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Con tour-Based W arping

A bstr act

In this pap er, a new w arping tec hnique called con tour-based w arping is presen ted. F eature con tours

of ob jects are de�ned and mapp ed to their target shap es. This allo ws the user greater 
exibilit y in

de�ning the w arping with minimal e�ort. Tw o image w arping metho ds are in tro duced in this pap er

and b oth are based on the concept of mapping con tours. The p e el-and-r esample metho d can w arp

simple image ob jects with a single inner-feature in a short time, but su�ers from the problems of

misalignmen t and inabilit y of handling m ultiple features. The wave pr op agation metho d solv es these

t w o problems. Unlik e most existing metho ds, this metho d w arps image ob jects based on sp eci�ed

feature con tours instead of p oin ts or v ectors. Results of this metho d demonstrate that increasing

the n um b er of con tour features distributed on the w arping image reduces the computational time.

Ho w ev er, it is slo w er compared with the p eel-and-resample metho d when w arping simple image

ob jects with a single inner-feature.
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1 In tro duction

Image w arping is the geometrical mapping of an image from one spatial domain (the source shap e)

on to another (the target shap e). Digital image w arping in v olv es issues suc h as spatial transforma-

tion, resampling and an tiali asing. This has b een extensiv ely discussed in [ 10 ][ 19 ]. V arious image

w arping tec hniques w ere prop osed and di�eren t results w ere obtained. They can b e categorized

in to three main t yp es of metho ds - p atch-b ase d , p oint-b ase d and ve ctor-b ase d w arping metho ds.

In patc h-based w arping, the spatial domain of the source image is �rstly sub divided in to a set of

small patc hes. Then another set of patc hes is obtained b y similar sub division of the target image.

The image is w arp ed b y transforming eac h patc h of the source to its corresp onding patc h of the

target. The pioneer of this t yp e of metho d is the 2-pass mesh w arping algorit hm [17 ]. With this

tec hnique, a 2-pass transformatio n replaces a 2-D transformati on with a sequence of orthogonal

1-D transformat ions. There are also in v estiga tio ns of other patc h-based w arping metho ds suc h as

[8 ][11 ] whic h map triangular patc h-pairs.

In p oin t-based w arping, imp ortan t p oin ts are used as the basic corresp onding mapping feature

pairs. Man y p oin t-based metho ds treat w arping as a scattered-data in terp olation function. Sp e-

ci�c in terp olati on functions whic h can in terp olate through all feature p oin ts are used. A w arping

tec hnique based on radial basis function w as in tro duced in [1 ] and w as applied in syn thesizing sim-

ple facial expression. Radial basis function is an e�ectiv e function in m ultiv aria te in terp olation of

scattered data without preferred orien tati on. A similar approac h w as presen ted in [2 ][4 ]. Instead of

radial basis function, they use thin plate splines as the basis of the in terp olation function. Another

p oin t-based metho d [12 ][13 ] handles the w arping as a free-form deformation problem dep ending on

2D feature p oin ts. A more complete discussion of p oin t-based w arping is giv en in [14 ].

V ector-based w arping tec hniques use v ector pairs as the basis of the w arping transformat ion.

V ector-based image w arping w as �rstly prop osed b y Beier and Neely [3]. A v ector pair de�nes a

co ordinate mapping b et w een them. The displacemen t of an y p oin t in the image is then a w eigh ted

sum of the mappings due to all sp eci�ed v ector feature pairs.
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In practical situations, v ery often w e need to w arp image ob jects of arbitrary shap es. One of

the main concerns is the w arping of the b oundary con tours of the ob jects in a con trolla ble w a y ,

suc h as the example sho wn in �gure 1. The matc hing of corresp onding pairs in existing metho ds

ma y b e v ery time consuming if a �ne appro ximat ion is required. It is b ecause they are not based

on mapping con tours and the computational cost is prop ortional to the n um b er of feature pairs

sp eci�ed. In this pap er, w e in tro duce a new w arping tec hnique called c ontour-b ase d warping that

w arps ob jects with arbitrary con tours in a con troll able w a y , and t w o w arping metho ds that are

based on this new w arping tec hnique.

