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ABSTRACT

PARAMETRIC HUMAN BODY MODELING FOR
VIRTUAL DRESSING

This thesis presents a parameterized 3D human body modelingol based on
shape interpolation. In order to have local control on shapeterpolation, human
body shape descriptions are anthropometrically segmente8mooth continuity at the

boundaries of individual segments is achieved by weightecterpolation.

A 3D editing tool has been developed for segmentation. Thistl employs winged
edge data structure. This structure allows fast access to ntex neighborhoods. The
interpolation weights for vertices are assigned during segntation. We use decaying

functions to assign weights on boundary regions, enablingneoth continuity.

Raytracing accelerated by octrees is used for synthesiziimgages of the result-
ing models. Anti-aliasing in these images is achieved by srpsampling with jittered
patterns. The thesis also introduces a virtual dressing td.o This tool contains a 3D
modeling interface and a dressing environment combined Wwia compositing subsys-
tem, which creates dressed images of virtual replicas by liting layers of photographic

images of garments and layers of synthesized images of bodplicas.



OZET

SANAL G YD IRME ORTAMI IC IN PARAMETR IK INSAN
BEDEN LMODELLEME

Bu tezsekil interpolasyonuna dayal «c boyutlu parametik bir insan bedeni mod-
elleme gereci ortaya koymaktad r.lnsan bedeni modellemede ganameze kadar uygu-
lanms yentemlerin bir sn and rmas verilmektedir. Sekil interpolasyonunda yerel
kontrolu saglamak cin, insan bedenisekil tan mlar artropometrik olarak beksmlenms-
tir. Belamler aras snr belgelerde panazssz ssreklilik, ay rl kl bir interpolasyonla

sglanmstr.

Cc boyutlu modelwzerinde belemlerin imlenmesi cin b aska bir gerec gelstirilms-
tir. Bu gerec her model cin kanatl kenar veri yaps olwsturmaktadr. Bu yap
sayesinde nokta konsuluklar bulunabilmektedir. Noktahr n interpolasyon & rl klar
da bu asamada atanmaktadr. Snr belgelerde parazsz sareklilgi saglamak wzere,

a rl k atamalar cin ssnemlenen slevler kullan | maktad r.

Sonwc modellerden genants sentezlemek cin, octredérle h zland r Ims s n izleme
yentemi uygulanmaktad r. Ortssme-enleme cin karars z desenli ileri erneklerme kul-
lan Imaktad r. Uygulama olarak bir sanal giydirme gereci g/stirilmstir. Bu gerec, «c
boyutlu bir modelleme araysza ve giysilerin fotayra k genantaleri ile bedenlerin sen-
tezlenen gemantulerini kullanan bilesim altyap s yl a sanal bedenlerin giyinms genants-

lerini olusturan bir giydirme ortam termektedir.
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1. INTRODUCTION

3D human body models are used in a wide spectrum of applicat®that require
images of human replicas. Their use in Im and entertainmenndustry and on internet
is very common. The methods used for creating and interacgnwith body models
have also evolved. From real-time modeling to volumetric nelering, a wide range of

applications exist.

Body models are employed in visualization and animation emenments, for giv-
ing an interactive experience to the users. They can be usem treating personalized

replicas (orhuman avatarg in virtual worlds.

3DTV programs which involve moving bodies and talking headsuch as sports
competitions or news, employ body models. Virtual reality m/ironments containing
person - object interactions also utilize body models. Inteet applications such as
mass multiplayed games and news & advertisement videos caint personalized mod-
els. Many medical applications make use of detailed graphlcactualization of human

bodies.

Human body modelingis the act of creating a shape description of a specic
human body. The shape description is usually a geometricapresentation in the 3D
computer environment. It is combined with skin coloring andexture mapping to give
more realistic results. Skeleton based structures can faer be added to the model for

applying kinematics and giving motion.

Body can be modeled at di erent 3D description levelsSurface modelings based
on creating the body using layers of polygonal meshes. Onlyet outer skin, or several
internal layers may be created for the purpose of the applitan. However volumetric
modelingis based on creating the body using scanned volume slices.eYhare largely

employed in medical applications.



In this thesis, surface modeling is used. Surface based misd&d human body can
be constructed at di erent levels of detail. Posture modi @tion is made possible by
attaching a body skeleton during construction. Skin detaitan be realized by material
coloring, using body-wide texture mapping or modifying smiscale geometry. Figure
1.1 shows an example from the CAESAR data-set, where high &\details of the body

geometry is depicted.

/ \
Wrinkles

Body fat

Figure 1.1. A 3D human body with unique properties such as figt parts and

di erent skin geometry.[1]

This thesis presents a parametric human body modeler based shape interpo-
lation. Shape interpolation is based on the idea of creatingew shapes by blending
existing shapes. It is simple and stable. The term 3D morphinis widely used for
the speci ¢ case where two pre-constructed and properly mppd polygonal meshes (a

morph-sourceand a morph-target) are used to create in-between shapes.

Morphing causes the source shape to be transformed globalk/a whole. Segmen-
tation of both the source and the target shapes are requiretllocal control is desired.
An anthropometry based segmentation for the human body shaps implemented in
this thesis. The smooth continuity at the boundaries of indiidual segments is achieved

by weighted interpolation.

Body segments are marked by a mesh editing tool. This tool keea winged edge

data structure for each model, enabling fast determinatiolf vertex neighborhoods.



Vertex neighborhoods are employed in vertex set propagatis, de ning the boundary
regions of segments. Decreasing Gaussian functions areduf® weight assignments

during propagation, to obtain smooth shapes at boundary rémns.

Interpolation based body modeler is presented in a virtualrdssing room appli-
cation with an easy to use graphical interface. 2D image of éhresulting 3D model is
synthesized by raytracing accelerated by octrees. Antiiaking problem is solved by

super-sampling with jittered patterns.

Synthesized images are further personalized by utilizingdial photographs. Re-
sulting images are made available in a dressing environmentiultilayer image com-

positing is employed using these images and photographicages of garments.

1.1. Thesis Organization

The organization of the thesis is as follows: Chapter 2 givemn overview of
human body modeling methods applied thus far. Chapter 3 is aethiled discussion
on 3D shape interpolation techniques. Chapter 4 gives the tdded explanation of the
interpolation based body modeler. Image synthesis method explained in Chapter
5. Chapter 6 contains the working structure of Virtual Dresig Room application.
Chapter 7 contains the evaluation of the methods used. Thesends with conclusions

and planned future work.



2. PREVIOUS WORK

In the eld of human body modeling, we can classify the existg techniques
by dividing into three categories: Sculpting Automatic and Parametric techniques.
Sculpting techniques depend entirely on a creative percepn of the body. Automatic
techniques are based on data obtained by di erent sourcescbuas scanning, still images
and image sequences. Parametric techniques use standardapaeterizations of the

human body and construct new bodies from existing ones usitigese parameters.

2.1. 3D Sculpting Techniques

3D sculpting is usually done by commercial modeling progran This type of
modeling requires an artistic conception of the human bodynd it is about creating
the body gradually considering the detailed anatomical kwdedge [4][5]. In Allenet
al.'s work based on constructive techniques, body is separatigtio three main parts, in
the order of forming: The skeleton which consists of the bones and joints de ning the
body articulation. The musculature containing all the muscles with either movable or
non-movable parts. The fat layer, the fatty tissues under the skin, giving the body its
nal outer appearance. Although these layers are polygon rakes and not formed by

volumetric data, the resulting models are realistic in the matomical sense.

In these techniques, the user, usually a modeling artist, @ates the model using
the tools for geometry modi cation. Typically one starts wth a simple geometrical
object and modies it gradually to come up with a human body p#, as shown in

Figure 2.1.

