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Fig.1 (a) A photo of our 3D mesh deformation sgstesing Wii-MotionPlus as the user interface. (b}l €c): the

original and the resulting mesh deformed by outeys

Abstract: Mesh editing and deformation are critical in cargr animation, such as in the motion of virtual
characters in films and games. It needs lots of dlumesources to tweak the mesh to make the defammbtok
natural, and is often referred as “rigging” in aation industry. We propose a system that providgh hevel
constraints to simplify complicated 3D deformatimmerations, and provide a novel user interfacegu¥giti-remote
MotionPlus to make the three dimensional controkenimtuitive. We find that our user interfaces caduce the
task completion time from 10% to 23%, accordinghieee simplified experiments done by 10 subjectdeform the
models in our user study.
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1 Introduction

Making a 3D model to deform naturally is essenitiaBD animation and modeling, which is importangiame
and movie industry. Traditionally, it's achieved lloys of animators' tweaks. Because this work riseticonsuming
and tedious, we observe that there are two direstibat might help to speed up this process. Hirstction is a
better user interface, and the second one is tlpedfidnigh level deformation constraints.

The present modeling and animation software sucklagm and 3dx Max will control the rotation of a ded
through an arcball interface. Ideally, one shoutdable to rotate one, two, or three axes simultasigoBy dividing
the screen into some parts, a user observes a Ielrimodifferent direction in the same time and c@e the mouse
to modify the model in one of the divided screeBscause the mouse is basically a two dimensiondgkcdgethe
mapping between a mouse and the three dimensiotation is a 2D to 3D mapping. Therefore, to avthids
constraint, we propose a new user interface thatiges a 1-1 mapping of three-axis rotation by eitplg the Wii
Remote MotionPlus. This interface directly maps tleer control to 3D rotation, and that means, troeleh is
rotated to the same direction as the Wiimote thaisar holds. Moreover, translation can able be rotiet
simultaneously during the three-axis rotation by @terface, which is difficult for the traditionahouse and
keyboard interface.

Wiimote, abbreviated from Wii Remote, was releabgdNintendo in the end of 2006. This controller tins
a three-axis accelerator that can sense the aateleiin three axes. Its drawback is that it castise the uniform
motion without acceleration, hence we can't propegtect the real 3D direction of Wiimote. Recentiyntendo
released the extension of Wiimote, Wii MotionPIWgii MotionPlus contains a gyroscope. By connectihgs
extension to the original Wiimote, we can read ithlative rotation of Wiimote, even under the moti@huniform
speed. After we calibrate it, we can calculatedakact direction of Wiimote relative to original dation, and make
precise control of three dimensional rotations faes Therefore, we utilize Wiimote and its extersi Wii
MotionPlus, to build our user interface.

Modifying an existing model is much easier thanatirey a new model, and that's the reason why deftiom
method is worth to research. Many methods have pesmosed to deform a 3D model.

Besides the user interface, we build a 3D meshrdeftion system that provides convenient editingrapens.
In the editing process, users usually anticipateodel to deform according to certain physical ruld® preserving
rigidity and geometric details. In our system, gsgist need to fix certain vertices in the mesh drahging other
vertices in the mesh, and the intermediate parth@fmesh will be deformed automatically based onstraints.
Our implementation is based on Sorkine et al. [2, 3

There is a standard editing procedure for our systérst, a user have to assign two parts of a make fixed
parts and a moving part, by selecting certain eesirertices. Our system provides a handle of thedfipart, and a
user can rotate and/or move the handle to drivertbreing part. The position of those vertices betwte fixed and
moving parts will be optimized during the editingppess by our system.

As conclusions, we present an interactive deforomasiystem uses high level constraints, includingiteand
rigidity constraints to speed up the tedious adpestt of animators, and an intuitive user interfbgeWiimote
MotionPlus. The whole deformation system not onkes the deformation process more intuitive but aésluces
the time of modifying a model.

