserv
a users editing operations. McMillan and Bishegiwo-dimensional image avp seres this pur-

pose.

2.2 Researh in Interactive Editing

There aists a long history of research into making applications that atiteractve edit-
ing in a scene. Wwill introduce a f& examples that are particularly reént for image-based
editing: Adobe Photoshop [Adobe97], Hanrahan and Haeb®vlY SIWYG painting
[Hanrahan90], and Schoeneman et phinting with light [Schoeneman93]. Theder$ sere

as models for the kind of interaction weuwld like to achiee in our system.
2.2.1 Adobe Photoshop

Photoshop [Adobe97], by Adobe Systems Incorporated, has become one of the standard
tools for manipulating images in photo design and production. The program enables users to
touch-up, composite, writexe cut, paste, paint, and add speci& &t to either photographic or
computergenerated images. Photoshop lets users setpohseof an image with lasso, box, and
snale tools. These ggons can then be isolated into sepalayers. Users can makmodifica-
tions to a layer without changing the contents gf @her part of the image. When all the

changes ha been made, the layers are recombined into a single image. The user may also paint
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on the image with brushes of féifent sizes and opacity8ecause the Photoshop inge# is rela-
tively intuitive, our system will makuse of similar constructs. In image-based editing, users
should be able to makchanges to a scene just ayteuld edit an image in Photoshop, without

ary direct knavledge of hav the actual operationsonk.
2.2.2 WYSIWYG Painting

The traditional trial-and-error approach to 3D editing led Hanrahan and Haeberli to
develop a system for interaeé painting [Hanrahan90]. The goal of thiswwas to deelop a
WYSIWYG (What You See Is Whatot Get) editar The program alleed users to apply a pig-
ment to the sudice of an object. The pigmentolor specularityroughness, and thickness could
be controlled by the user to ackeedifferent efects. Once the useras done editing, the system
outputted the paintedgmsns as teture maps on the saide of the object. While this systerasv
not image-based, weowld like to incorporate a comparable form of intesatstiin our toolkit.
Particularly for painting operations, the user should be able to modify objects in the scene and not

have to wait for a long period of time to determine whether or not toenm&re changes.
2.2.3 Ruinting with Light

Schoeneman, DorgeSmits, Ano, and Greenbgrdeveloped an interacte system
[Schoeneman93] for lighting design that also ewgred the user with direct controler virtual
ervironments. In this system, the user paints illumination on objects in the scene, and the pro-
gram finds the light intensities and colors that best match the paigteds.e Thus, the system
solves the imerse problem of finding a light setting that fits the description of whatouévike

to obsere in the scene. Thmainting with lightapproach has a great deal of valece to image-
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based editing. Other methods of re-illumination usuallglire specifying a geometric notion of
the scene lights. Since it is difcult to presere such information in an IBR system, we instead
will choose to re-light a scene by painting light onto theasgrof objects. Moreser, this proce-

dure allavs the user to immediately wehis or her lighting changes.

2.3 Researh in Image-Based Editing

Our final two examples, Zakai and Rappopartechnique for producingfetts on still
images [Zakai96] and Seitz anditilakos’s plenoptic editing system [Seitz98] are direct anteced-
ents of our wrk. Both systems &elop 3D editing operations for real scenes and establish an
interactve form of IBR. While the structure of our toolkit will bery different, some of the

basic functionality of our systemas inspired by these concepts.
2.3.1 3D Modeling and Effects on Still Images

Zakai and Rappoport attempted to bring three-dimensionality to image processing
[Zakai96]. Their system let users define and manipulate 3D objects in a still image, such as a pho-
tograph. First, the user adjusts the appearance of a simple object, a cikamfe eso that it is
correctly projects on a photograph. This adjustment process defines a projection matrix for the
image, which contains the camera parameters of the sceng.thi¢ecube is remved and the
user creates a 3D polyhedron around an object that he oosife like to edit. Nav the system
has a simple geometry for the object, which can be used for cutting and pasting, motion blur
effects, and deformations. Essentiglhe system has prinled a means for xéure-mapping parts
of the image onto polygonal objects. These objects roughly represent actual elements in the

image. Lighting €kcts can be achred by modifying the tdures associated with an object.
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Zakai and Rappopost'technique wrks well with indvidual images, bt was not designed as an

IBR system. Its rendering engine is geometry-based, and doesnkotvith multiple, corre-

sponding images. Furthermore, the system adds 3D geometry to the image, making the cost of
editing dependent on the comxyitg of the scene. While we can ackheegphotorealism with this

approach, we alsoamt the flgibility that an IBR system can prale.

2.3.2 Plenoptic Image Editing

Seitz and Kitulakos’s work in plenoptic image editing [Seitz98] perhaps most closely
matches ourwn goals. In this system, changes that are made to one reference image get propa-
gated to the other reference images that comprise a scene. In a typical interaction, theasser mak
a change to one of the sample images. This change is reinterpretetiasanvn the plenoptic
function that geerns the scene. The system then decomposes the plenoptic function into its
shape and radiance components. These components are modified to reflect the change, and a ne
version of the sample images is displayed. Hence, if the images were subsequently used as inputs
to an image-based renderére edit can be obseaw as a consistentfe€t on the scene. Using
this idea, Seitz andulakos implemented a set of operations that one could use to modify a
scenes plenoptic function. The operations included: painting, cutting and pasting, and morphing.
Our system dfers in that editing will be done primarily in the scene and not in the separate
images that makup the scene. Also, there areesal operations that will influence the plenoptic
function in ways that are difcult to discern. In order to incorporate re-illumination and compos-
iting from multiple scenes into this type of edjtave would need to use a more compjEocess
of plenoptic decomposition. As a result, our IBR system will simply encode more of asscene’

structure, so that it can be used during the editing process.
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2.4 Summary

From this surey of related work, we hae cqained the necessary background to pursue the
editing problem in image-based rendering systems. Much research has been dedicéed to dif
ent aspects of the problemytbew have attempted to inggate these features into a cohesys-
tem. What mads the goal of editing in an IBR system so compelling is the unique and useful

nature of the wrk itself.
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cHarpTER3  An Overvigv of the
Editing Toolkit

This chapter will introduce our toolkit for editing image-based rendering obje&svillw
briefly describe the system as a whole and tHerdifit operationsvailable to the userThis sec-
tion will sernve mainly as anwerview of the toolkit from the perspeeé of the user The follav-

ing chapters will discuss implementation details.

3.1 Interface

Figure 3.1 shas the interdice to our system. The intack is also shan in Color Plate 1.

o =

i (] P4 )

m; 5 ; Magnification

/' BGEE Window
Control
Window
Display
Window

FIGURE 3.1 The interface.
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Our program allevs users to look at the scene in multiple Displagdivs from diferent
points of viav. A Magnification Whdow is provided so that we carxamine the fine details of a
particular rgion in the scene. Most of the interaction with the system is done through pop-up

menus and the Control iMow to the left. V& will discuss each of these functions in turn.

3.2 File Menu

The File menu can be used to accesswinputs, sae the &isting scene, close the cur-
rent windav, or it the program. Most of these features are sgifamatory but thelmport
option deserss further discussion. M this function, we can select améle for compositing.
In Figure 3.2a, we see arfiok, which represents our current scene2 daAh then import into the
scene another image-based scene or objeettHik @rgoyle statue shen in Figure 3.2b After
an import operation, theaggoyle appears in the samev@onment as the éte, and the user is
free to position the statue in the scene. Figure 3.2gsstie result of placing theagoyle on top

of the computer

FIGURE 3.2 Importing an image-based object. a) The original scene. b) The object to be imported.
¢) The resulting scene.
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3.3 Edit Menu

As one might epect, all of the menu-drén editing operations are called with the Edit
Menu. The options here allhe user to cop cut, and paste objects in the scene, and erase paint
that has been applied to an object. This menu also lets the user reset the camera to its initial posi-

tion. We will not explore this operation in detail, since its purpose is straighéaw

3.3.1 Copying, Cutting, & Rasting

One of the major features of our system is its capability to duplicate oveeagons in
the virtual emironment. Figure 3.3 puwades an gample of hav one might use these operations.
Here, the dining room scene is modified in Figure 3.3b when one of the platesvsderroFig-
ure 3.3c, a plate has been copied, pasted back into the scene yaddntwposition on the table.
The copying and cutting operationsask only on the visible pels in the scene. Thus, if went
to capture something that is behind another object, we must firsteghecloser object. The
target then becomes visible and can be selected. Of course, the object that we jesd camo

itself be pasted back into the scene.

c)

FIGURE 3.3 Cutting, copying, and pasting a) The original scene. b) The lwer right plate is cut out of
the table. ¢) One of the plates is copied and pasted back into the scene. The new plate is teen r
positioned on the table.
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Because a full object is often not completely visible fromvargvievpoint, one could
also imagine that multiple cutsowld be needed to fully rerme something. & instance, we may
need to apply the cut operation once to get the front side of a teapot and thexirctd sgmoe
the back side. d'facilitate this type of “group cuttirigwe include the options tGut More or
Copy Moe from the scene. When v&ut/Copy Moe, we are telling the system to group the cur-
rently selected ggon with the one that alreadyists in the clipboard. Returning to owpwothet-
ical scenario, the user could uSetto remwe the front of the teapot. He or she could themano
the camera to a point where the remaining part of the teasotigible, and uséut More to grab
this piece. Finallywhen the paste operation is applied, the complete teapot object will,appear

and the user is free to m®it about the scene.
3.3.2 Erasing Rint

The system will alays store the original colors in the scemneneafter a painting opera-
tion has been committed. Atyapoint, the user can select aypoeisly painted rgion in the scene
and call theerase Rint function to undo the changes. This operation will restore the original col-

ors to this rgion. The painting tools are discussed in more detail in Section 3.9.