Nevertheless, sculpting method requires exhaustive usatarvention for creating
a reasonablynew human body from scratch. Especially if building an anatomally
correct and realistic human model is required, 3D sculpting not adequate, since it is
hard to model details such as face wrinkles and fatty body p@rusing this method.(see

Figure 1.1)



Figure 2.1. An example of 3D sculpting: Modeling the hands

2.2. Automatic Techniques

These approaches employ data extracted directly from realimans. Data extrac-
tion is done using 3D scanners[1][3], 2D photographs[2}§6id image sequences|[7][8], es-
pecially when body postures are concerned. 3D scanning isegsively used in Civilian
American and European Surface Anthropometry Resource Pegjt (namely CAESAR)
data set[9].

CAESAR is a partnership between government and associateadustries to col-
lect the most extensive sampling of consumer body measureitse for comparison,
modeling and such. The project collected data on 2,400 UniteStates & Canadian
and 2,000 European civilians and a database was developedack member of this
database contains 40 traditional anthropometric measuresnts that were done with
a tape measure and caliper. These values are important forpbasticated design and
implementation patterns, as the whole set of measurementsud be technically con-
sidered. For example, early anthropometric modeling systes[10] focus on driver-seat
or cockpit design, and measurements are important for testj and determining the

most suitable design for di erent bodies with di erent metrics.

The reconstruction techniques which exploit 2D photograghcould be taken into

account as morepersonalizedimplementations and creating -in a way- visually more



Figure 2.2. Samples from CAESAR data set[1]

acceptable models faster. But somehow they do not allow mudiser interaction with

the resulting models as how di erent parameterizations offtose would yield.

Figure 2.3. Image-based shape capture by Leeal. [2]

2.3. Parametric Techniques

2.3.1. Reconstructive

Reconstruction from source data and the parametrization dhe resulting models

simplify the creation of new models. Furthermore, texture ransferring and inter-

model morphing implementations are an advantage for the ristic properties of the



output models, as depicted in the relevant studies. Howevahough the preprocessing
part reduces the overall amount of work, these approachesngeally require storing
of some considerable number of the dataset geometry, and reakse of morphing the
coordinates in the relevant space in Principal Component Aatysis (PCA) applied
models[3][11]. For instance, anthropometric segment imolation is not applied di-
rectly. Instead, additional work is needed to map segment terpolation controls and
the resulting PCA weights. These techniques are well applieby Thalmann et al.
[3][12]. Their implementation starts with the mapping of a émplate mesh to one
speci c body. PCA is then applied to the mapped models and dain features are
determined by analysis. Features can be controlled in the maneter space by several
weights. Supplying the anthropometric measurements for ela body model -given in
the dataset-, interpolation nodes could be determined. Asrasult, it becomes possible

to form new models by entering a few sizing parameters.

|. Preprocessing 2. Interpolator construction

3D scanned models Template model

3. Runtime modeler

=
= —> Interpolators —>
_J—

Output model

Input parameters

Figure 2.4. Data compression based method of Thalmamt al. [3]

2.3.2. Deformation Based

Deforming an object or transforming one object into anothes a visually powerful
design and animation technique. It is applied to human body odeling by an initial
parameterization of the body. Here, the user has only one lmsnodel and creates
new models by deforming the marked segments. Thalmann and $&p[13] present a

detailed segmentation based deformation. Their work addanally focuses orregional



deformation, a concept similar tolocal morphing

Free-form Deformation

The main 3D object deformation method ig~ree-form Deformation or FFD. In-
spired by Barr's work [14] and later developed by SederbergdParry [15], this method
enables modifying any part of a geometry with an outlying sedf control points. The
interaction is very much like using the control points of a dine, but there are many
variations on how to use the 3D control point set. A simple exaple can be seen in
Figure 2.5 where the upper part of a sphere is controlled by &ple box. As the box
is being deformed by a/-axis scaling, the points inside the box are deformed accang

to their relative coordinates.

Figure 2.5. An example of free-form deformation

Deformation based methods are also used in sculpting, whebe user deforms
the submeshes of the segmented editable mesh. The paramietgron may constrain
the amount of deformation, de ning minimum and maximum vales. In these cases,

deformation becomes similar to interpolation.
2.3.3. Interpolation Based
In this method there may be several target body models and nebodies are

created by interpolating among them, either by parts or as a lwle. Parameters may

be directly connected to the geometry, such as the amount ofarphing for a submesh



in a mesh segmentation. Or they may have indirect e ects on thgeometry, such as
the e ect of body fat amount on the shape of hip or e ect of bodyweight on the whole

geometry.

Deformation and interpolation based parametric techniqueare tightly coupled
with 3D shape interpolation, which is considered a separateld of study. Hence we

examine and discuss the several aspects of the problem in tiext chapter.
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3. 3D SHAPE INTERPOLATION

Before moving on to the detailed explanation of our own metlth) we should
also construct a background for the shape interpolation mebds implemented thus
far. Dierent terms are used for this eld besidesshape interpolation such as3D
metamorphosisor mesh morphingusing morph targets. The main idea is creating new
intermediate objects or obtain a smooth visual process, bysing several target models.

V,

A V.

3

Vi Y\ Y Y, Y Y\ Y Y2

Figure 3.1. A shape interpolation example in 2D, a square isiftned into a triangle.

The problem is generally separated into three phases. Firdhe determination
of targets. How do we specify our reference points in the imgolating environment?
Second, the correspondence (anatching) of the core geometric elements of these
targets, usually vertices. Third, the interpolation metha itself. That is, how the
targets are transformed into each other and what further waéris done on the resulting

intermediate models.
3.1. Determination of Targets
We can also identify the problem as the "object space" detelimation problem.
We divide the approaches in this area into three sections, &sw the target models are
obtained.
3.1.1. Manual methods
As previously mentioned, manual creation / 3D sculpting is anethod of forming

new bodies, which is also the case for any 3D object. Examined many indepen-

dent or commercial package based tutorials and books, andtiwhigh details, one can
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produce satisfactory results for obtaining a 3D model as aasting point. From there
on, concerning the morphing phase, several other target meld can be obtained by
preserving the mesh topology for both the whole model and tain areas. That is,
keeping the same vertex-edge graph not only for the whole ne&dbut also for the

subsets of it; such as the same body areas for di erent feaed models.

3.1.2. Data compression based methods

These methods are based on de ning and recording certain feees of scanned
and matched (i.e. correspondence problem solved) 3D dataydaapplying data com-
pression / pattern recognition techniques on those. The tget models are obtained by
locating certain featured models at some coordinate in the utti-dimensional space.
Allen et al.'s work focuses on creating di erent-posed models [16][Blanz and Vetter's
face based personalization method[17] is also another imsm work in this eld. They
use the laser scans of 200 heads of young adults, containirepmetric and textural
data. Using PCA again as a data compression method, they eatt certain features
such as gender, hooked nose and weight. Constructing a paetnt face model that
can easily generate any new face, thmorphing problem of the example-based tech-
nique (correspondenceas they call it) becomes a mathematical optimization proleim.
Here, one should notice the di erences of face and body moidgl. Face, as a geometric
object, has been more important an area of study about humarcognition than body.
Additionally, body features do not project onto an e cient space as faces do. One
should give credit to the similar work done for bodies (as pveusly cited) but should

also notice the di erence in resulting quality.

3.1.3. Scan-and-match based methods

Using the state-of-the-art scanning technologies, many 3Batasets are formed
for the use of di erent application areas. Human body scan igery common too; as
previously mentioned, CAESAR is an important example. Scaand-match method
is based on de ning atemplate meshinitially. The scanned models are then mapped

onto this template mesh. The mapping algorithm consists ofvo parts: Skeleton tting
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is used for nding the pose of the scanned data. Template molfeskeleton is t to
the pose of the body.Skin re nement is iteratively improving the tting accuracy by

minimizing the shape di erence between the template and thecan model.

3.2. Correspondence between Targets

The problem is nding a mapping between the boundaries of th&ource and target
shape. This is either achieved by constructing new model®im the same base model
without changing the mesh topology, or by nding a mapping beveen two arbitrary

meshes.