2 Related Work

In these section, we will discuss the works retatenesh deformation and user interface respectiviaig the
related literatures of the user interface incluge tlasses of works. First, the works related td Rémote. Second,
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the works related to the user interface of meshiradi
2.1 Mesh deformation

The literatures of mesh deformation and editing warghly be separated into two approaches, suitfased
approach and space-based approach. Surface-basgbdd:eformulate the deformation as a mesh membrane
functional, and space-based approach uses the atbedinates to control the deformation.

For our system, interactive manipulation is needttgrefore linear method is suitable. Many linear
surface-based methods have been proposed in rgearg. They are attractive because of that theysohre the
problem efficiently, and this characteristic is wesuitable for interactive application. In additiowe can get a
global minimum in a linear system under an appmpriboundary condition. Moreover, most linear mdto
formulate the deformation energy as a smooth foncthence a small perturbation will not cause laziganges in
the model surface.

However, linear methods are not perfect. Sincetiaias nonlinear, the deformation is inherentlpan-linear
problem. Linear methods can only provide an appnate result, and the results under large rotatremat usually
satisfactory. This problem can be solved by dividthe large deformation into small ones, althougmakes the
work heavier.

The following are various linear deformation metholLaplacian coordinates is used in [1, 2]. Ndiaplacian
[1] only keeps translation-invariant, and Sorkinele [3] improve it to small-angle-rotation-invarit. Lipman et al.
[4] introduced a linear rotation-invariant coordies: that retains model geometry even under larggiom angle.
Botsch et al. [5] presents a system that integrateliresolution mesh editing framework, and prasda 9-dof
handle for users. Yu et al. [6] introduces a defation approach based on Poisson equation. It esilez specially
designed handle to manipulate the gradient fieldrdin mesh, then the boundary condition of thestoained
vertex are propagate to the vertex in the influemeggon. In the end, the deformed mesh is obtalmedolving the
Poisson equation.

Reconstruction of mesh geometry in above methotlsnablves solving a sparse linear system. Using
specially designed sparse linear solver as in [¥§ can factorize the matrix before deformation. eAft
pre-factorization, the linear system can be catealdy back-substitution, which is more efficient.

In recent years, many robust nonlinear methods haem proposed. Primo system [8] builds a prismach
face in a mesh by extruding a changeable offsatgatbe vertex normal, and the deformation energykites that
there are several springs between neighboring gridthe height of prisms can be adjusted by usecondrol the
surface's stiffness, which means the resistand®éing. Mesh puppetry [9] provides five high legehstraints to
preserve mesh surface details, balance, lengtldjtygand joint limit.

Our system is based two deformation methods. Weheénear method [2] to get the rough initial gagand
then refine the initial guess by the nonlinear methas-rigid-as-possible surface modeling [3]. Ehesmputation
can be executed in interactive rate.

2.2 User interfaces

The Nintendo Wii-controller, Wiimote, has becomeeoof the most common input devices after Wii was
released by Nintendo, in 2006 winter. Combiningriéasonable price and potential ability of thremeinsional
controlling, Wiimote became an excellent optionb® the interface of our 3D mesh editing system.g@gture
recognition [10], Wiimote provides more emergingexence than traditional keyboard and mouse.

Wiimote has been developed as input interface fanymapplications. Sreedharan et al. [11, 12] uséddie
for navigation of virtual 3D environments. Shiratet al. [13] attached multiple Wiimotes to a usd€gs and head



to control a virtual biped character. A user's mueats, include walking, jumping, and running, arepmed to a
virtual character. This mapping enhances the enmergef users.

Since traditional interfaces, such as mouse anéttadre 2D devices, it's a challenge to desigb @y8ometric
modeling and deformation interface. The most commaadeling software, like 3ds Max and Maya, stileunouse
as the controlling device. Some works attempt thieaee 3D modeling conveniently using 2D interfadeddy
system [14] is a tablet-based sketching interfamre3D freeform design, and it generates a 3D mdhat fits
common people's prediction. Teddy system is endagtesign rough models in concept design or playing it's
not adequate to design complex models. FiberMeskesy[15] is a system similar to Teddy system, &adding
more modeling operations. However, a user is nt tthdesign sophisticate models using FiberMestesy.