Object Boundary Mapping

Source Image Target Image

Important Inner
Feature Mapping

Figure 1 : W arping of image ob jects with arbitrary con tours.

The t w o w arping metho ds in tro duced are the p e el-and-r esample metho d and the wave pr op a-

gation metho d. The p eel-and-resample metho d is fast and simple. It can w arp an ob ject with a

single feature inside. Ho w ev er, it su�ers from the problems of misalignmen t and inabilit y of han-

dling m ultiple inner-features, as will b e discussed in section 3.4. The w a v e propagatio n metho d

solv es these t w o problems. It w arps an image in a manner similar to w a v e propagated from the

de�ned feature con tours. Results sho w that the increase in the n um b er of sp eci�ed con tour features

distributed on the w arping image can reduce the computational time. This indicates that, unlik e

other existing metho ds, the computational time of this metho d is not prop ortional to the n um b er

of features used. Ho w ev er, compared with the p eel-and-resample metho d, a longer computational

time is required when w arping simple ob jects with a single inner-feature.

The rest of the pap er is organized as follo ws. Section 2 describ es the basic concept of con tour-
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based w arping. Section 3 presen ts the p eel-and-resample metho d while section 4 presen ts the w a v e

propagation metho d. Finally , section 5 dra ws a conclusion of this pap er and discusses p ossible

future directions.

2 Principle Concept of Con tour-Based W arping

T o dev elop a w arping tec hnique whic h w arps image ob jects with arbitrar y shap es, w e ha v e prop osed

the idea of seeking the con tour corresp ondence of the source and target images in our earlier pap er

[5 ]. Con tour pairs are determined and those in the source are mapp ed on to those in the target, as

sho wn in �gure 2.

(u', v')

Contour Mapping of a unique point
C(u, v) -> (u', v')

(u, v)

Corresponding
Contour
Mapping

Source Image Target Image

Figure 2 : Idea of con tour mapping for image w arping.

Ideally , a mathematical mo del should b e used to map eac h p oin t from the source to the target.

In con tin uous domain, giv en a set of con tour pairs
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Ho w ev er, there is no easy w a y to mathematical ly de�ne the correct con tour corresp ondence

of arbitrary planar ob jects as in �gure 2. Here, w e apply mathematical morphology in �nding

the con tour corresp ondence. Mathematical morphology is a sp ecial branc h of nonlinear image

pro cessing. One of its main applications is simplifying images and preserving the main shap e of

ob jects. It has b een used in image prepro cessing, suc h as shap e simpli�catio n and noise �ltering,

and enhancing structures of image ob jects suc h as thinning and thic k ening. A morphological

op eration is giv en b y the relation of the image ob ject, I , with another structuring elemen t set,

S . The structuring elemen t set is applied to eac h spatial p oin t of the image ob ject with the

sp eci�ed relation. Tw o basic morphological op erators are used in this pap er : er osion and dilation .

Mathematical ly , erosion is a v ector subtraction op eration of the structuring elemen t set to the

image ob ject while dilatio n is a v ector addition.

er osion ( I ; S ) = f x j ( x + s ) 2 I ; 8 s 2 S g (1)

dil ation ( I ; S ) = f x j x = i + s; 8 i 2 I ; 8 s 2 S g (2)

Theoretically , mathematical morphology can b e applied to con tin uous domain. Ho w ev er, digital

v ersion is mostly handled in practical situation. A detailed in tro duction of mathematical morphol-

ogy can b e obtained from related materials [7 ][9 ][16 ].

Our con tour-based w arping is initially based on a p e el-and-r esample metho d. It is e�cien t but

it su�ers from the misalignmen t problem and the inabilit y of handling m ultiple inner-features. A

second metho d, called the wave pr op agation metho d, w as then dev elop ed. This metho d o v ercomes

the t w o limita tio ns of the p eel-and-resample metho d. Ho w ev er, it is slo w er than the p eel-and-

resample metho d when w arping ob jects with a single inner-feature.

