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Abstract

We present a novel aging technique that simulates the
deformation of an object caused by repetitive impacts
over long periods of time. Our semi-automatic system |
deteriorates the surface of an object by hitting it with an-
other object. An empirical simulation modifies the object
surface to represent the small depressions caused by ea
impact. This is done by updating the vertices of an adap-
tively refined object mesh. The simulation is efficient,
applying hundreds of impacts in a few seconds. The user
controls the simulation through intuitive parameters. Be-
cause the simulation is rapid, the user can easily adjust=
the parameters and see the effect of impacts interactively.
The models processed by our system exhibit the cumu-
lative aging effects of repetitive impacts, significantly in-
creasing their realism.

Key words: Realism, simulation, aging, deterioration, ) )
imperfection, impact, surface, compaction. Figure 1: Examples of aged objects.

1 Introduction

. . . lengthy, skilled user interaction and are not always suited
The quest for improved realism has always been an im- . e

. - to the representation of geometry modification. Texture
portant goal for computer graphics. One major difficulty

in this process is the extreme complexity of real objectéb arameterization can also be a daunting task, and may

. o L . : Ihtroduce unwanted distortions and discontinuities.
which exhibit many subtle variations over their entire sur- ) ) i )
Many object-modeling techniques have been intro-

face. In contrast, synthetic objects often look “too per- ; .
fect”; to achieve realistic synthetic images, these Subtguced to ease and acc_elerate the tasks of design and edit-
variations need to be simulated. ing. Although well trained users can perform some of

One such important effect is the cumulative aging thatf1ese tasks effllmently, thel re(jptgtltlye nature.of tthezraglng
affects all real objects. Detailed synthetic objects an rocesses makes manual editing inconvenient. 10 €ase

environments rarely reflect the fact that people, objectg e design of aged models, researchers have introduced

chemicals, etc.. affect them over the course of timed,'ﬁerem semi-automatic aging technigues. Most of those

increasing their complexity. Aging processes are n iechniques cover only a specific aging effect, sometimes

merous: abrasion, stains, pealing, dust, scratches, cofﬁ—s_triCted o particular mat(_arials and Obje.CtS' M_any real
paction, oxidation, etc. Examples of objects that cann@9'NY Processes result frompactsof moving objects

be realistically modeled without considering aging by im-f)mt0 other_ sta]Elc q:t)Jectsa'ig..,dropplngdo[)thrOWl?? Ob.'
pacts are presented in Figue 1. jects, moving furniture). Aging caused by repetitive im-

Manually modeling the effects of complex aging pro_pacts: over long periods of time is one such process that
has not yet received much attention.

cesses is time-consuming: effective tools are needed toI hi | hod that deals with
speed-up the design process. Textures are commongnt IS paper we present a novel method that deals wit

used to add details to models. Unfortunately, they requitg"9-term effects from moving objects that repetitively
hit a static object. Such aging by compaction often modi-

1;MAGIS is a joint research project of CNRS/INRIA/UJF/INPG.  fies only the region close to the surface, adding small de-




pressions. This allows us to consider only surface-levéhe model representation grows without bounds. In most
impacts. Thus, we do not need a strict volume definitiosculpting systems, the tool can freely penetrate the ob-
or representation. This is simple, does not restrict thiect to any depth as if the material offered no resistance.
type of input model, and permits efficient simulation.  These systems often do not take into account the presence
Our semi-automatic technique uses empirical simulasf the object when computing tool positions. Therefore,
tion to modify the object so that its surface reflects thé is harder for the user to achieve realistic results.
many small depressions caused by individual impacts. Surgery simulation systems are designed for fast and
The simulation first intersects the object with a user coraccurate response to presstire [8] and ¢uts [3]. They work
trolled tool. The model mesh is then adaptively tesselvell for a few interactions, but they are not adapted for
lated so that it can represent the impact compaction. Thise many small interventions of repetitive processes.
surface geometry is finally updated to reflect the impact \myltiresolution mesh editing {19, 29] permits coarse
effect. This process is repeated for each generated ifgs fine scale modification of the model. In these systems,
pact. The simulation algorithm is efficient and simple tq:oarse scale modifications are just as easy to perform as
control, allowing the user to intuitively affect an objectmodifications at a fine scale. Nonetheless, fine scale mod-
with impacts and interactively see the results. The agqflcations are as hard as in other manual modeling sys-

objects can be rendered interactively or with a highelems, and thus inconvenient for repetitive effects.
quality, but slower, renderer. The realism of the result- Reproducing aging effects is a difficult and time-

ing aged models is significantly increased, as can be segfl,sming task. To get realistic results with less effort,
in the comparisons with real-world objects (see Fiqure 7§emi-automatic aging methods have been introduced.