2D-sketch-based interfaces [16, 17] are anotheragmh for mesh editing systems. Nealen et al. fd@{lifies
a model by a handle, which is determined by silltiguselection or cropping, or directly drawing dre tmodel
surface. In [17], users draw a line or curve onadel, where the curve acts like a bone of this maskd bending
this curve will drive the neighboring mesh to deforGingold et al. [19] presented a shading-basethse editing
system that allows a user to modify a shape by ginanits rendered image. The 2D user input is tedrd to 3D
model transformation. In some modeling cases, shttem is easier to achieve the deformation gaat standard
deformation approaches.

3 Mesh deformation algorithm

Our goal of mesh deformation algorithm is to prgsegeometric details and rigidity during modeling
operations, and this algorithm should be fast ehdog user to manipulate interactively. This gahtchieved by an
iterative two-step method based on [2, 3]. Gengrsfleaking, during each deformation, we first cotepa rough
deformation as an initial guess using Naive Lapla@oordinates [2], and iteratively refine it usidg

3.1 Initial deformation

It's fundamental to preserve geometric details rdunmodeling operations, and we achieve this goal by
converting vertices from absolute coordinates tffedéntial coordinates. Differential coordinatesptaes the
relative relation, known as details of mesh, betweertices. Absolute Euclidean coordinates changdasng
transformations, such as translation, rotation andling, nevertheless, differential coordinate< likaplacian
coordinate retains its value during transformatioRer free-form deformation, we set an object fimttthat
penalizes changes of value of Laplacian coordinated| vertices in the targeting mesh, and findthg best mesh
after deformation by minimizing this object funatio

The Laplacian representation of a vertex |, i@ shown as below, and N(i) represent one-rinigtsoring

vertices of vertex i in mesh M.
- 3
Wl - Vi |N(1)| ]

JEN()

The transformation from absolute Euclidean coorisdo Laplacian coordinates, a forward transforomat
can be represented in matrix forln=1— DA. | is an identity matrix, D is a diagonal matrijtiw d;; = 1/|N(i)],
and A is the adjacency matrix of mesh M. If we weréll vertices in mesh M in a vector V, we can g€t=W.
Assume we write all vertices in absolute coordisdtea vector V', we can solveV' = W to get the best position.
We solve this equation in three dimensions seplgrate
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In addition, matrix L can be very large when thare many vertices in the mesh. Since the numbeneiring
neighbor of a vertex is usually small, matrix Lvisry sparse. Therefore we solve this constraina bipear system
solver library [7] which is specifically designedrfsolving sparse linear systems.

3.2 Refinement

For an input model, we treat each vertex and i&-omg neighboring vertices as a cell. The modédpt as
rigid as possible by seeking the best, which meanggid as possible, transform for each cell dyidieformation,
and the overlapping of these small cells preverfase from stretching.

For cell i which center is vertex i, positiongnd one-ring neighbor N(i), we want to find thartsformation R
as the following:

pi — pj = Ri(pi — p;), for each j € N(i)

For a cell i, we can formulate the following eneffgpction:

E(C;,C) = Z wij| (pf = pj) — Ri(pi — Pi)|2
JENG)

For the whole mesh, we can obtain the followingrggdunction:
n

E(S) = Z E(Cy,C) = ZWi Z wy|(pi — pj) — Ri(pi — pj)|2
=1

i=1  jEN()

Intuitively, different-size triangles in a mesh sitab be given different weights, and we adopt cotaras the
weights.

An iterative method is adopted to minimize this dimear system. There are two steps in each iwma@nd
these two steps are both linear and easy to sbivthe first step, we treat new mesh vertex posgip’ as constant
and solve R for each cell. The second step, wé Ress constant and optimize all vertex positiohthe new mesh.
The two-step optimization keeps going until theoeis smaller than the threshold.