6



3 P eel-and-Resample metho d

The v ery �rst inspiration of this metho d w as dra wn from a sk eleton-based w arping metho d in tro-

duced b y [18 ]. A planar image ob ject with arbitrary shap e is w arp ed to another based on a sk eletal

thinning tec hnique. The image is partitioned in to la y ers, similar to p eeling an ob ject. A three pass

resampling pro cess is then p erformed to transform the la y ers �rstly to a rectangular form in the

original space, then to the rectangular form in the output space and �nally to the output image.

Ho w ev er, no consideration has b een made on the w arping e�ect inside the ob ject and no con trol has

b een giv en on ho w to c hange the features inside the image ob ject. Our p eel-and-resample metho d

solv es this problem. In this metho d, the con tours are determined/p eeled b y t w o morphological

op erators : er osion and dilation . The p eeled con tours are then resampled to a standard rectangular

shap e for mapping.

3.1 Erosion-Based Con tour Determinati on

The erosion op erator can b e realised as a set op eration whic h uses v ector subtraction of elemen ts,

or pixels in image pro cessing. This e�ect is equiv alen t to ero ding an ob ject la y er b y la y er. The

ero ded la y er can b e treated as the corresp onding con tour a w a y from the original b oundary . T o

determine the corresp onding con tour pairs of the original and �nal ob jects, the p eeled con tours or

la y ers of the original ob ject (obtained b y ero ding function E

s

) is transformed on to a rectangular

grid (b y rectangularizati on function R

s

) and then resampled to the con tours of the �nal image

(b y in v erse of destination ero ding and rectangularizati on functions E

� 1

d

R

� 1

d

). Figure 3 sho ws the

pro cess of w arping an ob ject b y using the erosion op erator.

Th us, eac h p oin t p in the source is mapp ed to p

0

in the destination :

p

0

= E r ode ( p ) = E

� 1

d

( R

� 1

d

( R

s

( E

s

( p )))) (3)

When determining the con tours b et w een the b oundary of an ob ject and its inside feature, erosion

pro vides no con trol of the w arping e�ect inside the outer b oundary . Under suc h situation, the

dilation op erator can b e used to extract the corresp onding con tours.
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Resampling Resampling

Contour Determination

Image

Rectangular Form

Contour Determination

Strips
Contour

-1

Source Target
Image

E E

RR
-1

s

s d

d

Figure 3 : Principle of w arping using the erosion op erator.
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3.2 Dilation-B ased Con tour Determination

Let us imagine that a stone with an arbitrary shap e is thro wn in to the w ater. When the stone has

just made con tact with the w ater surface, w ater w a v e starts forming and propagating out w ards.

This pro cess is similar to the dilation op eration in mathematical morphology , whic h expands an

ob ject la y er b y la y er in all directions.

Analogous to the w ater w a v e phenomenon, when an image ob ject with an inner-feature is

required to b e w arp ed in a con trolla ble w a y , w e treat the inside ob ject as the stone b eing thro wn.

A dilation op erator can b e used to determine the \propagating w ater w a v es", and th us the con tours

b et w een the main ob ject b oundary and the b oundary of the inner-feature. The p eeling of the ob ject

la y ers starts from the b oundary of the inside feature and pro ceeds out w ards as sho wn in �gure 4.

Source Image Target Image

Contour
Mapping

Object Boundaries

Inner Feature Boundaries

Figure 4 : Con tour determination using dilation.

Ideally , the con tours ha v e to b e determined mathematical ly and correctly in order to ha v e an

accurate mapping of the corresp onding con tour pairs. Ho w ev er, erosion and dilation are pixel-based

op erations whic h pro cess the image in pixel in terv al. Th us, the ideal con tour whic h in fact ma y

b e fractional in pixel space cannot b e obtained b y these t w o primary morphologica l op erators. In

our dilation case, w e connect the con tour segmen ts whic h ha v e reac hed the b oundary with the

b oundary con tour as sho wn in �gure 5. Ho w ev er, this causes the a wkw ard w arping e�ect where a

large area of the b oundary of the �nal image has the same pixel v alues.