3.4 Component Menu

The Component menuvgs access to the reference images thaempla scene. Each of
these reference images is referred to @snaponent When the usemxecutes th&plit Compo-
nentscommand, the system lists all of the scene componentsxhlzotewithin the Control -
dow. The user can then toggle thefeliént components on and &b control hav mary images

are being used as input. He or she can also caiithde Componentsnction to re-color the

Interactive Editing dols for Imaye-Based Rendering Systems 31



scene based on the number of reference images. Here, the parts of the scene that are generated
from a reference image are assigned some particular hue. Figure 3vdaghining room scene

with one of the three reference images toggléd Mbtice that much of the all and the floor
underneath the table is missing. In Figure 3.4b, the full dining room is rendered from three refer-

ence images,ut theShade Componentgtion has been agtted.

FIGURE 3.4 Manipulating the component images. a) A diningagom scene endered using only two
reference images. b) The same diningpom scene endered from three images, with diffeent hues
identifying the components.

3.5 Layer Menu

As in Adobe Photoshop, we can apply editing operations fereliftiayers which male
up a scene. In our system, weinewith an initial layer A nav layer is created whener we
paste or import an object into the current scene. If more than onexasterie the system, the
one that is currently ag® is shavn in full color, while the others are dimmed, as we sa Fig-
ure 3.3c. Multiple layers alothe user to mee objects independentlyn a preious example,
we copied and pasted a plate into the dining room scene. This plate becamayena the
system so that it could be nexl separately from the rest of the dining room. If we were to use
the painting or re-illumination tools while the dinner plate layas actie, only this layer wuld

be modified by the system. Thus, layeksegis more fine-tuned controler objects in the scene.
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The Layer menu manages the layers in our system. Through this menu, the user can tog-
gle the display so that it only renders the current layer and not the full scene. In addition, users
can delete layers or combineyasubset of them into one layednce layers h& been combined,
the objects thecontain are loakd into place and betaas if thg are grouped togetheA text
box within the Control WAdow maintains a list of the layers in the system, andwalline user to

switch between them.

3.6 Render Menu

To improve performance we ka included three dérent display modes, accessible
through the Render menu. Point mode, only the peds from the reference images are rendered.
In Triangle mode, the reference image @i sere as ertices for a triangular mesh, which is
shaded based on the color of tlegtices. The reference image glixare alsoetrtices inLine
mode. Havever, this mode dnas a wireframe through thesstices instead actually shading trian-
gles between them. Point mode @a#ofor the &stest treersal of a scene, whilagi@ngle mode is
the slavest. On the other handridngle mode is best for filling in holes in the scene and making

objects appear solid. All three modes are demonstrated in Figure 3.5.

b) c)

FIGURE 3.5 Render modes. a) A teapotendered in Triangle mode. b) The same teapotandered in
Point mode. c) Another display in Line mode.
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3.7 Navigation Tools

Our system includes mvmeans of nagation: theCamea tool and théHandtool. To
move all of the objects in the sceneggardless of which layers thdelong to, we use the Camera
tool. Essentiallywe are meing a global camera to aweviewpoint in the vorld. If more than
one display winde is open, the Camera tool can be used to position the sceneanenf the

windows. In this mannemwe can maintain separatewieof a scene in dérent windavs.

The Hand tool only mees objects in the layer that is currentlyaeti This operation can
be seen as manipulating a particular object (as opposed to the camera) in 3D space. If more than
one display winde is open, the Hand tool mes a layer consistently in all ws. For example,
suppose we are editing a street scene and weetha windonvs open. Whdow 1 displays the
front side of someubldings while Wndow 2 displays their back side. Wpsuppose we cut out
one of theseldildings and paste it into awdayer If we use the Hand tool to methe selected
building towvard the right in VW\hdow 1, the hiilding will correctly mave left in Window 2.

Hence, the vies do not become incongruous while an item is beingeaho

Both of the naigation tools allev rotation, translation, and twisting motions.ithN\the
Camera tool, the user can pan left or rightyenforward or backwrd, spin on one axis, and rotate

about the scene. The Hand tool applies these same transformations to a specified layer

3.8 Selection dols

TheCircle, Box, Lassq andScissos tools pravide us with the means for selectingions
of the scene on which to operate. The Circle Selection tool lets the user specify an elliptical area

for modifications. Similarlythe Box Selection tool creates a rectangulgiorefor editing. The
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lasso is a freehand tool that can be used w draoutline around the desiredji@n. Finally the
Scissors tool automatically finds contours in the scene when the user selecpomfe along a
given contour To use the scissors, weuld click our mouse at some starting point for the
region. As we muae the mouse within the Displayildow, a selection wire hugs the boundary
with the greatest change in phintensities. This usually corresponds to the outline of some
object in the scene. &tan continue clicking on points until the selection wire completely sur-
rounds the desired object. The Scissors tool is particularly useful for selectiyudgirieshaped

regions that are difcult to isolate by hand.

3.9 Rainting Tools

We have included a suite of tools for painting on the acefof objects. dexecute a
painting operation, the user selects one of th&idgatools, chooses a color and brush size in the
Control Window, and applies paint to the scene. When the user has finished painting, he or she
pushes th€ommitbutton in the Control Widow to presere the color modifications. Moscene
navigation is a@in possible. A Color Selector with red, green, and blue sliders has been included
in the system to assist the user in choosing colors. In addition, a palette conta@iabcsen-
mon color alues &ists in the Control Widow. The user may also use tBgedop tool to grab

the color \alue from a particular ggon in the Display Whdow.

There are seeral tools to assist in the painting process. Bie Circle, andLine tools let
the user dna these respecie shapes on the screen. Hoéygontool can be used to form an arbi-
trary n-sided polygon. The user can select$hapeool to generate grfreehand, closed shape.

ThePaintbrushallows general freehand stching, while théPaintbucket can flood fill a closed
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region with a particular colorAny of these tools can be adjusted using the Color and Brush

Selectors to produce tkfent efects.

Before the Commititton has been awtited, the user carvedys erase gnpaint thg
may hae added to the scene with thesertool. The Brush Selector can also be used with this
tool to vary the thickness of the erasétonever, once modifications wa been preseed with
the Commit lntton, the eraser can no longer be used on these changes. Instead, the user must
select a rgion where he or sheowld like to remee paint, and choose Erasaii® from the Edit

menu, as described in Section 3.3.2.

Figure 3.6 shws an @ample usage of the painting tools in our system:

FIGURE 3.6 Painting on the surface of a teapot.

3.10 Magnify Tool

We can change theg®n currently being displayed in the Magnificatiomdbw using
theMagnify tool. The user simply clicks on the desiregioa, and the Magnification Wdow
updates. Automatic updating of the Magnificatiomdéw occurs during the painting and selec-
tion. In these cases, the area surrounding the most recent mouse click is magnified.

3.11 Re-illumination Tools

Lighting eflects can be added to a scene usindgRii@luminationtool. After actvating

this tool, the user specifies a direction for the light source by clicking at a position in the scene.
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Next, he or she uses the Controindfow to choose a colpspecularityand brightness el for

the light source. If the user selects black as the color of the light source, the system performs dif-
fuse lighting on a piel-perpixel basis from the coloralues already in the scene. Otherwise, the
Phong shading model is used. Finatlhe user decides to either add or subtract light by setting
the Light Mode indicator The system is moready for re-lighting. W use a “painting with light”
scheme that lets the user paimeéiothe objects he or she wishes to re-illuminate [Schoeneman93].
The paintbrusls thickness can ag be adjusted with the Brush Selector in the Contiab\dw.
Lighting calculations are performed interaety, so the changes can be seen immediately after
the paint is applied. When the user paimara@n object more than once, the desired lighting
effect is amplified. Just as with the painting tools, re-illuminatiéeces are preseed when the
user pushes the Committton. Thg can similarly be erased with the eraser or Eraset Runc-

tions.

Figure 3.7 demonstrates our systeme-lighting capabilities. In Figure 3.7a, we see a tea-
pot. The teapot has beenegn a specular highlight in Figure 3.7b, and light from the right side of

the object has been rexea in Figure 3.7c.

a)

FIGURE 3.7 Re-illumination. a) A teapot. b) The same teapot with a specular effect added. c) The teapot
with lighting r emoved from the right.
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3.12 Scaling ool

Any layer in our scene can be scaled so that its contents apgeardasmaller with
respect to the rest of the scene. Bealingtool changes the size of all items in the currently
active layer The tool also performs a translation on these items, pushing Weyrifdahey are
being made layer and meing them forvard if they are being shrunk. Thus, when the user
applies a scaling operation, it will appear as if no change has occurred in the current Display
Window. However, if other Display Vihdows are open with diérent vievs of the scene, the user
will see the re-sizing taking place. Of course, if the scaling operation pushes an object behind
something else in the scene, the object will no longer be visible. In Figure al§pdeaystatue

has been imported into arfioE scene and scaled tofdient sizes.

b)

FIGURE 3.8 Scaling objects in the scene. a) A ggoyle statue is made lage with respect to the office.
b) The gargoyle can be shrunk as well.

3.13 Skin Remweal Tools

Because of its image-based nature, our system has no conception of the distinct objects in
a scene, aside from those identified as layers. Consequemtly rendering inflangle mode,
the system assumes that each layer is composed of one continuace. stitfis assumption will

cause some parts of objects to appear connected to other partsym®estbe teapot handle in
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Figure 3.9a. W provide two tools to remee theskinsthat connect distinct objects. The firstis a
Scalpeltool, which lets the user dvaa line through the geon to be cut. In essence, the user’
line will slice of the skin at an object boundaryhe second tool isBhresholdlever, which can
be used to automatically reneskins from the entire scene. Adjusting thvetdets the user con-
trol hov much material is renved. Figure 3.9b shkes a teapot handle after the Thresholetie

has been adjusted. Note the skingshaav been eliminated.

a) b)

FIGURE 3.9 Skin removal. a) Skins connecting parts of a teapot handle. b) The same teapot handle
after the Threshold lever has been adjusted.

