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Abstract Previous approaches in computer graphics have ei-

Weathering over long periods of time results in crackingher only simulated cracks and their propagation with-
and peeling of layers such as paint. To include these e®ut treating multi-layer phenomena and peeling (7, 8], or
fects in computer graphics images it is necessary to sirpresented tools to control the location of detached paint
ulate crack propagation, loss of adhesion, and the curlirgfeas without treating the creation and propagation of
effect of paint peeling. We present a new approach whic¢racks [18]. Consequently, no complete method currently
computes such a simulation on surfaces. Our simulatig¥ists, which allows a user to simply request the genera-
is inspired by the underlying physical properties. Wdion of cracks and peels on a surface.
use paint strength and tensile stress to determine whereOur approach is inspired by the underlying physical
cracks appear on the surface. Cracks are then propagapdgnomena, but uses a simplified model. It allows a fast
through a 2D grid overlaid on the original surface, andind simple simulation process, provides good control to
we consider elasticity to compute the reduction of painebtain the desired effects, and gives convincing results.
stress around the cracks. Simulation of the adhesion be-Our current implementation operates on a planar sur-
tween the paint and the underlying material finally deterface, and assumes that the outer paint layer is infinitesi-
mines how the paint layer curls as it peels from the sumally thin. We generate cracks on the surface, based on
face. The result of this simulation is rendered by generathe simulation of tensile stress in the paint layer. Cracks
ing explicit geometry to represent the peeling curls. Ware created and propagated on the surface using a 2D grid
provide user control of the surface properties influencintgp access local surface properties. These properties can
the propagation of cracks. Results of our simulation ande represented in different ways, either procedurally, as
rendering method show that our approach produces coa-constant, or a texture. For example, if we wish to re-
vincing images of cracks and peels. produce a specific type of crack pattern, textures can be
used to define surface properties. The cracks are then
Key words: Deteriorations, surface imperfections, paintguided by texture value and gradient. Simple intersection

cracks, multi-layer surfaces, natural phenomena. of cracks is handled, and fine details of cracks are main-
] tained separately, thus increasing simulation speed. The
1 Introduction simplicity of our crack propagation algorithm allows us

Cracks and peels in paint are a common everyday pht® compute a simulation efficiently, giving the user fine
nomenon. For example, after a few years of exposure twntrol and the ability to easily experiment to obtain the
the elements, cracks appear on painted wooden doors, desired result.

ten resulting in peeling of the paint layer away from the In addition to crack propagation, we generate and ren-
underlying wood. These visual effects can be very signifder the curling effect of peeling on our two-layer repre-
icant (see for example the leftimages of FigUieg 8, 9, amgkntation based on the simulation of adhesion between
[[0), and we believe that it is important to include them irthese layers. To our knowledge this is the first treatment
computer generated images. As with all aging and weatlef adhesion and curling for peeling in computer graphics.
ering effects, simulating and rendering such phenomeriais effect adds important and convincing visual detail.
results in images which have a much higher degree &urling is computed at an appropriate level of detail of
realism. In typical synthetic environments, used for exthe crack path as paint loses its adhesion with the under-
ample in films or video games, many painted objects exi$fing surface. As a result, peeling can occur in different
as well as objects which are made from layered surfacedirections as simulation proceeds, which corresponds to
and thus it is important that they include the simulatiorobserved physical reality. It is important to note that we
of cracking and peeling. do not modify the underlying geometry to add this curl-



ing effect, but simply superimpose additional geometnare squares or hexagons, resulting in different types of
on the underlying object. crack shapes. The visual quality of the cracks is directly
The entire approach, crack propagation and peeling, &fected by aliasing across the network cells. Neff and
relatively simple to use with standard rendering packagekiume [T1] simulated the generation of cracks due to a
blast wave. A seed crack is used and cracks are propa-