In the first iteration, we use the mesh which isaifed in previous section. Then the mesh is refiimeevery
iteration. In practice, the optimization accompéshin less than three iterations, and our systam at interactive
rate when the region of interest (ROI) contains/8Rices.

4 User Interfaces

MotionPlus
Wii-MotionPlus contains a tiny gyroscope insiddlo@ing more
accurate capture of complex motion. MotionPlus Dewtan get angular
momentum from three axes which the original comerak lack of. "
The original Wiimote contains an optical senaod an accelerator
device to control user’s motion. Optical sensofrred Rays Sensor) can % , ;i
catch the infrared rays emitted from the infraragsrbar, which is usually
put on the TV when playing Wii. Wiimote reads theys’ position to get

Fig.2 Wii MotionPlus, an expansion
device for Wiimote.



the pointer position on the screen, which is oftmed in game interface and ;
shooting game. "
Wii accelerator device provides a way to captuceeteration from three
axes. In most sport games the accelerator captheestrength of user’s action, e
like striking the balls, and simulating the actionthe game. In most games it ) 1

seems to work well, but actually the precise o@aéion is still missing; it works =~

whether we strike the ball by waving from the rigbtthe left or from the top to ; "—'—"{-‘

the bottom. The accelerator is good when askingtterstrength of the motion ‘:,_:

only, but bad in detecting the accurate motionhef Wiimote controller. =
In 2009 Nintendo announced Wii-MotionPlus. The MofPlus device Fig.3 Pitch, Roll, Yaw rotation

contains a small gyroscope, which is often placadships to maintain the on Wiimote. These rotations are

’ Roll

orientation. A mechanical gyroscope is essentiallgpinning wheel or disk local and used to describe the
whose axis is free to take any orientation. MotilisPtakes advantage of the rotation in each single time
function and helps us to detect the precise motidnWiimote in any interval.

orientation.

For the Wiimote controller local rotation, Pitch the rotation by X axis, Roll is by Y axis, andwYés the
rotation by Z axis. The following X, Y, Z axes arelative and local coordinate of Wiimote itself, gds more
precise to describe them as Pitch, Roll and Yaw.

The main feature of Wii-MotionPlus is that it retgrthe local changing amount of Pitch, Roll, andvYat
every single time interval, but not the global angf rotation. Namely we have to accumulatively s values to
guess the global 3D rotation. This property magder some accumulation error, and certain calibnathethod
must be involved.

Initialization:

At the beginning we must correct errors from tirpration. Even if we put the controller on the &bthe
small signal errors may still sum up to a visibheaant. When initializing, we choose the averageaigah 300 clock
time to be the base value, and every forward mowemalue will be normalized by the base value. dme new
Wii-Motion-Plus- based games announced by Ninterkle,players also need to calibrate the contrddieholding
it statically for a moment to ensure the qualitytod game.

Getting Wiimote Orientation by MotionPlus:

After initialization we can start summing the afegumomentum of Pitch, Roll and Yaw. It is a prabléo
directly map the Pitch, Roll and Yaw to three axestion. The x-y-z coordinates system acts glgbhalit the
roll-pitch-yaw coordinates are local; in additimgme coordinate transformation problem and 3D iataproblem
exists. We have to map the local rotation to globatz rotation. To avoid coordinate transforminglplem, we
have to rotate the coordinate base on Pitch-Ralw¥ngle for every single movement.

Although at the beginning we calibrate the conémbnd get average error when it is placed aicstdace,
there are still small errors exist due to the uplstaignal. It will cause an obvious drift in thenb run. We need a
threshold to filter the small movement to avoid trét, but in this way some tiny movement may guwdatected -
such as the moment wii-controller starts to acegéeor slow down, and therefore accuracy goes diften a period
of time. There is no effective way to ignore tingrsal errors when silence and keep those tiny margsmwhen
moving as while, and the situation will get evenrsein accumulative system. One Solution is to dlibcation
frequently, like in certain Wii games the playewrsvh to re-calibrate the controller orientation irey round. Our
solution is to re-calibrate the Wiimote controler its own accelerators.
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faws (62 Face (0,1,0)