T o solv e this problem, additional resampling of the rectangular grid is suggested here to get
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Mapping
Contour
Corresponding

Boundary problem occurs when pixel-based

Source Image Target Image

contour reaches the outer boundary

Figure 5 : Boundary problem of dilation in determining con tours.

rid of the duplicated b oundary pixels so that a correct con tour can b e appro ximated as sho wn in

�gure 6. In the diagram, the blac k areas represen t the o v erlapping regions of the con tour strips.

These areas are remo v ed in the additional resampling op eration. Similar to the Ero ding function,

eac h p oin t p in the source is mapp ed to p

0

in the destination b y

p

0

= D il ate ( p ) = D

� 1

d

( R

� 1

d

( B

� 1

d

( B

s

( R

s

( D

s

( p )))) )) (4)

3.3 W arping Ob jects with a Single Inner-F eature

T o w arp an ob ject with a single inner-feature, w e separate the problem in to t w o parts. In the �rst

part, w e treat the single inner-feature as a w arping ob ject without inner-feature. W e use the erosion

op erator to determine the w arp ed p osition of eac h p oin t inside this inner-feature. In the second

part, w e handle the region b et w een the inner-feature and the ob ject b oundary . Dilat ion op eration

is used and eac h p oin t in this region is mapp ed according to the determined con tour mapping.

Th us, giv en a set of non-o v erlapping feature con tour pairs with t w o elemen ts only ,

f ( C

1

; C

0

1

) ; ( C

2

; C

0

2

) g

where ( C

1

; C

0

1

) is the ob ject b oundary con tour pair and ( C

2

; C

0

2

) is the b oundary con tour pair of
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Resampling

Rectangular Form

Contour Determination

Image

Contour

Contour

Rectangular

Strips

Boundary
Form with

Determination

Additional
Resampling

Additional
Resampling

-1
Resampling

Source

-1

Image

Target

D D

R

BBs d

dRs

ds

-1

Figure 6 : Handling the b oundary problem of dilatio n.
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the inner-feature, w e solv e the problem b y using the Ero de-Dilate E D function b elo w :

E D ( u; v ) =

8

>

>

<

>

>

:

E r ode ( u; v ) if ( u; v ) inside C

2

D il ate ( u; v ) otherwise

(5)

3.4 Results and Discussions

Figure 7 demonstrates some results of this metho d. Image a sho ws a h uman head of resolution

201 � 263. Image b sho ws the dilated con tours b et w een the ob ject b oundary (the face silhouette)

and an inner feature (the nose), while image c sho ws the input image o v erlaid with the determined

con tours. The con tours inside the inner feature w ere determined b y using the erosion op erator and

w arp ed directly . The con tours b et w een the ob ject b oundary and the inner feature w ere determined

b y using the dilation op erator. Image d sho ws target shap es of the face and the nose. Image e is the

w arp ed image from source b to target d . The resampled rectangular form R

s

( D

s

( p )), the b oundary

remo v ed rectangular form B

s

( R

s

( D

s

( p ))), and the mapp ed rectangular form B

� 1

d

( B

s

( R

s

( D

s

( p ))))

are sho wn in the top, middle and b ottom diagrams of image f resp ectiv ely . Note that the de�ned

con tours of the head and the nose in the destination mask are irregular, and the image is w arp ed

to a funn y shap e. W e tested the program on a SUN SP AR C 10 system and the pro cessing time

required to pro duce the w arp ed image w as ab out 2.5 seconds. The computational time is only

prop ortional to the size of the sp eci�ed region, th us the region inside the face silhouette in this

example of the image, of the image to b e w arp ed.