3.14 Summary

We hare described all of the basic operationsilable to the user in this chaptén a typ-
ical session, the userowld load up a scene, useyaf the tools described ab®to modify its
contents, and sa the results to a nefile. The resulting file can also be loaded into our system
for further editing. With this general understanding of the systefahctionality we are ready to

explore the details of our implementation.
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cuarTER 4 The Coe of the System

We bejin analysis of our design choices and the technical aspects of our system in this
chapter Specificallywe will describe the systeminputs and he they relate to the eerall
framework for the toolkit. V& will also introduce the data structures and our rendering process.

These elements are at the core of our system, ane tin@lediting operations possible.

4.1 Inputs to the System

We hare chosen to use reference images, camera, and depth information as inputs to our
system. This data will puide us with the structure of avgh scene, which we can then modify
during the editing process. Our input will beyamumber of file pairs. One file in this pair will be
the reference image itself. The other file will contain a form of depth called range data, the posi-
tion of the camera in 3D space, and a projection matrix. This projection matrix can be found from
the parameters of the camera which captured the imagyexdmple, suppose we V@an image

of widthw and heighh captured by a camera at poggepin space. The camera is lookingaao

the \ectorlookat, and its orientation is determined byﬁm vector The camera also has a field

of view given byfov. With these ariables, we can determine the fallog quantities:

qu = Iookatx%\) v = IookatXiJ A = duxdv
|Iookat X up| |Iookat X du|
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_ w
~ 2tan((fov)/2)

[dud1

vp = kh— 5

Now we compute a scaladtor for the projection matrix:

du, dv, vp,
scale = 2 duy dvy vpy

du, dv, vp,
Finally, our projection matri® is:
du, dv, vp,
P = scale du, dv, vp,
du, dv, vp,
Hence, our depth/camera file contaggep the matrixP, and the associated range datar don-
venience, our program actually reads inxa fiée containing ap number of filenames. These file-

names correspond to the file pairs described here. The program then parsesgidualifites

and loads the data into the system.

4.2 Acquiring Depth & Camera Information

How do we obtain depth and camera information for an imagendhat we require this
data for our system to operate®@r Eomputeigenerated images, the process is nadtistraight-
forward. Depth at each pkin a synthetic image is computed during the classical rendering pro-
cedure. That is, while an image is being produced from 3D geqraetepth alue for each pi
is stored in an entity called tebuffer. The \alues in the Z-bffer need only be outputted by the

renderer after a reference image has been generaiaabtain camera parameters for a synthetic
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image, we can look at the geometric data used by the rendengodeling program, for instance,

will include camera parameters that we can simply record forvauuse.

The problem of determining depth and camera data from real images is morexcomple
however. A user is generally wolved to specify correspondences between the reference images.
These correspondences can then be usediltbup a pseudo-geometry with the depth and cam-
era information we require. The process is similar to McMillan and Bishm@hoptic modeling

[McMillan95a].

We can use a laser scanningide to assist us in obtaining data for real images. Such a
device instantly generates range data from a real scene. ThugulMehvave a representation
that we could use to find depth and camera parameters. A laser scaneeamed scene

become synthetic, for our purposes.

4.3 Owerall Framework

From the abee discussion, we see that our toolkit is actually part ofgetdramevork

for interacting within an IBR system. Figure 4.1 illustrates this point:

Reference Reference images
Images Front End depth, and camerg Editing
System data Toolkit
— > >
Specifé/ Edit contents
correspondence of the scene

between images

FIGURE 4.1 A pipeline for controlling an IBR system.

Here, reference images are fed into a pipeline. These images are sent through a front-end, which

generates depth and camera information. Then, all of this data is fed into our toolkit, where it is
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used to ma& changes to the scene. The front-end system will be treated as a blackibwal F
images, it can wolve sophisticated correspondence techniques.cémputergenerated scenes,

it could emplg more direct means for yielding the required parameters.

We propose this scheme as a plan teati’ely control image-based data. The pipeline
creates a standard method for manipulating a set of related imagbkshaNnclusion of our tool-
kit, this scheme establishes angalet way for acquiring, associating, and editing images, both

real and synthetic.

4.4 Data Structures

We will now delwe into the data types maintained by the toolkit. Thewielig schematic

shavs hav the \arious structures in our system interact:

....... toolchest

Color Window

Display V\lndoNs>

( viewlist ) ---.. .. (  viewlist )
layerlist

(Magnification WndQ/D

clipboard

FIGURE 4.2 Basic data types in the system.
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4.4.1 The Wrld Class

TheWbrld class acts as the@rall manager Mouse gents and callbacks from the menus
and Control Vihdow all get routed through @vid, which malks changes to the other data types.
This class also has access to the all of the wisdo the system. Note that the Displaindows
contain a structure calledvéewlist. The vievlist holds all of the camera transformations for a
particular windev. The number of viglists is therefore equal to the number of open Display
Windows. The Vorld class accesseshpboard for cutting, coging, and pasting operations. It

also maks use of #ayerlistto handle the set of layers in our system.

All modifications to the scene are made bgrltd through the layerlist and widist. We

will describe hav these structures change in response to editing operations in Chapters 5 and 6.
4.4.2 The toolchest Class

Thetoolchestclass can be brek davn into the follaving units:

( eraser )

toolchest

circle

FIGURE 4.3 Structures within the tools class.

illuminator
SCissors

painthucket

paintbrush

These units hold the necessary algorithms for screen updates during object selection, painting,
and re-illumination. In otheraevds, we use theavious pieces of the toolchest class towdsalec-

tion wires, paint, erase, or do re-lighting
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4.4.3 The vwap Class

When the system reads in a file pdicreates awarpclass. Thus, a vavp holds the
information obtained from a reference image and its associated depth/camera data i W

formally describe a verp as containing:

« The widthw and height of the reference image

A buffer calledcolors containing the coloralues of the reference image at eaclelpix

A buffer calleddepthscontaining the depthalues at each péx

« AviewV,

A view is defined as a camera positeyepand a projection matri®. SoV, contains all of the
required parameters of the camera that captured this image.

If we are usingn reference images, the system initialineavarps. This number may
grow depending on whether the user decides to import other image-based objects into the current

scene. W use information from the \amps to do scene rendering and editing.

4.5 Image Warping & the Generalized Rendering Algorithm

As stated in Section 2.1.7, we can use McMillan and Bishtgghnique to map a refer-
ence image pid into 3D space if we lva the piel's disparity alue and the reference imagje’
projection matrix [McMillan95b]. W can readily compute the disparity of agbi, j) from the

data stored in its varp, as shon belav:

i S P [
_ disparity[i, j] = d‘érl)t‘ﬁsﬁj

0
1
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Now, to place piel (i, j) in 3D space, we apply the folling transformation:

_ i .

X .

y ~1 ;

. = CO O 1
disparity[i, j]

W 1

whereCy ! is a 4 x 4 matrix defined as: ) .
Poo Po1 €Y€Py Po2
cst = P10 P11 eyepy Py
Poo P21 €yep, Py,
0 0 1 0]
Here, we use the ter@b'1 because we are applying amgnse camera matrix to thevgn piel.

The point &/w, y/w; z/w) is the desired projection af, {). The pixl coordinates he nawv been

transformed into “wrld space” coordinates.

The abw@e process projects s with respect to the wieV,. Now suppose we change
the vievpoint of the scene. BWvill have a nev view V; to represent this wepoint with a difer-

ent camera positiogyep’ and projection matri®’. Hov do we reproject the pets in the refer-

ence images so that thappear from the perspaatiofV,? First, we form a camera matfx
from the n&v view: - 1-1

P'oo P'o1 &¥ePy Po2
C, = P10 P11 eyepy Py
P20 P'o1 eyep, Py,
| 0 O 1 0 |

Then we can project pek (i, j) as follavs:

X .

J

32’ = ¢, c;ta 1
disparityl[i, j]

W 1
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Again, x/w, y/w, z/w) is the desired projection. &Will use the ternimage warpingto describe
the abee transformation from pet coordinates to 3D coordinates based on a particular vie

Obsere that wherC, is the identity matrix, we are simplyanping pixels into “world spacé.

Now we hae all the elements necessary tondthe scene. Belwis our generalized ren-

dering algorithm for displaying a scene from the perspedi viev V;:

for each vwarp vw in the system {
for each pixel (i,j) {
use the inmage warping procedure to produce (x/w, y/w, z/w)

place (x/w,y/w,z/w) in the scene & color it with vw. colors[i,j]

In our actual implementation, we &kdwantage of thealct that we are arping mag contiguous
pixels at once. Therefore, we can compute the projection of fh@ixel incrementally from
values stored in the prieus warp. This method sas us from performing unnecessary and costly
matrix multiplications. Our system also neskuse of layers in rendering, as we will detail in

Chapter 5.

A few issues remain. Kodo we determine visibility for all of the coordinates that we
place in the scene? Our rendering engine usesudf@:kwhere depthalues for each pet in the
Display Window are written. Thus, while we are computing, if we come acrossooerdinates
that will map to the same pakin the Display Whdow, the one closest to the camera gets written
in the Z-uffer. When the rendering is complete, theufér holds \alues associated with those

coordinates that are currently visible.
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Finally, hav do we insure that coordinates fromfelient reference images line up cor-
rectly in our scene? df example, suppose we are rendering a teapot framnvages. Can we
guarantee that our algorithm willanp both images’ peds from the teapat’spout to the same
region in space? If we assume that our deptbes are consistent across related images, the
answer is yes. Of course, this also means that there may be reduagangywhere tw pixels
map to approximately the same 3D coordinate. While sdraeineficient, this redundarycdoes

not significantly hinder the capabilities of the system.