Mapping methods are introduced early by Kenet al. [18] and later developed by
Eck et al. [19]. Mapping is constructed on a unit sphere or disk -resgeely in cited
studies-, creating a correspondence between the Genus-Oypedra (a mesh without
any holes), and nally merging their vertex-neighborhood phs. General polyhedra
are dissected into topological disks and each part of the nieis mapped to a disk using
a parameterization such as the original faces of the mesh28][or harmonic embeddings

[21]. Kanaiet al.'s harmonic embeddings method is shown in Figure 3.2 as an exae.

3D objects
™, M,
Embeddings
H, H,
\
Merge

!

A merged embedding
He

Interpolation from M, to M,

Figure 3.2. Harmonic mapping method by Kanaet al. [21]
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3.3. Interpolation

Metamorphosis techniques are used in widespread applicats and are commonly
employed by the graphics industry. Image morphing has becema standard tool,
because it is stable, easy to use and allows a lot of exibyitde ning the actual morph
sequence. Changing one 3D object into another is also a usediect, but one with
problems for which general-purpose solutions are still gy developed. The main idea
is to obtain smooth intermediate models or create a smoothtarpolation among target
models. (see Figure 3.1). Our main interest in this eld is loal morphing or segmented
mesh morphing as we divide the body models into segments arg to have visually

adequate outcoming metamorphosis.

Of our interest, one classi cation for morphing igylobaland local. This separation
is di erent from that of curve control. In curve control points, global control means
that moving one control point changes the entire curve; hower distant sections may
change only slightly. And local control means that moving a® control point only
changes the curve over a nite bounded region. In morphing s, global morphing
(or global surface interpolation) is the transformation ofall the vertices contained in
one mesh -usually, to the vertices of another-, by the speed interpolation function.
Local morphing is the transformation of asubsetof mesh vertices. Usually that subset
is composed of neighboring vertices and edges, which form aamingful segmentof

the the mesh.

An example can be seen in Figure 3.3. The left model is the baséh normal
parameters, with an overall dress sizing of 38. The middle ens obtained by a global
morphing, controlled by the sizing parameter -which is 46 ithis case. The right one
is obtained by local morphing, where legs are made shortemdahips are enlarged by

local sizing parameters.

An early work by Barr [14] focuses on the spatial transformain in a hierarchical
object space. He introduces globally and locally de ned dmimations as new hierar-

chical operations for use in solid modeling. These operat® extend the conventional
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Figure 3.3. Di erent shaped bodies obtained by global and &al interpolation.

operations of rotation, translation, Boolean union, intesection and di erence. Defor-
mations allow the user to treat a solid as if it were construed from a special type of
topological putty or clay, which may be bent, twisted, tapeed, compressed, expanded,
and otherwise transformed repeatedly into a nal shape. Theare highly intuitive and
easily visualized operations which simulate some importamanufacturing processes

for fabricating objects, such as the bending of bar stock argheet metal. (Figure 3.4)

a) b)

Figure 3.4. Spatial Transformation method: a) Moebius Bands produced with a

twist and a bend, b) a bent, twisted, tapered solid 3D primitve [14]

Alexa's related work focuses on local controls and submesiorphing. In a 2001
work[22], he uses Laplacian coordinates to represent thebset of mesh vertices that
is the region of interest. Given the correspondence with thrget object, Laplacian
representation enables independence from transformat®wf the shape and tolerate
degeneracies in the mesh. However, it it insensitive to scaling or rotating. Yet the
Transition State concept is applied, which is similar to our implementation.That is,

de ning weights per vertex and then using these weights durg morphing. Scaling and
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rotation adjusted local morphing is achieved by the mesh fis method of Kanai et
al. Their work is also a mapping-based morphing technique. Howexr they utilize the
algorithm with harmonic mappings [21] and later develop thalgorithm by introducing
mesh fusion with Fusion Control Functions FCF 's)[23]. This method parameterizes
the smoothness at boundary regions and enables the contrdltbe outcome polyhe-
dron. Transformation adjustments are determined by a rigidransformation and a

deformation step in these methods.
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4. INTERPOLATION BASED BODY MODELER

In our body modeling tool, we have employed the interpolatiobased approach,
calibrated target models and manually segmented these mdslaitilizing an editing
tool. We rst explain our approach for constructing new modks using the base mea-
surement system. Then we introduce a body segmentation ajgaich for creating target
submeshes used in local morphing and explain our calibrationethods for the mea-
surement constraints. We nalize this part with the explandion of our local morphing

method built upon the work done in the rst two subsections.

4.1. Constructing Target Models

Human body is divided into parts to study in a detailed mannegat every branch
of science. Even at elementary school, the body is rst taugho us with the rough
division of "head - torso - arms & legs". Then as both industryand science branches
into many di erent areas, body is examined by dividing into pecial parts according
to the necessities of these particular areas. One of the madiyisions is the standards

based uponanthropometry.

Anthropometry began as the science of human body measurensat the be-
ginning of the 20th century. The name was given by Alphonse Bélon in 1883, who
claimed that when these measurements were made and recordgdtematically, every
single individual would be found to be perfectly distinguisable from others. The very
starting point of Bertillon, matches our nal purpose in this work. Today, there exist
international standards based upon anthropometry, such d$§O 7250 -Basic human
body measurements for technological desjgor EN 13402 -European standard for la-
beling clothes sizesMainly, according to these standards, body is measured byéar

lengths, horizontal girths and body mass.

Our choice of anthropometric parameters is simply an extelam of EN 13402 (see

Table 4.1), depending on its simplicity for being de nitiveof human body geometry and



Table 4.1. Anthropometric measurements of the human body

Body Measurement De nition
1 Stature Vertical distance between the top of the
head and the bottom of the heel bone.
2 Leg Length Vertical distance between the crotch _
level and the bottom of the heel bone
3 | Arm Length Distance from the armscye shoulder 5
line intersection over the elbow to the e
far end of the wrist bone. —7
4 Neck Girth Girth of the neck base
Chest / Bust Girth Convex hull circumference at chest / Z—WS
bust height 9
6 Under-bust Girth Horizontal girth at the height just be-
low the breasts
Waist Girth Horizontal girth at waist height. 10—
8 Hip Girth Horizontal girth at largest convex hull
at hip area.
9 Upper Leg / Thigh Horizontal girth at the largest convex
Girth hull at the upper leg.
10 | Lower Leg/ Lower Limb Horizontal girth at the largest convex
Girth hull at the lower leg.
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the nal aim of that work being a dressing simulation. For a cgtomizable body model,
the selection of control parameters should be subject oried. If the task is creating
a cartoon environment, reality is not much of an aspect; thefore anthropometric
standards may be discarded. In this work, the directly-usdé lengths and girths -
geometric values included in the standard- are taken into aount. Body mass is

not used due to its indirect e ect to the overall geometry. Hwever, there are some
examples in literature, e.g. Thalmannet al.'s work enables usage of body fat as a
sizing parameter -i.e. a vector in downsampled space- andncgenerate new models

accordingly.

4.1.1. Skeletal lengths

De ning the vertical stretch of both the overall model and is subsets, there are
three main skeletal lengths de ning the body. These are bodyeight, leg length and
arm length. The measurement of these parts di ers according the application. Body

height is intuitively measured as the distance between thep and the bottom points
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in the erect pose of the model. Leg length is de ned as the distce between the crotch
and body bottom. And arm length is measured from the arm top wbh is located on

the joint between the shoulder and the arm, down to the wrist.

Applying a certain length is achieved by a vertical scalinghat preserves the other
unchanged lengths. However, changing a body length dispdscthe vertices and this
forms a problem on the boundary regions. Therefore, the stibn must both satisfy

the required length and segment connectivity.

Body height New body top is calculated according to the new height. Allertices
except those oflegs and arms are vertically scaled. Leg and arm vertices are then
translated according to their topmost vertices' positionsHand vertices are translated

according to the newwrist position.

Leg length Scaling is applied to whole leg. A®ody heightis not changed, body
vertices -exceptarms- that are not the members of the leg are also scaled to preserv

the height. Arm and hand vertices follow the same translatio

Arm length: Arm top remains constant, scaling is applied to the arm veites.

Hand vertices are translated accordingly.