Here we concentrate on surface aging techniques. There

2 Previous Work . : .
) ] are two main approaches towards developing aging tech-
We now present previous work designed for, or related t‘?riques, physically based and empirical.

surface details f(?r aging PUrPOSES. ) Physically based techniques try to mimic the actual
Texture mapping is commonly used to adfj ‘detalls Bhysical process by using laws of physics adapted to spe-
models. By mapping an image onto the surféce [S], ONic effects. Flow simulation [12] uses gravity and dif-

can modify its colors, the orientation of its normals [4],torential equations to approximate the interaction of rain

shading parameters, or any combination of th&se [7]. Digs 51 opject. The flow of water washes and soils differ-

placement mapping can also be used to displace the Sy areas; giving realistic results on stone and concrete.
face along its normal. Creating textures manuaigl, The effects of water on stong [9] have been further devel-
painting) or selecting procedural textureI[13] parametel§oq g with more sophisticated differential equations con-
is time-consuming and requires both artistic and teChn{froIIing the change of rock properties. Other physically

cal skills. To speed up the design process, one can beg{ise techniques simulate cracks [16] and fractures [24].
with photographs of the desired effect27] or ready made Physically based systems often result in impressive, re-
textures from libraries which include textures of specific !

: atlistic images. They also give, to some extent, physically
materials aged by common processes. Nevertheless, 10 : ;
accurate results, which may be useful for some appli-

get realistic results, the user must modify and combing

) . . Cations. But this accuracy often results in complex and
many textures, controlling different shading parameters,. . . o
_time-consuming systems, which are difficult to control.

Geometry modification, in the context of modeling, is Empirical techni trv to mimic th f
such a common task that many techniques specificalli/g mpirical techniques Try 1o mimic the appearance o

address this problem. We present those most related g effect, npt the physical process that is takmg place.
surface details. ese techniques often lead to simpler systems with more

Sculpting is an intuitive technique to edit a model.mtu'tlve control. - Accessibility shading-[21] approxi

Many sculpting systems use a volume representaion [rlnates the accumulation of dirt in corners and areas diffi-

B ) clilt to reach by considering local geometric factors. The
15, [26]. These systems suffer from artifacts caused b ; e

. o o ccumulation of dust18] has been specifically addressed
the discrete and regular subdivision, and permit interac-_. ) . ) .
: o : . . using a mixture of accessibility shading and simple user
tive editing of fine details only at the expense of high

memory requirements (512 Mb or m@jeBSP [73] and controlled dust sources. To ease the design of metallic
CSG [22] sculpting systems allow exact geometry modiP2linas textures, Dorsey and Hanrahan [10] brought to-
o ether a collection of tools to design, combine, and ren-

fication and representation as opposed to the sampled ) . .
P PP P er layered textures with variable thickness. Tracks left

proximation of volume sculpting. However, this advan- - . .
. - o . in soft materials[[25] have been approximated by a sim-
tage is also a drawback for repetitive modifications since : T : .
ple compression and redistribution technique applied to a

2From promotional material of the FreeForm system by SensAble height field.