Figure 4.4 shes a scene rendered from three images. Note that our rendering algorithm
is indeed image-based. The computation time is based on the number of reference images and the
number of piels in each of these images. Consequgthityscene can be arbitrarily compéand

we can still achiee interactve and photorealistic results.

Desired Vewpoint

Reference Images

FIGURE 4.4 Image waping. We apply the image waping procedure separately to eacheference
image. This piocedure maps pixels to coordinates based on the desirviewpoint.
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4.6 Triangle Meshes

Using the abee algorithm and our imageanping procedure, we can projectgdscfrom
the reference images to a cloud of points in 3D spaaecai perform this projection foryan
arbitrary vievpoint as well. But since we are dealing simply with points, holes may appear when
the sampling rates of the reference images and the currespoine differ. For instance, if we
move the cameraery close to a scene, we will seapg between coordinates asytepread apart.

Figure 4.5 illustrates this point:

a) b)

FIGURE 4.5 Filling in holes. a) A sceneendered in Point mode. b) The same scenendered in
Triangle mode.

In Figure 4.5a, the system is in Point mode, where only the coordinates tresteselvendered.

A similar situation occurs in Line mode, where wireframes become muieushas their ertices

spread apart. dlresole this problem, our system also includegianigle mode that generates a
triangular mesh out of the coordinates in space. Each triangle in the mesh is shaded by interpolat-
ing the colors of itsertices. V& use the OpenGL graphics interé language to create and shade

the triangles [Wo097]. In Figure 4.5b, our holesvgabeen filled by the mesh, resulting in a more

cohesve scene. Because thariwus modes hva different rendering speeds, we allthe user to
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switch between them. oF a lage ewvironment, the user may vigate in Point mode initially to
quickly move to a desired position. He or she could then switchigzm@le mode in order to

examine a specific part of the scene.

4.7 Skin Remeal with the Threshold Lever

As mentioned in Section 3.13tidngle mode will sometimes create skins between objects
that should not be connected in the scene. These skins can bederatomatically with the
Threshold lger, located in the Control Wdow. We will now explain hav the Threshold leer

performs this operation.
We consider a pair of triangles at a time. Each pair in our mesh is composed of four coor-

dinatespy, po, p3, andp,. We can define three correspondimg:tan\Ti, \7; and\TC\,):

& — P4 Vi = P17 P2

Vq Vo = Pg—Py

P2 N P3 V3 = P3— P2
V3

Now supposeg; came from projecting pét (i, j) into space. W can define a ray based on the
reference image’projection matri. t will pass througtps:

[
f:PDj
1

Next, we normalize the ray and thectors we computed:
s T - Vq \Z - V3

Finally, we tale the dot product of the ray with each of tleetors:

)
ol
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r[Vl

IZ:rEv2
I3:rEv3

Here,lq, |5, andl; represent the length of their respeetiectors along the direction of the ray

We compare thesalues to a threshold, which can be adjusted by the user with the Threshold
lever. If 14,15, orlsis greater than the threshold, we remthe triangle pair from the mesh. In

other words, we hee decided that the triangle pair is stretched outdp@hd could therefore be

an unnecessary skin. This process is repeated for eathnpatl of the reference images. itV
occasional help from the user in finding a suitable threshold, the system can successfully account

for discontinuities in a scene, as smoin Figure 4.6.

FIGURE 4.6 Adjusting the Threshold lever to remove skins. a) A dining oom scene with no
thresholding Notice the skins eroneously connecting the chairs and table to the floogimilarly, skins
connect the lamp to the wall and the table. b) By using the teshold technique, all of the unnecessary
skins in the scene a removed.

Before a scene is initially displayed in our system, we applyautle¢hreshold to reme dra-
matic artificts, like those seen in Figure 4.6a. Fine-tuning can also be performed with the Scalpel

tool, which we will discuss in the rechapter

Interactive Editing dols for Imaye-Based Rendering Systems 51



4.8 Summary

We have outlined much of the theoretical basis for our system, includingasiaation,
inputs, data structures, and rendering routines. In the processyavestablished the ground-

work for editing. Nav we can finally address Wwoediting operations ark in our system.
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charTEr s Adding & Remang Elements
In an Imaye-Based Scene

One of the most important set of functionsvyaded by our program is the ability to insert
and delete scene elementse Will describe thearious methods for selecting items and foryeop
ing, cutting, and pasting these items. In addition, we will discuss importing other image-based
objects into the current scene and using the Scalpel tool. All of these operationgeailhoe

our system mads use of layers to preseruser modifications.

5.1 Object Selection

In order to add or renve an object, we must first select ite Will briefly discuss he the
system reacts to a selectiorent. Then, we will describe our implementation of the Scissors tool,

which uses Mortensen and Barreititelligent scissas algorithm [Mortensen95].
5.1.1 Selection Egnts

The four main tools for selecting a scene element are: the Circle, Box, Lasso, and Scissors.
Each of these causes th@Md class to access a data structure within its toolchest. These units
update the Display Wdow with a selection wire based on the usenouse meement. Br
example, when the lasso is being used, a pair of screen coordinates are sent to the paintbrush unit.
The coordinates correspond tootdifferent mouse locations. The paintbrush unit then uses

Bresenhans line-draving algorithm to drav a line between the coordinates, which we will call a
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selection wie. The user carnx¢éend the wire by continuing to me the mouse while holding
down its hutton, which sends more coordinate pairs to the paintbrush unit. Siptiterigircle
data structure uses Bresenhsugllipse-draving algorithm to drev circles and ellipses on the

screen. The box unit implements a simple rectangbleidgaprocedure.

As we drav a selection wire on the screen, we also mark thegptkat ma& up the wire

in an of-screen bffer. We will use this bffer later to cop and cut the mgons inside the wire.
5.1.2 Intelligent Scissors

Often, a compbe scene will contain manintricate objects that are fidult to extract with
traditional selection tools. Mgrthings we wuld like to manipulate in our scene are not rectan-
gular or circular In addition, the user may not be able tordam accurate freehand boundary for
an irrggularly-shaped object with the lasso. The Scissors tool uses a unique algovighopeld
by Mortensen and Barrett tadilitate precise image gmentation and composition. eWill
present a high-iel description of the algorithm hereorfmore details, sdatelligent Sciss@

for Image CompositiorjMortensen95].

We wish to drav a boundary around the desired object in a scene. Such a boundary can be
defined as a dynamic programming problem where the goal is to find the least-cost path from the
start piel to the goal pigl. But hav do we determine initial costs for eachegdix Three filtering
operations must be applied to the image seen in the Disptayow First, we compute Lapla-
cian zero-crossings for each gbin the image. A Laplacian filter emphasizes edge features in an

image, while a zero-crossing is a binaayue based on this filte’e will call this \aluef,. Sec-

ond, we compute each pibs gradient magnitude. Here, we apply a filter to determine the partial
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derivatives of the image ir andy. Then we calculate aluefg based on these partials. Finally
we compute a gradient directigffor each piel in the image. The gradient direction is also
based on the partials of the imaget &dds a smoothness constraint to our costs. Thus, the total

cost for each ped isw,, Uf , + wg Uf 5 + wp Uf  wherewz, wg, andwp, are pre-determined

weights for each feature. Once a cost has been computeefpmpeel in the Display Whdow,

we are ready to define a boundary

To utilize the Scissors, a user clicks on apadong the boundary of an object with the
mouse. This pel becomes aeed pointas shwn in Figure 5.1a. Wset the cost of the seed
point to zero and perform a graph search on the Displag& image. In this search, wecosts
are computed for each jgikbased on its initial cost and its distance from the seed. Furthermore,
each piel stores a pointer back to its least-cost neighblmw, when the user nves the mouse,
we can drev a selection wire from the current mouse position back to the seed point by simply
following the pointers. In Figure 5.1b, we see the selection wire clings to the boundary of an
object. The user can wlant nev seed points and repeat this processenially an accurate,
complete boundary will form around the desired object, with velgtiittle effort on the part of

the user

a) b)

FIGURE 5.1 Intelligent Scissors. a) The “X” denotes the location of a seed point. b) As wevadhe
mouse, a boundary cuve forms, hugging the spout of the teapot.
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5.2 Layers & Views

Wheneer we add or reme a scene element, theo¥M class must update its layerlist and
viewlist structures. The layerlist maintains our changes to image data in the systemwlikg vie
on the other hand, holds the transformations that we apply to the image data. Figwesak?2 re
the pieces that makup a layerlist and a widist:

layerlist wiist

FIGURE 5.2 Initial configurations for the layerlist and viewlist data types.
Initially, a layerlist consists of a single pointer t@ayer object. The vielist initializes
with a corresponding pointer tovéew object. A viev has the same parameters as the data type
we used fol in the warp class (Section 4.4.2). lact, our initial viev will be Vg from the first
reference image read into the system. Recall that we hold a sepasditd foe each Display
Window. Thus, if the user decides to open @ méndow, a duplicate vielist is created to man-

age the transformations that will be applied in this wimdo

A layer object is shen in Figure 5.3:

FIGURE 5.3 A layer object.

Each layer contains a set of components which werasgks A mask handles data for a particu-

lar reference image. So if there arewarps in our system, correspondingnteference images,
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there are alsn masks within each layer of the layerlist. elBymask contains an array of bits, one

for each piel in the reference image. The mask also contains another array holdingabads: v

A masks bit array controls which reference imagegxwill be projected into the scene.
When we start the program, all of the bits are turned on, sovérgt@xel undegoes the arping

process. As we edit the scenewkeer, these bits may change.