4.1.2. Outer body girths

These lengths are de ned during the construction of the bodsynodels. However,
girths make up the core part of the body measurement standasdand one should refer
to the standard metrics during the construction. We determme the body hulls at the
prede ned girth positions and calculate the actual girths bthe 3D model at these
positions. Then we compare these values to the standard mies and calibrate the

model by scaling horizontally at these positions.
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4.2. Calibration

To calibrate the target models' girths according to the stadard measurements
(see Table 4.2 and 4.3), we use the convex hull circumferesi@ girth positions. For
determining the convex hulls, a plane at the speci ¢ heightdr a girth is intersected
with the lines contained in the girth area. Intersection paits form the set of points
whose convex hull will be determined.

Table 4.2. Dress measurement standards for the male body ¢m)

Size 44 | 46 |48 | 50 | 52 | 54 | 56

Arm Length | 63 | 63| 64| 64 | 64 | 64 | 65
Neck Girth | 37| 38| 39| 40 | 41 | 42 | 43
Bust Girth 88| 92| 96| 100| 104| 108| 112
Waist Girth | 78 | 82| 86| 90 | 94 | 98 | 104

Table 4.3. Dress measurement standards for the female body ¢m)

Size 34 |36 38|40 | 42 | 44 | 46 | 48 | 50 | 52
Arm Length 595960 60| 61| 61| 61| 61| 62| 62
Neck Girth 34|135|36|37| 38| 39| 40 | 41 | 42 | 43
Bust Girth 80|84|88|92| 96 | 100| 104 | 110| 116| 122
Under-bust Girth | 65| 70| 75| 80| 85 | 90 | 95 | 100| 105| 110
Waist Girth 62| 66| 70| 74| 78 | 82 | 86 | 92 | 98 | 104
Hip Girth 86| 90| 94|98 |102|106| 110| 116| 122| 128

The Graham scan algorithm [24] is often cited ([25], [26]) dbe rst "computa-
tional geometry" algorithm. As the size of the geometric pdgdem (namely, n = the

number of points in the set) increases, it achieves the optahasymptotic e ciency of
O(n log n) time.

The algorithm starts by picking a point in the nite set S known to be a vertex

of the convex hull. We do this in Of) time by selecting the rightmost point in the
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set; that is, a point with the maximum x coordinate. Having selected this base point,
the algorithm then sorts the other pointsP in S by "left"ness, the increasing counter-
clockwise (ccw) angle the line segmemR,P makes with the x-axis. One example of
sorting is shown in Figure 4.1. The dashed red lines show thenwvex hull and the

dashed gray lines show the intermediate hulls during iteran.

Figure 4.1. Graham-scan convex hull algorithm a) "left"nes check b) sorting (ccw) of

a set of points c) example iteration step

Proceeding to nd out the hull, rest of the algorithm is an indictive incremental
procedure using a stack of points. At each stage, we save thertex points for the
convex hull of all points already processed. We start witi?g and P, on the stack.
Then at the k-th stage, we add the next pointPy, and compute how it alters the prior
convex hull. If new inner points are formed, they are removeftom the hull. One
iteration step is depicted in Figure 4.1.c. Here, it is impdant to note that for each
point of S there is one push and at most one pop operation, gig a maximum of 2

stack operations for the whole algorithm.

Finally we calculate the hull circumference by adding up the@eighboring point
distances. These circumferences are compared to the giveandard measurements and
the body model is horizontally scaled at the girth position ecording to the di erence
between the given and calculated measurements. Calibratigorocess and resulting
female models can be seen in Figure 4.3. Additionally, githare made visible to help

as measurement guidelinesn the 3D environment (see Figure 4.4).
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Input: a set of points S = {P = (P.x, P.y)}
Select the rightmost point P_0 in S.

Sort S angularly about P_0 as a center.
For ties, discard the closer points.

Let P[N] be the sorted array of points.
Push P[0]=P_0 and P[1] onto a stack W.

while i < N // number of points

{
Let P_1 = the top point on W
Let P_2 = the second top point on W
if (P[i] is left of the line P_2 to P_1)
{
Push P[i] onto W
i++
}
else
Pop P_1 off the stack
}

Loop through W adding up the distance between consecutive el ements

Output: the convex hull circumference

Figure 4.2. Pseudocode for convex hull circumference algjom



(a) Female target models having dress size 34, 40, (b) Calibration of target

46 and 52 model sized 52
Figure 4.3. Target models and calibration

————— o Outline of point set
----- ® Convex hull

Figure 4.4. Visible girths in the 3D environment

22
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4.3. Segmentation Tool

Having determined the measurements to use, our body segmemtn approach
becomes entirely based on the measurement areas. By measwaet area, we mean a
set of vertices covering a certaihength for a region-of-interest; such aseck area for
neck girth, arm area for arm length, or thewhole bodyfor body height. At this point,
intersecting (not containing) or neighboringareas form a problem of how to morph into
the corresponding ones in the target models. For instance,déscrete marking process

followed by a discrete morphing results in jagged meshes.

For that purpose, we require smooth boundary regions. Malgnuse of the winged
edge polyhedron representation[27] and saving the geonyests a winged edge table, it
becomes a simple task to produce a vertex propagation. Usingighboring relations

saved in the data structure, it is possible to widen a set of lseted vertices.

Figure 4.5. Winged edge polyhedron representation

To brie y explain the winged edge polyhedron representatig a simple gure (see
4.5) would be helpful. The representation is based on a tab#tructure which contain
information based only on theedges of a geometry. We store this as an array didge
class instances. The class contains the following infornmah: An edge is de ned by its
start and end vertices, these are stored. It can be the edge aifmost two faces in a
mesh. These are called thevings of the edge and they are stored as well. And nally,
we store neighboring edges contained in the wings by a clocke order; left and right

wing's edges are stored gsredecessorand successor
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Table 4.4. Edge-based data stored in winged edge structure.

Edge Vertices Faces Left Traverse | Right Traverse

Start | End | Left | Right | Pred | Succ | Pred | Succ

Ea

We also keep two more tables for vertices and faces. These l&sbcontain very
simple information about these primitives. The vertex tald has one entry for each
vertex which contains an edge that is incident to this vertex The face table has one

entry for each face which contains an edge that is one of thiacke's boundary edges.

Table 4.5. Vertex and Face-related data stored in winged edgstructure.

Vertex | Incident Edge Face | Incident Edge

Vy (o F, E.

After storing the data structure in memory, the vertex and ede neighborhood
gueries can be answered easily. Assume we want to nd a 1 ndighhood of a vertex
v. Starting from the incident edge we traverse the neighboring edges by using the
predecessorand successos of the incident edge. Ifv is the start of its incident edge
we add the end vertex to the stack, or vice versa. Again ¥ is the starter / ender, we
move on to theleft traversés successor fright traverse's predecessor -which contains
v- and add the other vertex to the stack and so on. Iteration sfus if the vertex to be

pushed is already in the stack.

Assume a selected set of verticeg, and we want to nd a 1 neighborhood of
this whole set. We start by assigning a membership value 1 tdl anembers of the set.
We nd the 1 neighborhood stacks of each member, and merge the This gives us a
propagationof V. Assume we add the propagation intd/ and operate on this new set,
and so on. Consider each iteration stack as a newopagation depth This helps us
de ne the boundary regions of a selected submesh, using dgog membership values

while propagating from the base seY .
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Input: Vertex set V, vertex v
Define stack W
E = Incident edge of v
REPEAT
{
IF v is the start of I, v_pushed = the end v_e of E

ELSE v_pushed = the start v_s of E

IF v_pushed is in W terminate

ELSE push v_pushed onto W

IF v is the start of E, E = succ( left_trav(E) )
ELSE E = pred( right_trav(E) )

Figure 4.6. Pseudocode for propagation algorithm

At this point, we use the depth of propagation and assign degasing weights to

vertices at a certain depth by Equation 4.1.