When the simulation is completed, the model is ren-

originaly _, e ect)->[refine] > [deform] > (284 dered in our 3D viewer or by a more sophisticated ren-
model model

AN derer. Since the geometry has been modified, normals
tool user need to be recomputed. These must be consistent with
parameters both the original normals and the adaptive refinement in-
curred by the simulation. Information about the normals
is extracted in a preprocess and appropriate normals are
Figure 2: Simulation cycle of our system. assigned before rendering.
As in many other techniques.@., [18,22,[23[25]), we

. ._ignore the aging effects on the tool for simplidityThis
Some research has also been done on the 'megrat'onr%%triction is not severe, since in most cases we see the

several aging processes into a single consistent aging S.Ya%"mg effects on the affected objeetd.,we see a scratch
tem. Becket and Badlefl[2] present a text-based user 'Bh the floor, but not the shoe that caused it) rather than

terface for easy interaction. Worg al. [?8] use simple the objects which cause the impaatsg(,the mugs, pens
tendency sources to control the tendency of the surfaceé? boxes hitting a desk)

be affected by a particular aging process. For both me_th- The following sections explain the different aspects of

ods, the effect is computed from the user data employlnl(hlgJr method in more detail

a predetermined set of standard or effect specific tech- '

niques and parameters. The overall generality of these2 User Interface

systems is limited since they rely on many specialized aFor simple and intuitive user interaction, we restrict tool

gorithms, each dealing with one aging effect. motion to linear trajectories only, which we will refer to
Synthetic object aging[11] is a general problem tha@s the toolpaths A linear tool path is computed from

has many applications in the computer graphics indug point (source or target) and a direction. The point and

try [12,27]. Some commercial systems and tools were irlirection can be specified or derived from the camera and

spired by published researdbirty Reyef andDirtMapf] ~ cursor in the 3D viewer. For example, aray can be shotin

are both based on accessibility shading, &htiPati- ~a zone around the mouse location to find the path target

nad] is similar to the work by Dorsey and Hanrahan [10]point, and the path direction can be computed from a cone

of directions defined by the ray.
3 Compaction Simulation When interactively specifying paths with the 3D

We present an empirical aging technique that simulatédewer, the user can specify how many paths are com-
surface compaction caused by repetitive impacts. Iuted on a single mouse click. The computed paths can
our system, dynamic objects (theols) hit a static ob- be executed immediately and/or recorded and stored in a
ject (S|mp|y theobjeco, repetitive|y Compacting it. Our file. This is useful when re-applying an effect after the
method simulates the deformation of the object surfaciginal model has been edited.

caused by series of impacts. Each impact corresponds tol he user also has control over the tool shape and size,
a simulation step in which the system computes the sund how the object will be modified in response to the im-

face deformation caused by the user controlled tool. ~ Pact. The response is specified asoapaction volume
The compaction volume is in modeling units and the user

31 Ove.rview . . _can specify a different one for each impact. In a simu-
A simulation step starts with the selection of the tool, itsation step, the object surface is moved until the swept
properties and its trajectory from user-specified values Qpjume is equal to the compaction volume specified by
statistical distributions. The tool is intersected with thehe yser (see Sectign B.4 and Fighre 6(a)).

object surface to find the area which will be potentially The values (scalars, directions, and points) specified
modified. The object surface, expressed as a mesh, fi the path, tool size, and compaction volume can be
adaptively refined in regions where it is hit by importan,sed directly or as input to statistical distributiomsg,

tool features. This refinement proceeds until the impaginiform, gaussian, poisson, turbulence, 3D field).

effect_ can be represente_d on the mesh. The object sur-The new object geometry is approximated using an
face is updated by modifying the adapted mesh geomgaptively refined object mesh. The user seledisaa
etry. This is done by moving the object mesh verticesyre sizethat controls the resolution of the object mesh
This whole process, shown in Figufe 2, is repeated foind the selection of important tool features. To capture
each impact. finer details a smaller feature size is used, at the cost of a

3by Reyes Infographica www.reyes-infografica.com 5 This restriction could be removed at the expense of a higher com-
4by Phoenix Tools www.phoenixtools.com putational cost which we think is not needed in most cases.
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original wedges

larger number of faces in the resulting mesh and slower
simulation. corners

3.3 Modeling

A mesh is used to represent surface-level details. We
chose meshes since they are widely used, and since other
representations, such as implicit or parametric, can be
converted to meshes. The common polygon “sofips”
can also be converted, at least partially, into a coherent
mesh. We use triangle meshes for simplicity, to avoid

non—planar p.0|ygons and because fast intersection roﬁfgure 3: A triangulated cube with one face refined us-