5.3 Cutting Objects

We are nw ready to gamine the eents that tai place during a cut operation. This sec-
tion will walk through the stagesvnlved in remwing an object. The basic idea is that we can
test whether or not to remwe a reference image gixby warping it into the scene. &\prevent it
from being rendered if the mkprojects into the selectedyien. For our xample scene, we will

use a dining room composed of three reference images.
5.3.1 Selection

Suppose the userants to remee the laver-right plate from the dining room scene. First,

he or she dnas a wire around the plate with a selection took $#e this in Figure 5.4 balo

Selection
Wire

FIGURE 5.4 Selecting an object with the Lasso tool.
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Next, the user choosé3ut from the Edit menu. At this point, the system has already
marked the selection wire paks in an dfscreen biffer. After the user chooses to cut, we use a
flood fill algorithm to mark the pels inside the wire ggon. The mar&d pixels map to coordi-

nates that the userowld like to remeoe from the scene.
5.3.2 The clipboard

During a cut operation, the 8ld class mads use of a clipboard, which is simply a
pointer to ag number of layers. The structure of the clipboard mimics that of the current element
in the layerlist. In ouneample, the current element points only to the initial layidrerefore, we
set the clipboard to contain one layer as well. In this Jdngarever, we turn of all of the mask

bits. Figure 5.5 shws the configuration of our data types at this stage:

layerlist clipboard
l I
layer layer
() (o) (o) (o) (o) (o)
(All bits are ON) (All bits are OFF)

FIGURE 5.5 Initial configurations of the layerlist and the clipboard during a cut operation.

5.3.3 Finding Pixels that Vrp to the Selected Region

Now, World pulls out a mask from the layerlist and a corresponding mask from the clip-
board. V& will call themlayer_mandclip_m, respectiely. The Z-luffer of the Display Whdow

is also obtained so that we can access its dghtles. All of these parameters are then passed to
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the vwarp that holds the appropriate image data N apply the image arping procedure
from Section 4.5. Heever, instead of projectingvery pixel in the reference image, weap
based on the bits stored in fager_m If the bit corresponding to avgin pixel is on, we proceed
as usual, projecting the mkinto 3D space. If the bit isfpthe pixel is skipped altogetheiSince

our dining room gample uses an initial mask where all the bits are on, redspaxe skipped.

We proceed to map reference imageefsxo 3D coordinates in thiaghion. Instead of
rendering these coordinates, we round tkaindy components to ingers, forming a pairu( v).
(u, v) is a pixel location in the Display Widow corresponding to a particular 3D coordinate.
Next, we check our dfscreen hffer to determine if locatioru( v) is marled. If it is not, we dis-
card the coordinate and n®on, because it does not map to the-sskxcted rgion. If (U, v) is
marked of-screen, we test if the pakis currently visible in the scene. Here, we read location (
V) in the Z-luffer to obtain a depthalue. Then we compare the depth tozlkemponent of our
coordinate. If the tev values are approximately the same, weeHaund a reference image gix

that maps to the selectedjien.
5.3.4 Flipping the bits in the lagrlist & clipboard

Suppose that the reference imagespixe found is at location, (). To remae the pixel's
contrikution to the scene, we turnfdiie bit (, j) in layer_m We simultaneously turn on bt ()
inclip_m Then we check if there is a colalwe stored for this pet inlayer_m If there is, that
color wvalue is also copied ip_m When these operations are completed, we kéectively
removed the piel from the scene. At the same time, weehstored it in the clipboard for future

use. V& continue this process forezy pixel.
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The entire procedure described here is repeated for each mask in thé\lagerwe are
finished, all of the reference image glixthat vould have projected to the selectedjien are
ignored (i.e. The corresponding bits in the layerlisiehaeen turned §f The analogous bits in
the clipboard hee been turned on. As a result, the current element in the layerksicityehe

opposite of the clipboars’contents. Figure 5.6 skie the outcome for ouxample scene:
Masks

Initial
Layer

Clipboard

FIGURE 5.6 Final state of the masks after a cut operation has been completed.

Here, the “of’ bits are colored black, while the “on” bits are colored based on their corresponding
reference images. &\see that the dinner plate @i hae been isolated from the rest of the

scene, and transferred to the clipboard.
5.3.5 The Reised Rendering Algorithm

The generalized procedure we presented in Section 4.5 to render a scene delintd tak
account our concept of layers. The faliog algorithm reises this procedure by placing coordi-
nates in the scene only when the appropriate bit is on. The algorithmwadss tbe coloring

scheme, which we will discuss further in Chapter 6.

60 Interactive Editing dols for Imaje-Based Rendering Systems



for each layer lyr in layerlist {
get the matching viewin viewi st
for each vwarp in the system{
get the corresponding mask layer_min lyr
for each pixel (i,j) {
if layer_ mbit[i,j] is ON{
use the inmage warping procedure to produce (x/w, y/w, z/w)
if layer_mcolors[i,j] != NULL
pl ace (x/w,y/w,z/w) & color it with layer_mcolors[i,]]
el se

pl ace (x/w,y/w,z/w) & color it with vw. colors[i,j]

For efiiciency, we actually storext¢ra information in each mask about where the first and
last “on” bits are located. ®\tam se@e seeral needless iterations by jumping into the algorithm
at the first “on” location and jumping out after the last 6o add special flags to our procedure

that allav the system to dim inag® layers or only display the current layer

With this revised routine, we update the displaiyhe dinner plate pets will not be pro-

jected into the scene, since their corresponding mask bitsfaféigiire 5.7 shes the nev scene:
N B % % | o @Zﬁ

FIGURE 5.7 The scene no longer contains the selected plate after a cut operation has beenoperéd.
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5.4 Copying Objects

Our process is only slightly dérent if the user chooses to gapragion instead of remo
ing it from the scene. @follow the steps described ate lut we do nothing to the masks in our
layerlist. In other wrds,Copyturns on the appropriate bits in the clipboard,does not modify

bits in the &isting layers.

5.5 The Cut More & Copy More Operations

Our system enables the user to continue vémgoor cofying material from the scene. He
or she can select anothegi@n in the Display Whdow and choos€ut More or Copy Mok from
the Edit Menu. The implementation of these functions is nearly identi€alttiandCopy but
instead of starting with a meclipboard that mimics the current layere add to thexasting clip-
board. Thus, a user can ream@arts of an object that were missed during the first cutting opera-
tion. He or she carven naigate to a better wepoint to capture these missedimns.

Eventually the complete object will be stored in the clipboard.

5.6 Skin Remeal with the Scalpel ool

Using a technique similar to cutting, the user can handvemaoneous skins from the
scene with the Scalpel. There are twain diferences between this tool a@dt. First, the Scal-
pel remaes rgions that are only a pkwide. Second, the tool does not malse of the clip-
board. ® remare a skin connecting twdistinct objects, the user era over the boundary of one
object with the Scalpel tool. The system marks thelpithat the users touche$-streen and

then applies the cutting procedure described@b&ince this procedure pents markd piels
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from projecting to 3D coordinates, it also yeats the associated triangles fromrebeing ren-

dered. As aresult, a skin composed of these triangles will disappear from the scene.

5.7 PRasting Objects

Returning to our dining roomxample, say the userwavants to paste back into the scene
the dinner plate he or she just rered. The system copies the information from the clipboard

into a nev element in the layerlist, as illustrated in Figure 5.8:
layerlist clipboard

layer

E‘a

mas mas
layer

(o) (o) (moy (ash (mash (i)

FIGURE 5.8 Changes to the lagrlist during a paste operation. Hee, the clipboard is copied into a new
list element.

By adding this item to our layerlist, weweamaoved the bits that represent the dinner plate into a

new layer, so that the plate can be renderediag

We must also add an item to eachwlist in the system. The neviewlist element is sim-

ply a duplicate of the current element:
viewlist

FIGURE 5.9 Changes to the viewlist during a paste operation. A duplicate entry is added to the list.
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Now we hae the ability to apply transformations to the dinner plate withdettig the rest of

the scene.

Finally, the scene is re-rendered, using the algorithvangin Section 5.3.5. Note that
each layer in the layerlist has a corresponding ¥gn the viavlist. When rendering a particular
layer, we useV; as our desired wepoint in image warping. W render each layer succesty in
this manner Thus, piels from the same reference image can be projectedeoedif vievpoints.

As we will discuss in the méchapterthe user is free to ae items independently once

they have been pasted into a layeBelown, we see the plate has beenvetbcloser to the camera:

FIGURE 5.10 A pasted object can be independently med.

5.8 Combining Layers

When the user has finished editing a particular Jdyeor she can lock it back into place
by selecting th€ombine Layesoption from the Layer menu. Here, the user selects the desired
layers, and the system rges them together into a single iteme ®complish this by changing
the first afected element in our layerlist so that it points to all of the desired layers. Iraonf e
ple, suppose the user chooses togadine layer containing the floating dinner plate into the rest

of the scene. Figure 5.11 demonstrateg Wwe should modify the layerlist:
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layerlist

layer layer

(mas} (mas} (mas} (mas} (mas} (mas}

FIGURE 5.11 Combining layers in the layerlist.

Notice hav the second element in the list has been wehoand the first elementwaoints to

two layers instead of one. afperform a similar modification to the wilst:

viewlist

FIGURE 5.12 Combining layers in the viewlist.

Now, if the user decides to cut from themie-combined layerwe perform the cutting procedure
on both layers in our layerlist. In the same manihéne user chooses to n®the naly-com-

bined layerwe male changes to both of wies in the viavlist.