8v at depthd; w, = f (d; p) 4.1)

Here, the function f determining the weight assigned to a viax is de ned by two

parameters:

1. Depth of the vertex: Shortestgraph distance to the selected set of base vertices.

2. Depth of the propagation: Maximum graph distance requick

It is assumed that the peak value of this formula is 1 when grapdistance equals
to 0. Several mathematical functions are suitable for that atter. The act of the

function to morphing at boundary regions is similar to FCF'sin Kanai et al.'s work.
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a) b)
@ Selected vertex
w =1(2,0)
Distance | neighbor d)
w=f2, 1)
Distance 2 neighbor
w=122) <)

Figure 4.7. a) Weight functions according to vertex neighbrbood. b), ¢) and d) a

propagation on a 3D model.

Figure 4.8 shows the e ect of di erent functions on morphing

a) b) <)

Figure 4.8. E ect of di erent weight functions on boundary regions a) Linear
function w = (p d)=pb) Square functionw = (1  d?=p?) c) Gaussian function

2—o 2 .
w=e 2" where =p candcis a constant

As we use middle density polyhedra in our work, human body isegerally tri-
angulated best as a cylinder-like object in such densitiedn Lazarus and Verroust's
work[28], morphing of cylinder-like objects is studied. Téir work focuses on shape
transformations which is mainly useful for animation purpees. However, the usage of
axes and associated disks in that work is similar to our ch@oof body areas around

measurement points.

We implemented a tool for marking these segments, and saviagd loading them
as VRML les. The tool takes 3D models as input and enables deing submeshes
by picking the vertices. Vertices can be picked either in a p&ertex manner or by
rectangular selection. After acore set of vertices are de ned for a body segment,

boundary regions can be de ned by utilizing the vertex neighorhood and propagating
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through the set of vertices.

Figure 4.9. The Segmentation Tool enables marking of bodyess and saving them

as VRML les.

3D model marked with body segments are saved as VRML les, wifi is an
open standard for 3D virtual environments. We save this seg@ntation related part
in a comment section at the end of all geometry data inside thé&e (see Figure 4.10).
This way, the VRML le remains usable by other software. Staiing with a keyword
"AREAS", we write the number of elements in the rst segment. Then foeach member
vertex, we write the index of the rst vertex which is a memberof the segment, followed
by the amount of membership. We continue with the second segmt data and so on.

This structure is deployed into the interpolation environnent and utilized accordingly.

f ... geometry data ... ¢
# AREAS
# 181 360 0.063244 361 0.007369 362 0.00736345 ...
# 220 223 0.00743 224 0.0023362 225 0.0073696 ...

Figure 4.10. Segmentation data structure in VRML les.

Gaussian functions give the best visual results for markingoundary regions,

as body is modeled cylinder-like around morphing areas. Sjyfging our morphing
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weights, or transition state, for a particular body area; we examine the problem of

morphing them in the next section.

4.4. Local Morphing
Given two sets of vectorsS and T where each vector keeps the 3D coordinates
of a source mesh vertex, an in-between shapdu) can be parametrically de ned as a

linear combination ofs; and t; as follows:

S = fsji=1:::ng

T = ftjjj=1:::mg m n 4.2)
= f(k)jsk2S;42Tg (4.3)
B(u) = fsk+u (bt s)jsk2St2Ti(k)2 g (4.4)

where is a mapping of models andu denotes the amount of morphing. However,

with the pre-assigned weights for the area member verticabe equation becomes

B(u)=sc+u we (4 s¢) (4.5)

Yet this equation is the straightforward morphing equationfor one particular area.

For vertices that are shared by areas more than one, we mustegify an equation of
combining these weight values and using them on the morphedrtex. Several di erent

equations are examined for this purpose. One should notickat these equations are
crucial together with the choice of area selection. If all @as have vertices with members
weighing at the peak value (1.0, for our implementation), bandary regions become
unde ned; unless some spatial parameters are considered¢ls as distance. This is not
the case for our present work, we assign decaying weights teetouter area members,

which de nes our boundary regions.

At this point, vertex-neighborhood graph becomes importan In di erent trian-

gulations, same member vertices become nearer or furtherigifdors and this a ects
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the assigned weights. This problem is depicted in Figure 4.1

I 2

v v
Figure 4.11. At left triangulation, topmost vertex is distance-1 neighbor of the

bottom vertex; at right triangulation, it becomes distance2 neighbor.

For obtaining smooth boundary regions, the morphing equain for shared ver-
tices becomes important. One restriction is that we requirall vertices to morph
completely to the corresponding ones at the target mesh, winéhe morphing param-
eter u equals 1. In order to achieve a complete morphing at boundarggions with
vertices that arenot complete members of (i.e. having a weight value 1 foany area,
we use the weighted mean of the morphing functions. GiveM;, the subsets of target

models with weight assignments, the morphing equation betes:

Mj = T(wigis) ) s 2 S9
B(u’ = s+ (1 Sk)—PujW—V:kjjSKZMj;j =1:::n (4.6)
j

whereu; denotes the amount of morphing for thg 'h subset.

This equation provides a complete morph for vertices that arnot complete mem-
bers of any area. Nevertheless, for a vertex that is the elenteof only one area, our
requirement is still not satis ed. In that case, we discard he weight of the vertex and
only use the morphing parameter. That is, the equation becoss the same as 4.4. This
is a rare case though, as whole body is marked with anthropotrie areas which are

continuous by de nition.
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5. IMAGE SYNTHESIS

We create a sophisticated 2D image of the nal models with rasacing. This
part of work came out of the restriction that a study on 3D garnent modeling could
not be realized in the possible timeline and therefore we dded to keep the garments
as image les that store necessary information. Otherwisdhe study would lead to
soft-body modeling combined with a 3D dressing simulationsing the created human
body. Nevertheless, in this section, we will basically go ewthe background of 3D to

2D image synthesis and justify our approach for that matter.

5.1. Rendering

Rendering is the process of synthesizing an image from a 3Dvieonment. The
environment is a description of three dimensional objecta a de ned language or data
structure. It may contain geometry, viewpoint, texture, lighting, and shading informa-

tion. There are mainly two rendering techniquesScanline Renderingand Raytracing.

Scanline rendering is the preferred method for generatingast computer graph-
ics in motion pictures. It is also the method used by video gass and most sci-
enti c/engineering visualization software (usually via QpenGL). Currently, scanline

algorithms have been widely and cheaply implemented in haxgre.

For rendering photorealistic scenegaytracing is the dominant method.

5.1.1. Raytracing

Raytracing is a technique for generating an image by tracinthe path of light
through pixels in an image plane. The technique is capable pfoducing a high degree
of photorealism; usually higher than that of typical scanhe rendering methods, but
at a greater computational cost. However this computatiorlacost can be reduced by

acceleration techniques.
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For each screen pixel, an imaginary ray is cast from the can@emto the scene.
Intersections between the ray and scene objects are commhiend the closest one to

the camera is used to color the pixel, making hidden surfacemoval implicit.

If the object is re ective or transparent/refractive, a seond ray is cast (or bounced
o the object) to nd out what the object is re ecting or letti ng show through. We
omit casting second rays as we have one object in the scene.yfRaan also be cast

towards light sources to determine shadows.

Intersection
point,

Iterated
pixels

Ray origin

Figure 5.1. A visualization of the raytracing process

In our case, we have only one primitive, the whole body mesh.sAhe body mesh
consists of triangles only, we reduce the problem to two maiasues. First, nding the

intersecting triangle. Second, nding the exact interseahg point inside that triangle.

For triangle intersection problem, we use 3D spatial subdision as an acceleration
technique. Spatial subdivision techniques o er an e cientmeans of identifying the
objects which are near the path of a ray. We use octrees for shpurpose. And for
locating the exact coordinate of intersection, we use a bamgntric coordinate based

linear system.
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5.2. Raytracing with Acceleration by Octrees

We create a 2D image of the resulting 3D model by raytracing eelerated by
octree-based spatial subdivision. Rays are traced for ortlye rst intersection, because
the specular property of body skin is omitted. During raytr&ing, marked points on the
3D model are also marked in the 2D image for further use in theeksing environment

(refer to chapter 6).