tines are available. ) . . ing quaternary subdivision. Adjacent faces are split to
To compute the adaptive object mesh refinement, w oid T-vertices. Around each new vertex, one or two

mus_t take the tool path and geometry _mto account. %ew wedges are inserted depending on the normal conti-

straightforward approach would be to directly move th%mty across the edge

tool along the path, thus performing complex face/edge '

intersections with the object mesh. Instead, we simply
project points along the path, from the tool onto the ob- @

binary subdivision
(prevent cracks)

new wedges

¥ subdivided face
(quaternary subdivision)

ject faces. Thus the tool is represented as a mesh and
has a collection ofeature points These points capture
important features of the tool, and are used to adaptively
refine the object. The feature points should represent thes
tool edges, and should accord more importance to those ‘ : g

that are sharp and perpendicular to the path. In our im-(a) Affected faces (b) Refined faces
plementation, we take into account the angle between the

edge and the path (dot product between the edge and path

direction vectors), curvature across the edge (dot prodiigure 4: The first two stages of a simulation step: finding
uct between the triangles normals), and the feature si#8d refining the affected faces.

to determine how many feature points will be assigned
to an edge of the tool. The feature points are placed at

evenly spaced locations with jittering to reduce the effecl}q ;Zebpebéfﬁf.:;ocséﬂrﬁz\in:ne;gﬁfggﬁgﬁggr&? 222;1
of regular patterns. J

o . . vertex/trianglecorner (see Figurg]3). To be able to re-
The object is a mesh augmented by simulation and ren- :
. . : . . compute appropriate normals for the corners after the
dering properties. The simulation property is a per vertex. . : ;
. L . Simulation, corners adjacent to each other and sharing the
deformation directionWhen the mesh is updated to 'eP-. 2 me normal are arouned intovadgestructure I1 7
resent the impact effect, the deformation could lead to group 9 R
self-intersections and distortions. To reduce these proB-4 Simulation
lems, we force the object vertices to move along a defoi simulation step starts by generating the tool path, the
mation direction. The direction for each vertex is com+tool size, and the compaction volume from the user-
puted in a preprocess, by finding all the faces sharing thgpecified parameters. The simulation step proceeds
vertex,_cpmputlng the weighted average of their n_ormalmrough different stages shown in Figufgés 4 &hd 6. The
normalizing the result, and assigning the opposite veget of faces that intersect the tool path are identified (Fig-
tor to the vertex deformation direction. The weight usedire[(a)). These faces are adaptively refined by projecting
is the angle subtended by the face at the vertex. In ote tool feature points along the path (Fig[ire 4(b)). Since
tests, the deformation direction alone is enough to preve use linear tool paths, the projection can be computed
vent self-intersections since we deal with small surfacey simple ray casting. If the number of projected fea-
details. To strictly prevent self-intersections, the idea ofure points on a face is larger than a threshold, the face is
simplification envelope<’[6] could be used to forbid versubdivided. This is done recursively as long as the num-
tex movement beyond a distance which guarantees thgdr of feature points projecting on a face is higher than
no self-intersections can occur. the threshold, and the longest edge of the face is longer
6 List of polygons with no adjacency information, possibly aﬁectedtha.n.the SpeCIfI(.Ed feature.SIZe' We use a qua.'temary Sub-
by intersecting/overlapping parts, inconsistent front/back for f:\djacerﬁ'-i'WS'On of the triangles, with standard restriction and an-

polygons, and edges shared by more than two polygons. choring to avoid T-vertices (see FigUie 3). To reduce the

path




3.5 Rendering

Since the simulation modifies the geometry of the model,
normals must be recomputed for proper display. The
simulation process does not require the new normals, so
we compute them in a postprocess stage. The face nor-
mal alone is insufficient since it often introduces undesir-
able normal discontinuities along the face edges. In most
cases normals must be specified per wedge, and Gouraud
interpolation is used to get realistic results. The new nor-
mals must be consistent with the movement of vertices
and the adaptive mesh refinement. Edges split by the
simulation process are checked to determine if the nor-
mal across the edge is continuous or not, creating respec-
tively one or two wedges associated with the new vertex
- and faces (see Figuf@ 3). Similarly to the treatment of
(b) Projected vertices the deformation direction, all the faces sharing the same

Figure 5: Adaptively refined mesh.

path
direction

(a) Moved copy

o o

wedge are used to compute the weighted average of their
normals which will be associated with the wedge.
Figure 6: Stages 3 and 4 of a simulation step: moving the After the normals are computed, the user can visualize
copy vertices and projecting the current vertices on the  the aged model usin@penGLin our 3D viewer or can
copy faces. save the model and use a standard renderer.