Suppose the user decided to combine tleeldyers in our dining room immediately after
the scene from Figure 5.10. The floating plateil nav be frozen in place. Figure 5.13 8%

the scene from a meviewpoint, where we can obserthis result.
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FIGURE 5.13 Examining a combined lagr from a different viewpoint.

5.9 Deleting Layers

The user may also deleteigting layers. In this case, the system simply nezsdhe layer-
list element that corresponds to the useglection. The analogouswiest element is also
removed. In deleting a layewe basically reert the system back to its state before the layer w

ever pasted.

5.10 Importing Objects

The abwe operations alle the user to add and rem®objects that alreadyist in the
scene. But the user can also import image-based objects from other fieslo ldar data types
adapt to allev this nev form of input? Our solution has twstages. First, we entg the gisting
structures to hold the neinformation. Then, we add the imported object to the system as if it

were being pasted into the scene.

We begjin by reading the medata into the system and constructing morarps to repre-
sent the additional reference images. Let us return to our original, uneslisgzhvof the dining
room scene for thisxample. Suppose the user decides to bring a teapot into the scene. The tea-

pot consists of one reference image and its associated depth and camera data. The system must
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now expand to hold four varps: three for the dining room (which had three reference images of

its owvn) and another for the teapot.

Our layerlist structure must also beganded. Current)yeach layer holds only three
masks, when it should actually possess.fdiarcorrect this discrepapowve add a ng mask to
every layer in the layerlist. The wanask should hee all of its bits turned &f We turn of these
bits to insure that the imported data does not cart&ito the systers’eisting layers. Instead,

we will create a completely nelayer for the teapot.

The nev layer will paste the teapot into the scenees &nstruct four masks for the layer
This time, havever, we turn of the bits in the masks corresponding to the dining room reference
images. Meanwhile, we turn on all the bits in the mask corresponding the teapot image. Thus, the
dining room images do not contuite to the n& layer at all. Figure 5.14 sis a graphical repre-

sentation of the masks in our system:

Initial
Layer

New
Layer

FIGURE 5.14 Final state of the masks after an import operation has been completed.

Like in Figure 5.6, the “6f bits are colored black, while the “on” bits are colored based on their

corresponding reference images.
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To complete the importing process, we addw view to the vievlist. Just as we did dur-
ing a rgular paste, the meview is a duplicate of the current one. Wthe teapot pigls will suc-

cessfully project to the camera space of the dining room.

Once the scene is re-rendered, the user will be able to see the teapovarnicamaut.

The following figure shars the teapot positioned on top of one of the dinner plates:

FIGURE 5.15 An imported object can be manipulated in the scene.

5.11 Saing & Reloading Edited Scenes

Any changes made by the user can be preddny itvoking theSavefunction. Save
writes the layerlist and wdist structures out to files. oTreload an edited scene, we simply input
these files, in addition to the original datae ¥ore modifications in separate files so that the
original image, depth, and camera information are not tampered with. The usewangy al

return to the unedited scene by not inputting tieadiles.

We follow a straightfonvard routine to open a preusly-sared scene. Instead of starting
with an initial layerlist and viglist, we read in these structures from files. Then, we render the

scene based on theved data, and continue handlingsats in our usual manner

The process of importing a preusly-edited object into a scene is savhat more com-

plicated. V¢ first pand the eisting data structures, as we did in our original importing proce-

68 Interactive Editing dols for Imaje-Based Rendering Systems



dure. Then, we read in the layerlist andmist of the object to be imported. a¥nust append

these lists to thexesting lists in the system. of example, if the current layerlist hasdwentries,

and we import an edited scene with another éfements, the resulting layerlist will\eafour

entries. Similarlythe vievlist will have four entries as well. Note that the appended entries
should also bexpanded. Themust contain empty masks for each of the reference images origi-

nally held in the system.

Finally, we need to apply a transformation to thewabjects we just added. This is
because the imported object will notvalys project into the camera space of the current scene,
which can cause inconsistencies when wegade. V¥ store the first vie displayed by our sys-

tem asVj,i. Let us call one of our mdy-appended vies, 4, and the scengcurrent vier V.
rent VVE can covert these vi@s to camera matric&S,it, Coig» aNdCeyrrenty USING the technique

from Section 4.5. Wthen comput€,q, as follavs:

3 -1
Chew = C T

n init Cold

current

Chey Can then be carerted back into a we object, which will be used as a replacementjgy.

This procedure is applied toary viev we appended. When we are finished, thve siene will

correctly display the imported object in the same coordinate space as the original scene.

5.12 Summary

Through the use of layers, our system supports the addition andateshecene ele-
ments. V& can gen insert image-based objects from one scene into andthas, our layers
provide much of the same functionality for IBRovds as the layers in Adobe Photoshopvjate
for single images. Wh the basic means to insert and delete, we cannmave on to our final set

of editing operations.
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cuarTEr 6 Modifying Elements in an
Image-Based Scene

How can we change the properties of objects in our scene? This chaptapleiéeper-
ations that transform, paint, and re-illuminate image-based objedtis.aiMunderstanding of

these tools, we will hee completed our tour of the systanrhplementation.

6.1 Transforming Objects

Once we hee isolated a ggon by placing it in a layewe can apply anarbitrary trans-
formation to that rgion. A transformation causes the object to translate, rotate, or scale. W

bring about this ééct by modifying elements in the wést.

In the pre@ious chapterwe demonstrated the use of multiple layers byingpa plate in a
dining room scene (Section 5.7). Butshwas this mue performed? The dinner plate has been
transferred to itswen layer Thus, it has itswn element in the layerlist and a corresponding ele-
ment in the vielist. Of course, there can be more than one correspondiwgstielement if

there are seeral Display Vihdows open.

When the user decides to translate, rotate, or scale the plate, the system accesges the vie
objectV pointed to by the current widist entry As detailed in Section 4.5, the wiean be con-

verted to a camera matiix Now, to apply a transformation, we create a maitikased on the

users mouse meement and then computel [IC. The resulting matrix is corrted back into a
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view and stored in the wdist. When the layer is re-rendered, thevngewlist parameters will

transform it in relation to the rest of the scenee "dpeat this routine for eackiging viewlist.

M can be ay standard translation, rotation, or scaling matrix. In our system, the camera
position, which we calledyep is the only alue that changes during a translation. Rotations and
scales, on the other hand, modify the projection mRtassociated with a wie Since our sys-
tem only deals with image and depth data, weshep notion of an objest’center of gnaty.
Consequentlywhen the user scales an object, the system also performs an inherent translation.
The user can open onDisplay Wndows, as shen in Figure 6.1, to deal with this situation. Wo

the object can be more easily manipulated in the scene.

FIGURE 6.1 Using multiple views to position an object during a scaling operation.

6.2 Rainting on Object Surfaces

Next, we will look at hev painting tools change the properties of\eegiobject. W beagin
by discussing thearious methods for dnang in the Display Whdow. Then, we study the steps
involved in committing a painting operation. Lasthe will explain the procedure for erasing
paint after it has been applied to an object.

6.2.1 Drawing Eents
As with selectioneents, requests by the user tovdien the screen are foanded to the

relevant units within our toolchest class. First, the user sets the Color and Brush Selectors in the
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Control Window. The \alues from these selectors are then passed along to the appropriate
toolchest unit when the actual diag takes place. & example, when the user selects the Box
tool and bgins draving, the colorbrush size, and endpoints of the desired rectangle are sent to
the toolchess Box unit. This unit contains a box-diag routine which is used to generate a

rectangle in the Display iWdow.

Similarly, the Circle tool maés use of the toolchestCircle unit. The Polygon, Shape,
Line, and Rintbrush tools, which all ka lines as their basiabding block, access the
toolchests Raintbrush unit. As mentioned in Chapter 5, this unit implements Bresenliaed’
drawing algorithm. The paintizket, which fills a rgion with color calls its namesakin the

toolchest to utilize a flood-filling routine.

We can paint shapes ddinying thickness by calling the appropriatevdreg algorithm
multiple times in succession.oFinstance, suppose our brush has a diameter of foels pand
the user ants to drev a line on the screen. éNirst drav the endpoints of the line as circular
regions, both four pigls wide. Then, we apply the line-diiag algorithm to connect correspond-
ing pixels in the endpoints. When we are done, a complete brusb,stritk the specified thick-

ness, will appear on-screen. This type of painting isvehn Figure 6.2:

FIGURE 6.2 Painting with a thick brush.
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Before the user lggns to paint, we store the original col@wes of gery pixel in the Dis-
play Window. Later the user may choose to erase his or her painting. The Erasrjust lile
the Raintbrush, rcept that it accesses these original colors. The user is essentially painting the

old colors back on to the display
6.2.2 Committing a Raint Operation

The abwe routines write ne display piels, lut do nothing to the underlying structures in
our system. The actual modifications are made when the user pushes the GdtomitThis

action triggers an update of the systemyerlist, thereby preserving theaneolor information.

Recall that the masks in each layer contain a bit array and a color @heygolor array is
initially empty, when no paint has been applied to the scene. Once the usemrasairething,
however, we need to fill the rel@nt arrays with ng color values. Our approach igry similar to
the technique used in Chapter 5 for cutting angicgpin the scene. @Marp the reference
image piels to see if theproject into the painted area. If o, we change their coloalies to

match that of the paint.

We bagin by marking the pigls of-screen that ha been painted by the us&econd, we
grab the Z-bffer of the current Display Wdow so that we can access its depdlues at each
pixel. Then, for each layer pointed to by the current layerlist,em&yull out a mask. Both the

Z-buffer and the mask are passed to ancontaining the pertinent reference image data.