Octrees are hierarchical data structures used for e cienyl indexing data asso-
ciated with points in three-space and have been applied to @olems such as hidden
surface elimination and computation of 3D digital convex his. They are introduced
into ray-tracing by Glassner [29]. They are constructed byecursively subdividing
rectangular volumes into eight subordinate octants until he resulting leaf volumes, or
voxels, meet some criterion for simplicity. We use depth limit for that purpose. We

de ne the bounding box and then subdivide recursively untithe depth limit is reached.

Figure 5.2. Octree built on polygon existence in 3D space

After we have the octree as a data structure in the memory, weast shooting
rays as we move along the resulting image. The leaves of thearee which intersect
with the shooting ray are pushed onto desting stack. Then all the leaves in that stack

are searched for the closest intersecting mesh. As seen igufe 5.3, all the tested
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leaves are candidates for containing the actual intersecti. The acceleration works by

nding the candidate leaves inO(log n) time instead of traversing the whole structure

in O(n).

N LR

L s
Tested leaves | Mesh cross-section
ntersection

Shooted ray

Figure 5.3. 2D representation of a ray shooting iteration ursg octrees

Having found the intersection, we calculate the light integity at that point,
mainly by the di erence between the current light vector andthe surface normal at
the point of intersection. However, we do not have the surfacnormal directly at
hand, therefore we use the barycentric coordinates of the ipbinside the containing
polygon, to calculate the normal. Simply, the normal is a wghted sum of normals at
the corners. We have the normal values in hand as we use themdrawing in the 3D

OpenGL environment.

Barycentric coordinates provide a way to parameterize a tingle in terms of two
variables, by and b,. To derive an algorithm for intersecting a ray with a triangke, we

insert the parametric ray equation into the triangle equatn.

or)+d(r)t=1 b b)po+ bpi+ Bp> (5.1)

wherepg, p1 and p, are the corners of the triangle.
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Following the technique described by Meller and Trumbore30], we use the short-
hand notation E; = p;  po, E2 = p2 po,andT = o(r) po. To obtain both the
barycentric coordinates of the intersection point and the idtance along the ray, we

solve the linear system:

t
% =7 (5.2)

2
dr) E1 E: ébl
b,

Input: a ray R
Find the voxels intersecting with R
Initiate t = ray position of intersection, with
a sufficiently large number L indicating "no intersection”
Loop through the voxels, starting from the closest voxel to r ay origin.
{
Loop through the triangles inside the voxel
If there is an intersection < t, update t

}

If t < L, calculate illumination at that point.

Figure 5.4. Pseudocode for octree intersection algorithm

5.3. lllumination

After obtaining the point of intersection, we calculate theillumination at that
point. Surface illumination calculation is done by using lcal di use illumination. In
this method, surface normal, position of light and camera codinates are taken into
account. An ambient term is also added to simulate global duse illumination. Since

specularity of the body skin is ignorable, specular re eatn is discarded. Additionally,
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in order to have a lighting similar to the 3D environment, moe than one light source

is used. lllumination is calculated by Equation 5.3.

)
AV L, N 0
L,

Figure 5.5. Rays used in illumination calculation

X
| = Kala+  Kp(N L)l (5.3)

In this equation, K, and Kp denote the e ective amount of ambient and di use light

intensities on the scene. We takK , = 0.3 and Kp = 0.8 in our current implementation.

Computing the surface normalN at the exact intersecting point is straightfor-
ward. We use the barycentric coordinates found by the equath 7.2, and put normal

values instead of point coordinates.

N=( b b)no+ biny+ bny (5.4)

5.4. Anti-aliasing

In signal processing, the result of under-sampling a highefquency function is
aliasing, where low frequency errors that aren't present in the origal function appear.
Geometry is one of the biggest causes of aliasing in rendersthges. When projected
onto the image plane, an object's boundary introduces a stépnction, where the image

function's value discontinuously jumps from one value to aher.

In raytracing, using only the intersection points in the na image results in
aliased edges. We implemented super-sampling usingraform and astrati ed jittered

pattern for anti-aliased edges. Results of these two pattes are considerably di erent
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at small scale windows. As seen in Appendix A, best resultsise from super-sampling
with jittered patterns. A strati ed jittered pattern turns aliasing from the uniform
pattern into high-frequency noise while still maintainingthe bene ts of strati cation.

The experiment also proves the claim that uniform super saripg may keep or even

exacerbate aliasing.

a) b)

° ° ° ° ° ® e
°

° ° ° ° ® ® o

°
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° ° ° ° b ° ¢

°

Figure 5.6. One pixel is divided into 16 subpixels. Rays aréat by a a) uniform
pattern, using central coordinates b) strati ed jittered pattern, using randomly

chosen coordinates inside the subpixel squares.

In uniform super-sampling, a pixel is divided into the spe@&d number of sub-
pixels and rays are shot to these subpixels' central coordites. The more the pixel is
divided, the more information is collected from the geomegrand projected onto the
image. This idea is the same in jittered patterns, the only dérence is that, for each
subpixel a random coordinate inside it is used, not the certk coordinate. The random
pattern is expected to turn aliasing into a less objectiondé distortion to human eye,

which is the case for our virtual world with a mere human model

After rst pass of ray tracing, aliased edges of the image arf®und by de ning
a maximum intensity threshold for neighboring pixels. Pixis with neighbors having
highly di erentiated intensities are divided into speci ed number of subpixels, and a
ray is shot through each. This time the overall color is detemined as the average
of all these subpixel colors. The number of subpixels is progiional to the render
resolution. Speci c numbers give su cient results for speicc resolutions. For our case,
a three by three subdivision gave out satisfactory anti-adsing results. The results of

experimentations are discussed in the following section.
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5.4.1. Experimentation

We made several experiments on anti-aliasing for the bestsuial results, which
are shown in Figure 5.7. First row shows the aliased pixelsufod according to the given
intensity di erence thresholds. Second row shows the images with anti-aliasing applied
by 3x3 uniform patterns. Third row shows the images with antaliasing applied by
3x3 strati ed jittered patterns. See how aliased pixels aréound with higher thresholds

and the patterns behave on the overall image.

Aliased pixels

IDT = 0.1 IDT = 0.15 IDT = 0.25

3x3 Uniform Pattern

3x3 Strati ed Jittered

Pattern

Figure 5.7. Anti-aliasing experiments with di erent IDT values
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6. APPLICATION: VIRTUAL DRESSING ROOM

Virtual Dressing Room (Original - Turkish: Sanal Giyim ) is an application
which combines our body modeling approach with an overall éssing environment
personalized by making use of face photographs. Face photgghs are processed to
appear smoothly in the resulting synthetic body image. The kole procedure is ex-

plained in the following section.

6.1. Overall Interface

We present a step-by-step, user-friendly interface for thgrogram, so that a novice
user can easily nd its way through it, ending up with a persoalized human model of

his or hers, on which he or she may virtually try clothes.

In the rst step, recently loaded les are presented to the usr, in which we save
several properties of our personalization process for a spebody. If the user does not
a load a le, then gender selection is required. After thesaeps, the user is introduced
to the 3D model of the selected gender interpolated to normateasures (Figure 6.1).
Normal measures dier for male and female models. Followingteps are the main

personalization functions.

6.1.1. Body Personalization

This part of the program consists of a 3D OpenGL environmentral common
GUI elements such as sliders and textboxes. We mainly applyumobody modeling
approach at this part, presenting a real-time interactive madeling screen. The window
enables the user to either enter his / her body measurementshich can be taken by

simple measurement tools- or adjust a suitable geometry ngi body girth sliders.



(a) Female model (b) Male model
Figure 6.1. Initial models with normal measures irsanal Giyim

[Lons B

Em

Figure 6.2. Sanal Giyim - Body Personalization
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6.1.2. Face Personalization

After having a reasonable geometric replication of the bodye present the face
photograph wizard. This part is also divided into steps, stding with the load of an

existing frontal face photograph, which is a JPEG or BMP le.

Initially, neck points are marked on the face photograph. Tére are two purposes
of this marking: One is to provide the skin - garment separain on the image, so that
part of garment does not appear on the resulting image. The lzgr is to resize the

head image correctly so that it adjusts to the body render.