4 Results and Discussion

regularity of the quaternary subdivision process, we jitteAs with any method trying to reproduce natural phenom-
the position of the new vertices along the edge. This jitena, it is very instructive to compare our results with real
tering is typically done in a range of 40 percent of the sizgmages. In Figurg] 7(a)—(e), we show several real objects
of the edge and can be controlled by the user. The defafged by impacts which we use as goals for our tests. We
mation direction of a new vertex is obtained by linearlyysed the 3D viewer to interactively position and adjust
interpolating the values of the vertices defining the splifmpacts on the models. Large impacts were added one at
edge. An adaptively refined mesh is shown in Fiduire 5. 3 time, while others were added in groups by specifying
When all the faces needed to represent the impact difte affected area and the number of impacts. We used
available, their displacement is computed. Recall thatarious tools such as spheres, chisel-like “V” shapes, and
vertex motion is restricted to the deformation directiorsimple squares. This entire interactive process of trial and
to reduce self-intersections and distortions. We thus ugsror selection and adjustment of tools and parameters
a copy of the current faces and vertices to compute tHeok between 30 minutes and 2 hours of user time per
movement in the path direction. The deformation proaged object. We believe that this compares favourably to
cess is computed in two stages: in the first stage we motlee time required to manually add each individual com-
the copy of the faces in the path direction (Fig[ire 6(a)paction effect in order to get aged objects that look like
and in the second stage we project the current vertic#e real objects. Also recall that once the user is satisfied
along their deformation direction onto the copied face®ith the aging, the whole list of impacts parameters can
(Figure[®(b)). In the first stage, as the tool penetrates the saved in a file and re-applied whenever the original
object, the intersected copied vertices move in the pathodel is edited.
direction. More copied vertices are considered as the tool For rendering, the synthetic models were saved and
hits them. In this process, the corresponding copied facesndered wititMaya 3.0on a SGI Onyx (4 x R4400, 200
also move. Their swept volume is recorded and the prddHz processors, 512 Mb memory). We can see a great
cess stops when itis equal to the compaction volume, thirscrease in realism between the synthetic images before
potentially leaving some copied vertices unprocessed. [(frigure[J(k)—(0)) and after (Figuig 7(f)—(j)) aging effects
the second stage, the movement of the current facesare applied. The real and synthetic images show similar
computed by projecting the current vertices along theicompaction aging effects. It is obvious that these effects
deformation direction on the copied faces. This approxieould not be achieved only with noise functions. The sys-
mation is close enough to the desired effect since we det@m needs to be instructed by the user about the charac-
with small repetitive impacts on an approximating meshteristics of the impacts. Note also that the corners of the
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Figure 7: Real and synthetic images. (a) — (e) show photographs of real objects affected by compaction aging: stairs,
a trunk, a door frame, a metal plate fixed on a wall, and the lower part of a door. (f) — (j) show synthetic versions aged
by our system. (k) — (o) show the synthetic scenes before aging is applied.
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Stairs Trunk Frame Plate Door direction of projection in the preprocess phase take a few
Nb imp 128 149 300 234 276 seconds, and the postprocess phase of computing appro-

Total 4.13s 4.78s 7.59s 6.17s 8.54s priate wedge normals takes about one second. High qual-
Avg 32ms 32ms 25ms 26ms 31ms ity images are rendered at a resolution of 1024x768 in 5
Original 6k 2k 352 2 984  to 15 minutes. The increase in rendering time from the
Final 22k 18k 23k 20k 25k  original to the aged objects is 20 percent on average, but