Ho w ev er, t w o basic problems w ere found and needed to b e solv ed - the misalignmen t problem

and the inabilit y of handling m ultiple inner-features. The misalignment pr oblem is that some pixels

ma y not b e able to retain the neigh b orho o d relatio nship with their adjacen t pixels after the w arping

pro cess. Images h and i in �gure 7 sho w an example of this case. The w arp ed image h is generated

b y mapping the source con tours in image b to those in image g . W e can see that the ey e region of

the w arp ed face is misali gned. Image i sho ws the magni�cation of the w arp ed ey e region. It clearly

illustrat es the misalig nmen t problem. F or a con tin uous and smo oth mapping, the spatial adjacency

of pixels m ust b e main tained.
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(i)(h)(g)

(e)(d) (f)

(a) (b) (c)

Figure 7 : Results of the p eel-and-resample metho d.
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The second problem is that the p eel-and-resample metho d can only handle ob jects with a single

feature inside. In the case of m ultiple inner features, the whole w arping pro cess needs to b e solv ed

b y a w eigh ted sum approac h of partitioned sub-problems. Eac h sub-problem consists of the ob ject

b oundary and one of the inner features only . It is simply a single inner-feature problem discussed

in section 3.3. Ho w ev er, this cannot guaran tee an appropriate w arping and the desired w arping

e�ect ma y not b e obtained. W a v e propagation metho d is in tro duced to solv e these problems. It

w arps an image in a manner similar to w a v e propagation.

4 W a v e Propagation Metho d

In w a v e propagation metho d, the misalignmen t problem of the p eel-and-resample metho d is o v er-

come b y in tro ducing linking force to main tain the geometrical relationship of neigh b oring pixels.

This e�ectiv ely forms a linking grid to the image. As suc h, image w arping can b e realized as

deforming a linking grid b y w a v e propagation based on sp eci�ed feature con tours.

4.1 Equili brium of the Linking Grid

In order to main tain the neigh b orho o d relationship, eac h spatial p oin t in the image domain is

connected to adjacen t neigh b oring p oin ts b y linking forces. Here, w e only consider preserving the

relationship of 4-connected neigh b orho o d. As sho wn in �gure 8, the neigh b orho o d relatio nship of

the cen ter pixel with the 4 adjacen t pixels (dra wn in blac k dot) is retained b y the linking force.

Other non-neigh b ors are k ept a w a y from the linking force region.

A t equilibrium state of the linking grid, an y p oin t p ha ving the set of neigh b oring pixels N

p

:

X

q 2 N

p

F

l

( p; q ) + F

a

( p ) = 0 (6)

where F

l

( p; q ) is the linking force b et w een p oin ts p and q . F

a

( p ) is an additional force used to

c haracterize the w arping e�ect. F or example, w e ma y consider F

a

( p ) as a friction force. When

it is equal to zero, the linking grid will b e formed in a w a y that all pixel will tend to b e ev enly
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   pixel

neighboring pixels

non-neighboring

warping

linking force region

Figure 8 : Main tai ning the neigh b orho o d relationship b y linking

forces.

distributed. When it is a reaction force with factor prop ortional to the distance of the pixel p from

the de�ned con tour, the w arping will tend to b e lo calized. Because solving the equilibrium problem

mathematicall y is impractical , w e use an iterativ e approac h in the implemen tation of the metho d

instead.

4.2 W a v e Propagation

Giv en a set of n feature con tour pairs :

C = (( C

1

; C

0

1

) ; ( C

2

; C

0

2

) ; ::: ::; ( C

n

; C

0

n

))

where C

i

and C

0

i

, i 2 [1 ; n ], are the source and the corresp onding target con tours. When w arping

starts from anc horing eac h giv en source con tour C

i

to the p osition of its corresp onding destina-

tion con tour C

0

i

, its neigh b ors start mo ving accordingly . The linking force will force the adjacen t

neigh b ors to shift to the new p ositions suc h that the linking force b et w een them can b e minimized

to zero. Similar to the concept of w a v e propagation, the \mo ving w a v e" will propagate from the

giv en source con tours to their neigh b ors la y er b y la y er. Th us image w arping b ecomes a pro cess of

deforming the linking grid.