After the neck marking process we apply a background extraoh so that the face
and hair are separated from the background. The seed for theteaction is calculated
as the average color of an  n pixel neighborhood. Central pixel is chosen randomly
with the only constraint that it is in the background, and n is speci ed by the resolution
of the image. For a meaningful pixel neighborhood to repragethe background color,
n should be much smaller than the resolution parameters -i.avidth and height-, but
large enough to tolerate noises. The color-spatial di ergiation is depicted in Figure
6.3.

AR
Foreground
. o  ® pixels
. .
L4 .
.
.
D = ° °
o| © H ® Threshold
H distances
. o ol o
o| L °
O .
d ° e 1 %0
L)
° ° o \°.\Selected
°
. Background ° . color
e o pixels| PR 4

Figure 6.3. Color-spatial di erentiation for background etraction

Another parameter for the extraction is the color-spatial ttance threshold. We

de ne a di erentiation cube in this space, centered aroundfe seed with threshold
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distance as half-width. The pixels outside this cube are mieed asbackgroundand the
ones inside it are marked asoreground We extract the background with a scanline

boundary lling on the image, starting from the seed.

Input: Image pixels, Seed position (x_s,y_S) on image
Push (x_s,y_s) onto stack W

While Stack is not empty

{
Pop Stack (retrieve coordinates Xx.,y)
Mark current run y by iterating on x until foreground is hit
To left: Push unfilled pixels before above/below border pix els
--> new above/below seeds
To right: Push unfilled pixels after above/below border pix els
--> new above/below seeds
}

Figure 6.4. Pseudocode for background extraction algorithn

(a) Neck Marking (b) Background Extraction
Figure 6.5. Two steps of the Photograph Wizard

Finally, we present a skin color selection interface, to makthe user select a pixel
neighborhood in the same manner that the background sampleagv selected in the
background extraction step. When the user selects an areatine photograph to be

the skin color sample, we form a preview render with that colo The user can change
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the skin color and reproduce the render several times untihé color matching of the
render and the photograph is satisfactory. At this previewrbme, we also present a
simple GUI giving the ability to move the neck mark pointsindirectly, so that the face

is directly and therefore correctly placed and rescaled on the body in&ag

Figure 6.6. Sanal Giyim - Preview render and face positiorgn

6.1.2.1. Scaling. We apply a two-pass scaling method for resizing images. We goy

the algorithm in adjusting the size of face and garment image Scaling is applied to

32-bit pixels, consisting of a 24-bit RGB channel plus an 8ibAlpha channel.

The procedure creates a new output bu er according to the regyed scale, either
smaller or larger than the original image. The image is rstcled vertically and then
horizontally, using the pre-determined Iters. Best resuk are obtained with bilinear

Iters. A scaling process is shown in Figure 6.7.

When nally the user is satis ed with the preview, a full bodyrender is performed
in the virtual dressing room. And once the render is completehe user's selection of
available products from the website appears on the right pan At this point, the
selected size and color of an item in the list can be "tried onby downloading the

garment itself and the alpha channels.

Garment images are located on the server where website isdtezl. Original
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Figure 6.7. 2-Pass scaling of a dress image. Original imageon the left. Scaling is

applied rst vertically (middle), then horizontally (righ t).

images and their alpha channels reside in separate foldeshiaring the same name
de ning the color and size of the garment. When that speci c alor and size is selected
and a try-on request is triggered from the application, an FP request is sent to the
server for those les and download begins. When all three $are downloaded, they
are loaded into the program according to the data saved at theomment section (i.e.
COM marker) of JPEG les. We use libjpeg[31] for this purpose, which syports

writing data to marker sections in JPEG les.

Figure 6.8. Sanal Giyim -The Dressing Room

We apply multilayered dressing by using a two step process:
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Rendering arms to a second render layefThat is simply because we present the
side and rear views of the 3D body in the dressing room and emaluressing in

these views, too. In these views, arms should be visible orptof the garment

parts which are touching the torso.

Marking the arms as a second alpha layer in garment$his completes the mul-

tilayered dressing together with the previous step. We mar&ut the arm section

in the garment image and save as a second alpha layer. Insitie dressing room,
after body arms are rendered to the second layer, we place ig@nt's arms sec-
tion on top of this second render layer. Note that another coted image of the

garment is not required, just saving the arms section sepdedy is a su cient

action.

A dressing process is depicted in Figure 6.9. On top left, tlriginal render layer
is shown. The other layers are built upon the render layer gdaally. In painting order:
The original rescaled garment layer, second render layercasecond garment layer are

drawn.

Figure 6.9. The multilayered dressing process

Besides body related multilayering, there is also a layegnscheme for the gar-
ments. Required functionality is to preserve the real life @ssing order. For example,
wearing underwears rst, then shirts / pants, and so on. We desloped a exible
layering for that purpose, where new layers can easily be asttito the system. The

layers are drawn on top of each other, whereas at one layeryg@nts are drawn in the
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wearing order speci ed by the user. Currently there are eighiayers de ned:

Underwear

Tank tops, Slips
Shirts, Skirts, Pants
Jackets, Cardigans
Belts, Jewelry
Coats

Scarves, Shawls

Shoes, Bags, Slippers

6.2. Garment Preparation

As mentioned in section 3.1, we parameterized our model ugithe EN 13402
standard, which is a dress measurement based human body pasadrization. We im-
plemented a small tool for both entering a speci ¢ garment'measurement information

and also marking the garment for application use.

Figure 6.10. A sample screen from the Garment Measurementdlo

The tting of a garment image to a body render has three main geects.

The real-world tting constraints: This is the algebraic actualization of garment

stretching properties and body girths. If a garment's spe@d stretching part
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stretches in a range o0$,,in  Smax, then the body on which it is tried should have
a girth value higher thans,, and lower thans,,x at that part.

Fitting levels: We speci ed seven tting levels for all kinds of garments. Tese
levels are determined by the measurement areas and t garmtehvertically in-
variant points. This is, answering the question When dressed, which part of
a garment stays invariant according to the body? A shirt ts to the shoulder
but stretches down in the torso, or a bikini bottom ts to the crotch but can
stretch up to di erent heights on the hip. The resulting tti ng levels are nhamely
neck, shoulders, bust, under-bust, waist, crotch and feefThese are represented
as radio buttons in the GUI.

Unit transformation between the garment's image world to ¢hbody's 3D world
For the coordinate transformation, a reference point must é supplied for both
worlds to be merged in a new environment. First we specify a 3D-metric trans-
formation by using the metrics of a standard size-34 femal®r( size-46 male)
model and its corresponding 3D replica. The 3D model can onhe determined
proportionally given the standards of a reference model. Providing the prop
tions as a whole, one metric is su cient for the transformaton. Second, we specify
a garment's actual metrics between two points at the tting psition by simply
measuring. Thismetric indication enables the a ne transformation of these two
worlds in a new environment. We present theixel distance to the user and

enable the entering otm data, so that we have thepixel $ cm transformation.

Once the data are speci ed and previewed on the pre-renderbddy images, they
can be saved at the comment section of the JPEG les. By doindpis, we both keep the
garment les usable as images and do not require a separataqe like le or database

to store these values.

As we employ multilayer dressing, another issue is the deteination of alpha
channels. We do not employ the common image le formats with-Bit alpha channels
such as PNG, TGA or TIFF, but rather use a di erent approach, sving alpha chan-
nels as separate JPEG les, too. This method enables a exwbllayering scheme and

simpli es the garment preparation process.
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7. EVALUATION

Our method is evaluated at three main phases. Initially, a soothness measure
is employed for the in-between shapes. It is followed by themputational cost of
real-time morphing. Finally, for the image synthesis phasehe acceleration e ect of

octree-based spatial subdivision and the optimum anti-asing scheme are discussed.
7.1. Smoothness Measure for Morphed Objects
Laplacian coordinate representation is a stable scheme arglused for several
purposes in graphics applications. Mesh smoothing and treformation invariant mor-

phing are some examples. It is based on the center of mass @ tieighboring vertices.