In the vwarp, piels are projected to coordinates based on the bit array of the mask. That
is, we only apply the imageasping procedure to a gkif its corresponding mask bit is turned

on. Once we obtain a 3D coordinate, we round &sdy components, formingi(v), which is its
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location in the Display \Widow. We check if @, v) has been maed of-screen, and if this loca-
tion in the Z-luffer has approximately the same depth as our coordinate. If both of these condi-

tions hold, we hee found a reference image ebthat maps to the paintedyren on-screen.

Say that the reference imageqdiwe found is ati(j). We set locationi(]j) in our masks
color array to the samealue as pigl (u, v) in the Display Vihdow. This process continues for
each piel and each mask in the current lay#@/hen we are finished, the layerlist contains color

values for all of the peds that project into the paintedyren.

6.2.3 Rendering the Rinted Scene

We nav update the displaysing the rendering algorithm presented in Section 5.3.5.
Here, we project a pet to a coordinate as dictated by the masks in our layerlist. Suppebé,pix
]) projects to a point in space.eWirst check whether entry; |) is empty in the color array of the
corresponding mask. If it is emptye use the reference imagetiginal colors, which are stored

in the vwarp. Otherwise, we color the point with tredue at locationi(j) in the color array

This rendering scheme, through the use of masks, essentially replaces colors in our refer-

ence images. ®can see thisfefct in Figure 6.3:

Current Vewpoint Masksearlayed on Reference Images

FIGURE 6.3 Paint in the scene popagates to the eference images, via masks.
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In this ekample, the user has painted the spout of a teapot red. On the right-hand side of the fig-
ure, we see color data from the maskartayed on top of the four reference images that comprise
the scene. Here, only the nonempdjues of a gien maslks color array are sinn. These are all

of the red pirls. Because our system reakuse of these colors during the rendering process, the

teapots spout will remain redven when the scene is rendered from gedbht vievpoint.
6.2.4 The Erase Rint Operation

Since we aliays hold the original colors of our reference images, the user may erase paint
even after pushing the Commiatbon. © perform this operation, the user defines tigeorefrom
which to remee paint with one of the selection tools. He or she thenEedlse Rint from the
Edit Menu. V& mark all of the piels inside the specifiedgi®n in an of-screen biffer and apply
the warping process described in Section 6.2.2. This timeales, when we find a reference
image piel (i, j) that maps to the selectedjien, we immediately reset entryj() in the color
array of the corresponding mask. Since this entry is oraia agptyre-rendering the scene will
cause the system to use thegbsoriginal color In Figure 6.3, the user has erased a section of

the spout that @as preiously painted red:

FIGURE 6.4 Removing paint with the Erase Paint feature.
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6.3 Re-illuminating Object Surfaces

Finally, we will explore re-illumination of image-based objects. This feature acts as a
“smart” painting tool by modifying peds based on approximate normettors. The user “paints
light” directly on to the objects in the scene. Since our system encodes xjg@uitlye we can
compute normals and perform re-lighting in aythat is photometrically consistenteWill

shav how to generate these normals, anw/to determine ng color values based on this data.
6.3.1 Finding Normals

When the user selects the Re-illumination tool, our system produces a normal for each
pixel in the Display Whdow. First, the windw’s Z-huffer is obtained so we can access its depth
values. V& use this depth information and the sceiatial viewpoint to apply the image avp-
ing procedure described in Section 4.5. Through this procedure, each Disptiov\Wixel is
projected to a 3D coordinate based on the initialviall of the coordinates are then stored in an

array which we will callcoords.

To determine the normal for avgn pixel (i, j), we will use the projected coordinate of this
pixel and its four neighborsi-1, j), (i+1,]), (i, j+1), and (, j]-1). We bein by computing the fol-

lowing vectors:

n = coordg[i, j + 1] —coords[i, ]
§ = coordg[i, j —1] —coords][i, j]
W = coords[i—1, j] —coordg[i, j]
e = coords[i +1, j] —coordsg][i, j]

Next, we read thealue of the Control \Widow's Threshold feer and consider the pair of

vectors (v, n). If the length of eithew or n is greater than the thresholalwe, we set a mevec-

[— N
tor, result

w.n’ equal to (0, 0, 0). Otherwise, we calculmeuItW, q as follavs:
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result = wxn
W <) Ow x )

We repeat the alve routine for the paire(n), (& 3), and (%, 8), yieldingresult resulte, S

en’

andresult,, ., respectiely. These egctors are then added together:

result = resuItW, nt resulte’ nt resulte’ <7t resultw’ s

. . _\
Finally, we normalizeresult:

—_

— result

norm =
Aresult Cresult

The ectornorm is the normal for pil (i, j) in the Display Vihdow. We compute the other nor-

mals in the same manner

The process we kia just described treats a pband tvo of its neighbors as a triangle in

the scene.resultw, N resulte, o resulte, S andresultw, g are the normals of four such trian-

gles. V¢ then gerage these normals together to produgemn. Note that the algorithm cor-

rectly ignores triangles that do not pass the threshold test. These triangles correspond to skins that

erroneously connect distinct objects in the scene.

As one might epect, we use less coordinates in our computation if we are determining
normals for the border peks in the Display Widow. For example, the system only mek use of

the coordinates at (0, 0), (1, 0), and (0, 1) when computing a normal éb{(@ix).
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6.3.2 Rainting Light

With normals for each pet, we can ne perform a re-lighting operation that simulates
Phong shading. In the Controlivdow, the user chooses a Light Mode, which indicates whether

light is to be added or remed from the scene. Then, the user selects a light lc@darightness
level w, a specularity coéitiente, and a preferred normal direction The latter is chosen by

clicking on a piel in the scene. The normal of thatgdiis used adl. After specifying these
parameters, the user picks a brush size and paiatgte area that is to be re-illuminated. Sup-

pose we are adding light to the scene. As ead @ixouched by the usets color \aluec is
updated tc + w(h [B)€ x |, wheren is the pixl's normal. When we are subtracting light from
the scene; becomes —w(h [A)€ x |. In both cases, péts with normals closest to the direction

d are most décted by the painting operation. In Figure @.8as chosen near the uppaght of
the teapot. Thus, when the user adds light with a high enough specuiaresudb the object, a
highlight appears in the uppeght, as shan in Figure 6.5a. In contrast, when the user &R0

light, the teapot becomes dast in the same g&n, as we can see in Figure 6.5b

b)

FIGURE 6.5 Phong shading a) Adding a specular highlight to the uppetright of a teapot.
b) Subtracting light from the same egion.
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The system also performsti$e shading when the user sets the light ddimblack.

Here, we use the original @ks color to change the illumination. Thus, owvremlor \alue is

c+w(h D)€ xc. Diffuse efects are shen in Figure 6.6:

FIGURE 6.6 Diffuse light added to the teapot.

As with an ordinary painting operation, the re-lighting we just performed only modified
the screen pids and not the data structures within our system. When the user pushes the Commit
button, we follav the routine presented in Section 6.2.2 to update the layerlist. Once this has been

done, the lighting changes will be presaty

6.4 Summary

In this chapterwe hae addressed oour editing system enables users to transform
objects, paint on their sates, and change the lighting conditions in the scereeha® nav
covered all of the majoraicets of our toolkit. In the remaining chapters, we will present our

results and assess the system as a whole.
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cHaPTER7  Results

The image-based editing techniques we described in thi®psechapters va been suc-
cessfully implemented in our toolkit. &\Wvill elaborate on our methods for generating inputs and
report on the performance of the systeme WMl also present tarmore &amples in this section

to demonstrate the editing capabilities of our toolkit.

7.1 Generating Inputs

Laser scanning real objects and rendering synthetic scenes were firentary means of
obtaining inputs for our system. eAised a Minolta laser scanner to acquire range and image data
for several real vorld sources, including aagyoyle statue, an @ite, and a child head. These
inputs are sheon in Figure 7.1. Since the laser scanner had a consistent camera model and output-
ted range data, little avk was needed to cwart this information to our toolkg’file format. Each

object was captured from seral vievpoints so that we could & multiple reference images.

FIGURE 7.1 Laser-scanned inputs. The number of eference imagesdr each scene is gen in
parentheses. a) A gaoyle statue (3). b) An office (3). c) A child’head (2).
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Several inputs were created from comptgenerated scenes.eWsed a modifiedevsion
of the Rayshade raytracerdi89] to directly output depth and camera data in our format. A ray-
tracer generates this information as it renders an image from a geometric model. The teapot and
dining room scenes, siva in Figure 7.2, were produced in thashion. V¥ raytraced these

scenes from digérent vievpoints as well.

b)

FIGURE 7.2 Rayshade inputs. The number of eference imagesdr each scene is gén in parentheses.
a) A dining room (3). b) A teapot (4).

Finally, a polygonal model of one scenasaconstructed with Aliasj@efront Studio [Alias96].
When this program renders an image from a 3D model, range data and camera parameters can be
accessed and ceerted into inputs for our system. &g, we can rendergeral vievs to produce

multiple reference images.

FIGURE 7.3 An input generated from Alias|Wavefront Studio. The scene is composed of tw
reference images.
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7.2 Example Applications

This system achi@s our goal of interaee editing in an image-basedv@aonment. D
shav the numerous possibilities open to the user with image-based editing, we presedatnw
ples. First, consider the scene in Figure 7.3. By painting with light, we can add specularities to
the scene that change correctly with the camerapaet. In Figure 7.4, we see the same scene
with the nev lighting conditions. Note that the table and the handraile hashig appearance,

due of our added speculafegft. This re-illumination is also siva in Color Plate 2.

FIGURE 7.4 Adding specularities to a scene.