As men tioned earlier, b ecause solving the equilibrium problem mathematical ly is impractical,

w e use an iterativ e approac h in the implemen tation of the tec hnique. In eac h iteration cycle, eac h

pixel whic h is close to the feature con tours is �rstly mo v ed to a new p osition so that the summation

of all its linking forces is close to zero. Then the pro cess will propagate to pixels further a w a y from
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the feature con tours. The iteration cycle con tin ues un til an equilibrium state is reac hed. The

pro cess of deforming a c hec k erb oard image through w a v e propagatio n is illustrated in �gure 9. The

original rectangular feature con tours in blac k color are mapp ed to the destination feature con tours

ha ving arbitrar y shap e in white color as sho wn in the original c hec k erb oard image a . The w a v es

start propagating from the \anc hored" feature con tours out w ards and their immediate neigh b ors

are then displaced according to equation 6. These neigh b ors further propagate the w a v e to the

rest of the image. Images b and c sho w the w arp ed images after 10 and 30 iterations resp ectiv ely

of w a v e propagation. The �nal w arp ed c hec k erb oard at its equilibrium state after 93 iterations is

sho wn in image d .

(a) (b)

(c) (d)

Figure 9 : W arping of a c hec k erb oard image using w a v e propagation.

In addition to solving the misalig nmen t problem, this metho d also solv es the problem of handling

m ultiple inner-features in the p eel-and-resample metho d naturally . There is no limita tion on ho w

man y inner-features can b e sp eci�ed. The new w arping pro cess is equiv alen t to anc horing the

feature con tour in a linking grid, and adjusting the lo cations of other grid no des un til a equilibrium

state is obtained. The follo wing sho ws the pseudo co de of the metho d. Giv en the input image

\InputImage" , the sp eci�ed con tour features of the source domain \source-con tours" , and the sp eci�ed

con tour features of the target domain \target-con tours" ,
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Determine-c ontours( InputImage , determined-con tours )

A nchor( source-con tours to target-con tours )

While (if not-e quilibrium)

fr om source-con tours outwar ds

for e ach pixel p in determined-con tours

if

P

q 2 N

p

F

l

( p; q ) + F

a

( p ) 6= 0

move p so-that

P

q 2 N

p

F

l

( p; q ) + F

a

( p ) = 0

EndWhile

The function Determine-c ontours() determines other corresp onding con tours, \determined-con tours" ,

for w a v e propagatio n in the image space based on \source-con tours" and \target-con tours" .

4.3 Results and Discussion

W e ha v e implemen ted this w a v e propagatio n metho d and some results ha v e b een obtained. W e

use the simple v ector ~pq as the directional linking force F

l

( p; q ), whic h has the magnitude directly

prop ortional to the distance b et w een t w o neigh b oring no des p and q .

F

l

( p; q ) = ~pq

W e also treat the additional force, F

a

( p ), as a sp ecial friction force based on a critical force F

c

:

F

a

( p ) =

8

>

>

<

>

>

:

0 if j

P

F

l

( p; q ) j > j F

c

j

�

P

F

l

( p; q ) otherwise

When the magnitude of the total linking force

P

F

l

( p; q ) is larger than that of the critical

friction force F

c

, there will b e no reaction force against the pixel no de and F

a

( p ) is equal to zero.

The net force will force the pixel no de to mo v e to a new p osition suc h that the new net force is

close to zero. Ho w ev er, when the total linking force is equal to or smaller than the critical force,

the friction force will react as an opp osite force totally against the total linking force and k eep the

pixel no de in the same p osition.
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4.3.1 Main taining Alignmen t

Figure 10 sho ws the w arp ed image based on con tour features sp ecifying the facial silhouette and

nose. The sp eci�ed con tours are those used to pro duce image i of �gure 7 in the p eel-and-resample

metho d. The h uman con tours are sho wn in image 7 b and the ap e con tours are sho wn in image

7 g . In �gure 10, the left image sho ws the mapping v ectors from the source p osition to the target

p osition. The w arp ed h uman face is sho wn on the righ t. It clearly illustra tes that the image is

smo othly w arp ed to the desired shap e and the misali gnmen t has b een o v ercome. Ho w ev er, it to ok

109 iterations b efore reac hing the equilibrium state. The o v erall time required to pro duce the image

is ab out 31 seconds. Compared with the p eel-and-resample metho d, this metho d requires a longer

computational time for w arping an image ob ject with a single inner-feature.