Vi (71)

Figure 7.1. a) A vertex (red) and its neighborhood ring (whi¢). b) In Laplacian

coordinates, a vertex is represented by the di erence to theentroid of its neighbors

coordinates. Thereforefoughness- R of a mesh or a vertex set is measured by the sum
of distances between original vertices and their Laplaciactoordinates. As the vertex

count does not change, arithmetic mean averagecan also be used.

X0
RV)=jvi vij (7.2)
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In Figure 7.2, a smoothness measurement process is shown ocykndrical object.

Initially, a deformed shape is obtained by extruding the midle segment of this object,
as shown in 7.2(a). Afterwards, a smoothing process is aglito this deformed shape
at each step. As seen in (7.2(f)), the nal shape is visuallycaeptable and considerably
smooth. This is the required e ect for an outcoming human bog shape. Therefore,
Laplacian distances can be used for evaluating the smoottsseof a morphed human

body shape.

Figure 7.2(g) shows the average Laplacian distance valuesrsus sample shapes
in smoothing order. They are labeled Roughness, being the inverse of smoothness
as a measure. As mentioned earlier, we apply local morphing enarked segments
of the human body. These segments have to be marked around thethropometri-
cally determined positions. Additionally, core vertex set forming the segment should
not interfere with each other, to achieve separate interpation. However, the regions
between neighboring segments should be smooth during imtetation. During the
marking process, we de ne thesboundary regions with vertex set propagations. Best
propagation depth for marked segments are found by evaluag the smoothness mea-
sure. Smoothness values are recorded at each interpolatsiep, and these values are

compared for di erent propagation depths.

Figures 7.3, 7.4 and 7.5 show the roughness vs interpolatigalues, for specic
segments and their propagations. Two neighboring segmerstge marked with increas-
ing propagations of their core vertex sets. The e ect of eagbropagation is represented
with a separate color. Notice how roughness curves take stealvalues and therefore

smoothness increases for each case, as propagation deptwgr

7.2. Computational Cost of Morphing

Using the straightforward weighted morphing formulation 4.5), it is obvious
that the computational cost increases linearly with vertexor polygon count. This
means that the algorithm runs inO(n) complexity wheren represents the vertex count.

Furthermore, the morphing equation which uses the averageean of the multipliers
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(a) R = 0.0201896 (b) R = 0.0133217 (©) R = 0.00959175

(d) R = 0.00734621 (e) R = 0.00596873 (f) R = 0.00514077

0,025

0,020 @

0,015 4

0,010 4

0,005 4

0,000

(9) Roughness of smoothed sample objects
Figure 7.2. Average Laplacian distances of a model (a-f) thes smoothed at each

step, and the graph depicting the decrease in roughness,tjiysng the correctness of

the measure
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(@ u=0.25 (b) u=0.5 (c) u=0.75 (du=1.0
Interpolation of Underbustsegment with propagation = 0

(e) u=0.25 f) u=05 (g) u=0.75 (hy u=1.0
Interpolation of Underbustsegment with propagation = 1

() u=0.25 () u=0.5 (k) u=0.75 (h u=1.0
Interpolation of Underbustsegment with propagation = 2
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(m) Roughness vs Interpolation for Underbust segment with corresponding propagation depths
Figure 7.3. Smoothness measurement for Underbust segmenterpolated separately
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(@ u=0.25 (b) u=0.5 (c) u=0.75 (du=1.0
Interpolation of Waist segment with propagation = 0

(e) u=0.25 f) u=05 (g) u=0.75 (hy u=1.0
Interpolation of Waist segment with propagation = 1

() u=0.25 () u=0.5 (k) u=0.75 (h u=1.0
Interpolation of Waist segment with propagation = 2
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(m) Roughness vs Interpolation for Waist segment with corresponding propagation depths
Figure 7.4. Smoothness measurement for Waist segment irgefated separately
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(@ u=0.25 (b) u=0.5 (c) u=0.75 (du=1.0
Interpolation of Waist and Underbust segment together with propagations = 0

(e) u=0.25 fu=05 (@) u=0.75 (hy u=1.0
Interpolation of Waist and Underbustsegment together with propagations = 1

() u=0.25 () u=0.5 (k) u=0.75 (h u=1.0
Interpolation of Waist and Underbust segment together with propagations = 2

oooooo

uuuuuuu

(m) Roughness vs Interpolation for Waist and Underbust segment together with

corresponding propagation depths
Figure 7.5. Smoothness measurement for Waist and Underbustgment interpolated

together
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(4.6) adds only a constant computation per vertex, since theumber of areas used are

determined by a constant segmentation of the body.

Most of the computational time is accounted for vertex normlacalculations in the
3D OpenGL environment. A vertex normal calculation contaia the averaging of the
face normals which contain that vertex as a corner. A face noal calculation is made
by two subtractions and a cross-product. For a 15k polygon ndel, this calculation
slows down the process considerably. Therefore, normal @dhtions are made each

time a local shape morphing is nished.

7.3. Acceleration of Octrees

Several depth values for constructing the octrees are trieidr accelerating the
ray-tracing process. Small depths remain insu cient for aceleration and larger depths
increase the number of tested volume leaves, making no impement on computational
time. Figure 7.6 shows the e ect of several octree depths ontal rendering time in
seconds. As seen on the graph, depth 5 octree provides thertdsi rendering time

among others.
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- ° Y
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Figure 7.6. Rendering time versus Octree depth graph



54

7.4. Optimum anti-aliasing scheme

Aliased pixels are found by comparing the maximum intensitgdi erence between
the pixel and its 1-neighbors with a pre-determined thresha. This threshold deter-
mines the number of subdivided and re-processed pixels, ating both the overall

computational time and the quality of the resulting image.

Figure 7.7 shows the number of processed pixddefore and after anti-aliasing
pass determined by the given thresholds, on the same graphhd& number of pixels
remaining aliased after anti-aliasing are determined by a constant IDT, whichis taken
0.2. This is for enabling comparison between di erent givethresholds and evaluating

the improvement by the given threshold.

As seen on the graph, threshold values 0.1, 0.15 and 0.2 haearnty equal aliasing
after processing on the rst rendered image. Their procesg time is quite di erent
though, directly proportional to the number of pixels acconted for being aliased

Hence an IDT value around 0.2 is proved su cient for determimg the aliased pixels.

12000 @

10000

8000

6000

t ¢t

4000

q
2000

0

0,1 0,15 0,2 0,25 03

Figure 7.7. Number of aliased pixels before and after antliasing versus IDT graph
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8. CONCLUSIONS

We have developed en interpolation based 3D human body moidgl environment
and a virtual dressing application. Our evaluations have slwn that anthropometric
segmentation of the human body allows local control of the t@rpolation and enables

better modeling.

Since human body has a smooth shape, created shapes by usogal control
should be smooth as well. For evaluating the smoothness ofetlin-between shapes,
average distance between vertices and their Laplacian regentations are used. Several
measurements are taken with di erent vertex propagationsfdody segments. Measure-
ments indicate that smoother in-between shapes are formeden vertex propagation
is deeper. This is because the smooth characteristic of thea@sian function that is
used in assigning weights to the vertices a ects the shape neowhen propagation is

deeper.

Several octree depths are tried for raytracing and the optiom depth is found
by comparing the rendering time. Tests show that there is anptimum depth for a
speci ¢ raytracing setup with the same camera coordinatesnd mesh. Deepening the
octree does not improve rendering time after optimum pointAdditionally, tests with
di erent IDT values for anti-aliasing show that there is an @timum threshold value
for a speci c raytracing setup. However, aliased pixels remn after subpixel rendering.

For better anti-aliasing results and smoother images, comfational cost increases.

Short term future work includes further acceleration of ralyacing by experi-
menting with other spatial subdivision methods. Raytracig and anti-aliasing could
also be implemented in aradaptive manner, which could save additional time. Long
term future work includes creating skeleton-based animabée replicas by using the
local control method. Facial replication can also be impleemted in 3D, by analyzing

photographs and further 3D deformation.
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