Now, we can import our teapot into the scene. In Figure 7.5a, the teapot has been posi-
tioned on top of the table. &\éee from this picture that the lighting appears incorrect. The teapot
is too dim in comparison to the rest of the scene, and it casts navsbiatite suice of the table.

We can agin use the Re-illumination tool to add light to the teapot. Furthermore, we careremo
light from the table where the shadshould be located. In Figure 7.5b, we see the updated

scene, with more accurate lighting. This compositing operation is also illustrated in Color Plate 3.
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FIGURE 7.5 Compositing. a) A teapot is imported and placed on the table. b) A shadois added and
the teapot is e-illuminated to match the lighting conditions in the scene.

For our final @ample, we will start with theaggoyle statue, shen in Figure 7.1a. The
head of the grgoyle can be remad using the cut operation, as seen in Figure 7.6a. Then, we can
import the childs head into the scene and position it on top of #ngogle’s body The result of

this action is shon in Figure 7.6b:

FIGURE 7.6 Cutting & Compositing. a) The head of the gagoyle is cut fom the scene. b) A child
head is imported and placed on top of the ggoyle’s body

Suppose we sa our changes and then load thigcefscene from Figure 7.1b into our sys-
tem. Nav, we import the modified statue into théiaé and position it on top of the computer
The final state of our scene is shmin Figure 7.7. Color Plate 4 also illustrates this sequence of

events.
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FIGURE 7.7 The modified statue is sa&ed and imported into an office scene.

Clearly, our toolkit pravides a wariety of methods for manipulating and editing image-
based scenes. it the ekamples in this section, weVedemonstrated the usefulness of these

methods.

7.3 Rerformance

Our application ws primarily run on a Silicon Graphic®¥kstation with an R10000
MIPS processorSuch a machine prmled interactre rates for all of the editing operations. The
programs space in memoryavied, depending on the number of layers, reference images, and
pixels in the system. Our rendering speed &lso dependent on theaetbrs. Recent fefrts to

construct specialized IBR hardve could significantly impke@ performance for our system.

7.4 Summary

With the abwoe results, we hee completed our discussion of the sysgeagmantics. &
have also demonstrated that our implementationks, through the use okamples. Finallywe

can drav conclusions from this ark and address gmunresoled issues.
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cHapTER8  Conclusions & Futwer Work

In this final chaptemwe will answer tw important questions. First, did we meet our
objectves in designing this toolkit? Second, what inveroents andx¢ensions can be made to
the current system in order to nealk more useful? The answers to these questions wilV alo

to evaluate our systers’contrilutions.
8.1 Meeting Our Objectves
In Chapter 1, a set of objeatis was outlined for our editing system.eWst them belw:
« The system will allev interactve editing and nagation of scenes.
« It will be flexible enough so that both photographic and synthetic images can be used as input.

« It will allow the user to manipulate objects in aegi scene (i.e. @/can cut and paste objects,

move them around independentbaint on their sudces, etc.).
» The system will allev the user to change the illumination in the scene.
« Changes to a scene can beesband restored.

« All changes are made via modifications to the input images and not through the specification of

nen geometry
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From the gidence g¥en in pr@ious chapters, we see that these objesthae been met. Our
toolkit allows navigation and editing in an interaedi evironment. Its inputs can come from real

or synthetic data. The program enables users to cut, paste, paint, re-illuminate, and transform
scene elements. Modified scenes can bedsand loaded back into the system. Findtlg

changes we makto a gren scene do not add geometry to our representation.

Note that the process of a@rting photographic data into usable input can Hecdif.
Without a laser scannexe must find correspondences between photographs and use them to
build up depth information. This procedure requires assistance from the user to insure that the
generated depthalues accurately represent theegi scene. Despite these complications, photo-
graphic input is possible. As computer vision techniquearam®; we will be able to more easily

obtain depth from real images.

8.2 Improvements to the System

There are aspects of our application that can be wegroln particulgrwe will investi-
gate methods to better handle rendering, skin vamand image arping. Our proposed solu-

tions are meant to makhe system either mordiefent or easier to use.
8.2.1 Rendering Speed

The system may become wlavhen we are dealing with & reference images or numer-
ous files. Slar performance can occuven though our rendering speed is not based on scene
complity. One possible solution is to parallelize the application, so thaes takantage of a
machine with multiprocessor capabilitiesor Example, we could assign an imagarping task to

each processpand render from seral reference images at once. Another possibility is to use
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some sort of compression scheme to better manage the color and depth data. As we mentioned in
Chapter 4, the system generates redundant coordinate®fafesence image pas that varp to
the same location in 3D space. Anothayvwo speed up renderingould be to deise a more dif

cient algorithm that identifies and ignores redundarelpix
8.2.2 Skin Remwal

While we hae provided the Threshold Wer and the Scalpel tool to rem@unvwanted tri-
angles from the scene, these tools can bewbatemprecise. Oneay to resole the problem of
erroneous skins is to use another rendering technique, splitng Instead of generating a
mesh of triangles, splatting creates a scene from small, distinct polygonsxiite-t@mapped
color values. These polygons will break apart naturally as the usessery close to an object.
Since none of the polygons are actually connected to eachtbihscene will not contain yn
skins. Splatting can be resource-inteashavever, especially when there are nyaexture-map-

ping operations.
8.2.3 Image Wrping

In the image \arping process, there are gersions between projection matrices, which
are stored in our data structures, and camera matrices, which are used during computations. F
clarity, we could use one consistent representation of the camera parameters for an image. This

change wuld probably not d&éct the erall performance of the system.

8.3 Extensions to our dolkit

One can imagine a multitude of other tools and features for an image-based editing sys-

tem. Ewery function in an image processing program, such as Adobe Photoshop, eeudth ha
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analogue in the domain of image-based rendering. One could also imagine an entilitene
of techniques that ka no analogue in 2D. A tool that fillags in a sceng'dataset wuld fit into
this catgory. We will limit our discussion to a e possibilities. Specificallyve will look at
additional painting and re-illumination tools, and atsking tool that has already been imple-

mented as a separate application.
8.3.1 Ruinting Tools

Our system currently alws the user to only paint flat colors onto objectaes. With-
out re-illuminating these objects, we cannot aghighading éécts. One n& painting tool could
meige the illumination and coloring operations into a single routine, which could then be used to
shade an object. &tan implement this tool bywng the rgular painting procedures access to

the normals at each @kin the display

We could also add blurring and filtering tools to our system. These might be used to
soften boundaries in the scene. In addition, we coulceraalobject transparent by aling the
user to specify aalphavalue for each ped that contrilnted to the object. Alphaalues are used
to blend the colors of ddérent coordinates that map to the samelgixthe display Since trans-
pareng effects are vie-dependent, this blending must occur while our renderer determines visi-

bility in the scene. In otheravds, we must handle transparentgtéxwhen we sort the Zdffer.
8.3.2 Re-illumination Tools

Additional lighting tools might also pve useful. Br instance, our system does notwllo
the user to re-position lights or cast light directly from a source. Instead, we paint light on

objects. A nes set of tools could ge the user the ability to switch between object-based and
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source-based lighting operations. The light sources caigtlanly during editing, so that no

geometric data is created by the system.

8.3.3 Sletching & Modeling Tools

Often, we wuld like to add material to a scene where it may not currexigy. eThe abil-
ity to sketch or model ne scene elementsould allon the user to fill in gps caused by a lack of
data. It vould also gre the user the peer to add ay arbitrary object to a scene oexample,
sketching tools enable us to dra huilding into its proposed location to seeahib would look in
the scene. In this mannere can visualize an object withoutviray to eplicitly acquire image,

depth, and camera data.

Steven Gortler has deloped an image-basedes&hing tool, in verk concurrent to our
own. The tool lets the user @va nev scene element, specify its depth, and olesthrg element
from different vievpoints. W create an object by first drimg it on the screen and identifying a
few feature points. The points are triangulated to form a pseudo-georbty, we set a depth
for each feature point by specifying correspondences betwéderedifvievs of the object. This

step is shen in Figure 8.1, where ase of flavers is being dran on top of a table:

FIGURE 8.1 Specifying depth in a sktching tool.
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When we are done siching, the program automatically outputs an image and its associated
depth/camera file. The output is in the file format of our system. Thuswhabpext can be
loaded into our toolkit for editing. One couldvesion a sletching tool that as intgrated into

our toolkit, so that the user could access other editing operations while creatingjeets.

8.4 Our Systems$ Contributions

One of the strong points of this toolkit is itd@nsible nature. Our systenmasvnot
designed as a compreheresset of tools, it as a frameork for performing editing operations.
To this end, we hee provided a set of tools that demonstrate the usefulness of image-based edit-
ing. Morewer, we hae developed a structure for modifying the contents of a scene. Futuke w
will build on these accomplishments, and add more capabilities for manipulating image-based

ervironments.

In our introductory chaptewe agued that IBR systems areXillele. Because tlyedo not
rely on geometrysuch systems remain highly interaeteven when handlingary comple
scenes. Walso discussed WdBR systems can produce photorealistic results, singectire
make use real wrld data. In our editing toolkit, we atalen adantage of this flability and
photorealism to pndde the user with a means to control image-based scenes. Ultirtaselyis

control orer imagery that mads computer graphics useful to us.
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a) ; b)

Color Plate 2 Adding specularities. a) The original scene. b) The scene after painting with light.

a) b)

Color Plate 3 Compositing. a) A teapot is imported and placed on the table. b) Avlsdo
added and the teapot is re-illuminated to match the lighting conditions in the scene.
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d)

Color Plate 4 Cutting, Compositing, & Importing. a) Aaggoyle statue. b) The head of tharg
goyle is cut from the scene. c) A chigdhead is imported and placed on top of tagayle’s
body. d) The modified statue is\v& and imported into anfafe scene.
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