Figure 10 : Result of main taining alignmen t.

4.3.2 W arping E�ect of Multiple Inner F eatures

Figure 11 sho ws the e�ect of w arping m ultiple inner features b y using the w a v e propagation metho d.

A h uman face is w arp ed to the shap e of an ap e in the left column, while the ap e is w arp ed to the

shap e of the h uman in the righ t. Images a and b sho w the original faces and their corresp onding

facial features. These feature con tours are sp eci�ed in terms of arbitrary shap es whic h �t the

actual b oundaries of the facial features. Images c and d indicate the determined con tours o v erlai d
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on the images. Images e and f sho w the in termediate deforming frames after 10 iterati ons of w a v e

propagation. Note that the images ha v e basically b een w arp ed appropriately , esp ecially in the

regions nearb y the de�ned con tours. Images g and h sho w the v ectors of mapping from source to

the target, while images i and j are the �nal w arp ed images after 109 and 97 iterations resp ectiv ely .

4.3.3 E�ect of Sp ecifying Additional F eatures

Figure 12 sho ws similar w arping op erations of �gure 11. Ho w ev er, there are t w o extra feature

con tours sp eci�ed b eside the left and righ t c heeks as sho wn in image a . The sp eci�ed feature

con tours of the source domain are sho wn in blac k color and those of the target domain are sho wn

in white. Image b is obtained after 10 iterations. This in termediate w arp ed image is v ery close to

the �nal one as sho wn on the righ t. The �nal w arp ed image c requires only 70 iterati ons of w a v e

propagation to reac h the equilibrium state. Compared with �gure 11 i whic h needs 109 iterations,

this requires only 64% of the original computational cost to obtain a similar w arping e�ect. Hence,

unlik e other existing w arping tec hniques, the computational time of this metho d is not prop ortional

to the n um b er of features sp eci�ed. On the con trary , it can b e reduced with additional features

distributed on the image as demonstrated in this example. It is only a�ected b y the size of the

image and the maxim um displacemen t from the source con tour to the target one, whic h ma y alter

the n um b er of w a v e iterations required to reac h the equilibrium state. All examples sho wn here

w ere pro duced on a SUN SP AR C 10 system. It to ok 31 and 21 seconds to generate images 11 i

and 12 c resp ectiv ely . Ho w ev er, this metho d requires longer computational time compared with the

p eel-and-resample metho d when w arping simple images with a single inner-feature.

4.3.4 E�ect of Ov erlapping Con tours

During our in v estigati on of the problem, w e ha v e found that unpredictable w arping e�ect is obtained

when some de�ned con tours o v erlap eac h other. It leads to an irrev ersible \folding" e�ect, whic h

is also a common problem of other image w arping metho ds. Figure 13 sho ws t w o examples of this

o v erlapping problem. Image a sho ws the newly de�ned target con tours (in white curv es) of the ap e

19



and image b is the w arp ed image. The source con tours of the h uman are the same as those sho wn

in �gure 11 a . Note that the sp eci�ed con tours of the ap e's mouth and nose are o v erlapp ed and this

causes the strange w arping e�ect around the region. Another example is sho wn in images c and

d . Image c sho ws an original c hec k erb oard with t w o rectangular source con tours in blac k and t w o

o v erlapping target con tours in white, while image d sho ws the w arp ed c hec k erb oard with strange

folding e�ect in the o v erlapping regions near the six in tersection p oin ts.