Elevation Angle, Rolling Angle

Face vector(0,1,0)
Up vector(0,0,1)
Right vector(1,0,0)

Rotation
Matrix M

(fx,fy,fz) (fx,fy'f2’) Rotation
(ux,uy,uz) (ux,uy’,uz’) | Matrix M’
(rxry,rz) (X, ry'rz’)

Vertex Position(no |

- &

Vertex Position(after Gz
calibration)

Fig.4 The flow chart of self-calibration. The ne® 3 Fig.5 We assume that the controller is placeddtad
models vertex information can be achieved b pointing the middle of the screen at the beginning.
MotionPlus directly. To get more precise result, wi The starting face vector is (0,1,0), the up vedsor
can use the information from the Accelerator to d (0,0,1) and the right vector is (1,0,0). When the

Right (1,0,0)

3D models
Vertex
Information

self-calibration. controller is at rest, the values from the Accelera
can been regarded as the sub-vector of the gravity
Self-Calibration three axes— Gx, Gy and Gz.

When static, the controller always gets a pure

gravity G, and can be obtained from the accelerator frometlaxessx, Gy, andGz. Different orientation results in
different Gx, Gy and Gz values. Considering thetoe¢Gx,Gy,Gz) is a gravity vector ,we can find thegle
between the vertical vector(0,0,-1) and gravityediion, thus we can adjust the orientation of aultdr. We can’t
judge the global orientation by the acceleratoypbécause there are infinite many orientation tsmhs which have
the same gravity measurement when rotating arouaxis (vertical axis). Namely, once we get a segavity
measurement, every possible solution of each goims a circle on x-y plane (horizontal plane). &sesult, we
keep the face vector of controller on horizontar@ and adjust the elevation angle and rollinganghowing the
elevation angle and rolling angle, we can re-estnaxes vector and find the new transformationtiata

We start our self-calibration with the initialstdt of Motion-Plus. Let the rotation matrix derd/drom
MotionPlus beM. Every point multiplies the rotation matrix and gatbase value.

We use the Gy value to compute elevation angleisGlie force passing through the head and the tmotto
the controller, that is, the vector that parallelshe controller. Once we change the elevationierge Gy value
changes in the meantime no matter what the coetrsliorientation is. We set the elevation angleatijust the
controller’s face direction vector(fx,fy,fz) , sattee fx,fy value computed by MotionPlus, and adjph&t fz value by

accelerator:

Face Vector(fx, fy, fx) = [0,1,0] M
fx' =fx, fy' =fy
Elevataion angle = cos~(—Gy)

fz' = |fx’,fy’| * tan(Elevation_angle)

The second step is to re-estimate the rollingegnghich is a relative value in controller’s loaaordinate.
We use the controller’s upward direction vectodascribe it. To find the accurate “up” vecloix, uy, uz), we use



the result of the “face” vector, rotate 90 degrémng the “right” vector (like elevate the vectoand finally rotate
along the rolling angle around face direction. Tding angle can be obtained from the ratio &k and Gz.
Knowing that theGx? + Gz? value will be a constant when rolling, we can caiteplocal rolling angle:

Up Vector(ux, uy,uz) = (fx’,fy’, fz") rotate 90° around (—fy, fx, 0)

Rolling angle = Sin_1(|((}§)((}z)l)

(ux’,uy’,uz") = (ux, uy, uz) Rotate Rolling angle around (fx’, fy’, fz")
At last, we use the “face” vector and “up” vectorget the “Right” vector.
(rx,ry’,rz") = (ux’,uy’,uz’) rotate 90° around (fx’, fy’, fz")

Now we know the face, up and right vectors of doatroller by MotionPlus and Accelerator. At thetigl
calibration, the controller is placed flat towaltetscreen; that is, the face vector, the up veatadrthe right vector
are (0,1,0), (0,0,1) and (1,0,0). We can then farrotation matrix between the old and the new wscto

[FIUIRIM' = [F'|U"|R']
M’ = [FIUIR]~*[F'|U"|R']

Hence we get re-estimate new rotation malttix

Self Calibration method can solve the drifting lpilem, but two issues must be considered: firstipcation
can correct the drift error only in two axes, whihe drifting on x-y plane cannot be solved. Secdhd accelerator
detects pure gravity when static but heavy pulseenmvaving the controller. The self calibrationaithm only
works when computing mere gravity, and thereforiils when the user is waving the controller. Gamsently, in
our work we only do self calibration when user stegaving the controller.