Regular 232M 80M 11M 16M 32M varies between 0 and 80 percent depending on the object.
Another way to evaluate our method is to compare the
maximal mesh size, defined by the user-specified fea-
ture size, to the adaptive refinement which minimizes
unneeded mesh refinement. Table 1 shows that the in-
crease in the number of triangles from the original model
is far less than the increase if we used regular subdivi-
sion. Adaptive refinement is also useful compared to
height fields or displacement maps in that its resolution
locally adapts to the features that have to be represented.
It also needs no parameterization and it is less prone to

Table 1: Simulation statistics: number of impacts, to-
tal simulation time in seconds, average step time in mil-
liseconds, number of triangles in the original and final
mesh, number of triangles if we used regular subdivision
(m= 1073, k= 103, M= 10°).

Stairs Trunk Frame Plate Door
Affected 54% 40% 50% 40% 52%

Feature 1% 13% 3% 13% 2% , . .
Adaptive  42% 34% 40% 33% 43% distortions. The refinement also shows no unwanted nor-
Others 3%  14% 7% 14% 4% mal discontinuities while it can maintain sharp normal

discontinuities, and naturally handles corners and curved
areas. Its main drawback is that it cannot be filtered easily
Table 2: Time required for the different parts of the simu- ~ and may result in a large number of triangles.

lation: detect the affected faces, project the feature points,

adaptive mesh refinement, and the other parts of the sim- 5 Conclusion

ulation. We have presented a new aging technique that increases
the realism of objects affected by repetitive compaction

trunk, the door frame and the door, show aging effectgf their surface. In our empirical simulation, tools repeti-

that would be harder to represent using a height field i€lY hit the object along user-specified paths. Each tool

a displacement map, because of the non-trivial param@jp""ct modifies the object mesh by adaptively refining it

terization that must take place across the edge to preveitd MoVing its vertices. The adaptive refinement concen-
discontinuities and self-intersection of the surface.  tates onimportantareas, and does not require any param-
The aging simulations were ran on a Linux workstatiorfterization. With t_he vertex deformation direction, our
(AMD Athlon 600 MHz processor, 256 Mb memory). method handles_ dlffere_n_t featur&sg(.,co_rners, curved
Statistics are presented in Talfle 1. We can see that tAg9 flat areas) in a unified manner which also reduces
simulation is quite efficient, applying hundreds of com- .|st0rt|ons anq self—lntersecthns. The. simulation is effi-
paction effects in only a few seconds. With an averag%'ent' computing hundreds of impacts in a few seconds.
time per simulation step below one-tenth of a second, the The user has intuitive control over the modification by
user can interactively age the object. This is an importafPecifying a deformation volume and a feature size. Our
advantage of our empirical method over physically base@chnique can be easily used by an artist with no knowl-
approaches: the user has intuitive control over the syste®dge of physics, and since impacts can be generated at in-
and can interactively see the resulting aging effects. teractive rates, trial and error adjustments do not require
We can see from Tab[e 2 that the most time-consumir”@”gthy simulations. Since our technique can take as in-
parts are finding the affected faces and adaptively refinirfgj/t @ model and an aging session file, it can be integrated
the model. Since the tool is usually small relative to thé @ production or rendering pipeline with limited effort.
object, we took great care to quickly identify and keep
track of the small set of affected faces and vertices th& Future Work
go through each stage of a simulation step. This signifiFhe realism of our aged models could be improved by us-
cantly reduces the computations, except for the adaptiweg appropriate reflection models (currently only Phong
refinement which is quite involved, since we keep a correflection is used), and adding other aging effects such
sistent mesh representation while updating it with respees pealing, abrasion, scratches, and dirt accumulation.
to the tool features. Our method is not restricted to any specific refinement
Extracting the wedge information and computing thenethod. We think that using a proper multiresolution



mesh framework, while maintaining suitable adaptivg13] D. Ebert, K. Musgrave, D. Peachey, K. Perlin, and S. Wor-
subdivision, could enable appropriate mesh simplifica-
tion and even allow easier conversion to displacement or
bump maps. Since the tool is mainly represented by fe&l4]
ture points, it should be possible to use any curved geom-
etry. The interface could be improved with a mechanisriol
similar to the Design Galeries120] to present the user

with effects of different tools and parameters.
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