4.3.5 Metho d Applied in Morphing

Figure 14 sho ws the syn thesized images of applying the new w arping metho d to pro duce morphing

e�ect using the h uman image in �gure 11 a and the ap e in �gure 11 b . The same sets of feature

con tours are sp eci�ed. This �gure is an example of morphing e�ect using the common \w arp and

cross-dissolv e" approac h. The left column of images in the �gure is the result of pixel in terp olati on

b et w een a set of w arp ed ap e images and the images in the righ t column of the �gure. The images

on the left column of �gure 14 are the in termediate frames of the morphing pro cess and pro duces

the e�ect of transformi ng a h uman head to an ap e face smo othly . The w arp ed images of the h uman

for the morphing pro cess are sho wn on the righ t. Note that the h uman face is w arp ed to the desired

shap es. An additional morphing example b y using the new metho d is sho wn in �gure 15, whic h

transforms a mouse to a cat.

5 Conclusion and F uture Directions

Con tour-based w arping has b een presen ted. It allo ws image features to b e de�ned naturally in

terms of con tours, instead of p oin t, v ector or patc h based features in con v en tional metho ds. Tw o

metho ds based on mapping con tours, the p eel-and-resample and the w a v e propagatio n metho ds,

are in tro duced in this pap er.

The p eel-and-resample metho d is a fast and simple tec hnique, whic h can w arp an ob ject with

a single feature inside. Ho w ev er, it su�ers from the problems of misalignmen t and inabilit y of
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handling m ultiple inner-features. W a v e propagation metho d w arps an image in a manner similar to

w a v e propagatio n from the de�ned feature con tours. The metho d solv es the misalignmen t problem

of the p eel-and-resample metho d b y in tro ducing linking force, and can handle m ultiple inner-

features naturally . Linking force is applied to neigh b oring pixels for main taining the neigh b orho o d

relationship. Results of w arping ob jects with arbitrary features sho w that the metho d w arps

the image ob jects to the desired shap es. F urthermore, additional in v estiga tio ns sho w that the

increase in the n um b er of sp eci�ed con tour features distributed on the w arping image can reduce

the computational time. This indicates that, unlik e other existing metho ds, the computational time

of this metho d is not prop ortional to the n um b er of features used. Ho w ev er, compared with the

p eel-and-resample metho d, a longer computational time is required when w arping simple ob jects

with a single inner-feature. Some morphing results using this metho d are also giv en.

In order to reduce the computational time required in the w a v e propagation metho d, w e are

planning to in v estigat e a m ulti-resolut ion approac h of the metho d and the application of a more

sophisticated iterativ e metho ds. The image ma y b e subsampled to smaller images with di�eren t

resolutions of the original. T ogether with subsampled feature con tours, the subsampled image with

the lo w est resolution will �rstly b e w arp ed b y the tec hnique. The w arp ed linking grid will b e used

to guide the w arping pro cess applied to the higher resolution image and so on un til the original one.

This metho d can reduce the o v erall computational time. It can also pro vide a real time in teraction

where w e can trade o� b et w een the qualit y of the w arp ed image and the sp eed of the in teraction.

On the other hand, the iterativ e algori thm used in our implemen tation presen ted in section 4.2 is

basically a Gauss-Seidel iterati on metho d. Some other preconditioned iterativ e metho ds, suc h as

Conjugate Gradien ts, GMRES and QMR, generally can con v erge m uc h faster [15]. They can b e

used in future enhancemen ts of the tec hnique.

The new metho d can also b e used to assist further dev elopmen t of a semi-automatic motion

morphing system and a mo del-based image co ding system when accompanied with robust feature

extractors, as prop osed in our earlier pap er [5 ]. The prop osed w ork presen ted in [6] is also a go o d

reference for dev eloping this system, b y in tegrati ng automatic matc hing metho d and activ e con tour
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mo del with our new w arping tec hnique. In addition, the extension of this 2D metho d to 3D w arping

and morphing of 3D v olumetric data is also b eing in v estigated.
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(c) (d)

(e)

(g)

(f)

(h)

(i) (j)

Figure 11 : W arping with m ultiple inner fea-

tures.

(a) (b) (c)

Figure 12 : Example of reducing computa-

tional time b y adding extra feature con tours.

(a) (b)

(c) (d)

Figure 13 : Example of the o v erlapping ef-

fect.
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Figure 14 : Morphing from h uman to ap e.

Figure 15 : Morphing from mouse to cat.
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