5 Experiment and Result

With the above deformation system which uses WimBe and MotionPlus as the user interface, we
conducted three experiments to demonstrate thendayes of our interface over the mouse.

We found ten users to participate our experimestsabjects, and designing three deformation taeks f
subjects to complete. All of the tasks involvedtbtrianslation and rotation operations. Before tkpeeiment, we
would take fifteen minutes to train the subjecb®ofamiliar with these two interfaces, and let thenexercise for a
simple task. Then the subject was requested to mthese three tasks with traditional mouse fater and Wii
MotionPlus interface, respectively. The completione in seconds for each task was recorded, asmsioWwable 1.

Task 1: Dinosaur Task 2: Horse Task 3: Armadi|lo
Completion time of mouse interface (seconds) 28.56 36.75 27.97
Completion time of our interface (seconds) 21{94 33.28 21.88
Speedup (%) 23.18 9.52 21.77

Tablel. The task completion time of two differerdays for three tasks.

Before each task, we would first demonstrate thgetamodel to the subject (Fig.6(a)). During theenment,
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we displayed a 3D yellow point cloud (Fig.6(b))goide the user to achieve the desired goal. Ifdéfermation is
close enough to the goal, the background color dehbange to notify the user.

(a) (b) (c)

Fig.6 (a) The target deformation. (b) We guide shbject using yellow point cloud which shows theigion of the
target deformation. (c) The background color wél dhanged if the model is close enough to our tatgirmation.

We designed a questionnaire for users, which tedutwo classes of question - translation operasiod
rotation operation. The result indicates that thie MbtionPlus and mouse interfaces are competitivéranslation
operations, but Wii-MotionPlus interface is moréuitive in rotation operations.

DEMO:: At the end of this section, we will put a few uéts in Fig.7, and our two-minute demo video can be
found on YouTube by searching the title of our pape

(a) (b) (©) (d)

Fig.7 (a) and (b): the original and the resultingmmequin mesh. (c) and (d): the original and ttseiltang feline

mesh.

6 Conclusion and Future work

In this paper, we propose a new deformation framrkwd cheap and affordable hardware, Wii Remote
MotionPlus, is utilized to facilitate the operat®aof users. Besides the user interface, our defilomés based on a
special-designed function, which attempt to retigidity of the given mesh.

In the user interface, we adopt Wii Remote and btuilus. This interface improves over the traditioh2
mouse interface, which lets the users be more imeterto the system. Besides, we designed an autmmati
re-calibration method with the help of an acceler&ab overcome the accumulation error of Wii MotRus.

Our deformation algorithm is a cell-based iteratalgorithm. At first, we will compute an initial g@gs using
the naive Laplacian algorithm. Based on the inijakss, we compute the local rotations relativéhto original
mesh of each cell, and optimizing the mesh usimgehlocal rotations. The two-step computationdptlkgoing
until convergence, which is usually less than thitemtions. Although the cells in this algorithmeasurface-based,
the experiment result is visually convincing.

In conclusion, our deformation system provides mmovative user interface. We integrate the Nintekido



Remote MotionPlus to our system for 3D rotation ipatation that is 1-1 mapping. In the inner defotima loop,
we adopt an algorithm that preserves rigidity dgnmesh deformations. And the high level rigiditynstraint helps
users to achieve the desired results easier and efficiently.

In the future, we wish to adopt an algorithm thedvides different levels of rigidity. In the usieterface, we
believe that the multi-touch technique is anothesgible option which is appropriate for common gsespecially
for children to have fun playing with.
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