2 Previous Work gated, releasing energy as they proceed. This enables the
Simulating “imperfections” or “weathering” is a rela- greation of new crack braqche;. A _simple random yaria-
tively young area in computer graphics. To our knowilion scheme on the branching direction generates visually

edge, the first such approach was that of Becket afg@nvincing results.
Badler in 1990 [2] which described a general system For our crack propagation method, we have been in-
treating scratches, stains, splotches, and rust. spired by the ideas presented in Gobron and Chiba [7].
Dorsey and colleagues have developed a series 'gheir_ method howe_ver deals _only with _cracks and does
methods treating a number of different phenomena, su@ft Simulate adhesion or peeling. As with our approach,
as patinas, weathering due to flow of liquids, and weattz"acks are propagated across a 2D grid, using a relaxation
ering of stone (a survey is presentedin [5]). These modnethoq. Cgrtgln aspeqts however of their simulation are
els are typically based on involved physical simulationg"ore simplistic, as their approach does not treat peeling
with relatively expensive computation times and the nee(@dhesion, curling, etc.). Since between 100,000 to a mil-
to determine physical parameters. Such models are ifon cells are required for the simulation of their cracks,
dispensable for correct and accurate simulation of weatfOMputation time is quite expensive, ranging from 20
ering phenomena, and have produced images of strikifginutes to several hours.
realism and beauty. Nonetheless, their usage can be cumFinally, in the general system presented by Wetg
bersome for some applications, and more simplistic, afl. [[8], peeling is treated along with rust and dust. This
beit less accurate, approaches can also be useful. Agpproach simply modifies the surface color based on a
proximate models can often be more appropriate, for tHé@reshold function for the choice of the appropriate layer
computer graphics industriz17] for example. color, and thus the geometric effect of cracks, loss of ad-
In this paper we treat generation and propagation gresion, and surface curling are not simulated. No simula-
cracks on a two-layer model. Dorsey and Hanratian [4{on of crack creation and propagation is performed, and
developed a model based on multiple layers to simdbe user must manually position “peeling light sources”.
late metallic patinas, in the context of texture genera- . )
tion tools. Sophisticated shading models were used, r3- Physical Basis
sulting in great realism. Merilloet al. [T0] presented Paint and other thin layers are applied on many surfaces
a two-layer model to simulate scratches on a surfacér both decorative and protective purposes. The condi-
Their approach does not add geometry to represent tkien of the paint layer over years of exposure depends on
scratches, but simply defines an appropriate anisotropi¢any factors including the paint itse.g, latex or oil),
reflectance function to give the correct visual impressiothe surface on which it is applie@.g, material such as
of scratches. wood or metal, roughness, penetration [9]), as well as en-
Another aspect of our work deals with the forma-vironmental factors€.g, UV light, oxygen, pollutants).
tion and propagation of cracks which can then peeRll these factors affect paint differently during its lifes-
Terzopoulos and Fleischer_[16] developed an earlgan [6]. Four properties are of major importance to paint
physically-based model of fracture, as part of the treatracking and peeling: stress, strength, elasticity, and ad-
ment of inelastic behavior in general. O'Brien and Hodhesion to the base surface.
gins [12] developed a model for fracture on an adap- One factor is inherent to every kind of paint: as paint
tively subdivided tetrahedral mesh. A more completeiries, it shrinks, producingtressin the paint layer([13].
physically-based simulation is used, and cracks are profr this context, thinner paint layers are preferable to
agated in 3D. This model concentrates on the dynamigsicker ones since they induce less stress. A dirty or wet
and the motion of fracture, yielding impressive visual repase surface and insufficient stirring of the paint also re-
sults, but at a non-negligible computational cost. sults in weaker paint layersl[3]. The method of applica-
Hirota et al. [B] simulated cracks on a surface causedion (e.g, brush, spray, roller) also affects the layer qual-
by surface contraction. Their approach is based oity [3]. Even after paint has dried, its properties are not
physics to a certain extent, and is modeled as a netwofiked as it will slowly become weaker because of interac-
of springs. Cracks appear as springs break, and thus thean with the elements of its environment. The principal
paths are constrained by the spring network. The nodeause of damage is moisturel[15], but many other envi-



ronmental factors’[1] 3] such as water, UV light, temper- vii- peeling\
ature variations (contraction or dilation of the base sur- . )
face), pollutants, abrasion, and impacts all weaken the™ +— iii- deformation

paint layer. paint ii- crack
When paint is vyea_lkened, the physme}l propt'ertlles of the iv- decrease tensile stress . tensile

layer change. Paint is to some extefastic that is it can stress

be stretched th_u_s redlstrl_but_lng_ surface stress. As year v- increase shearing stress

pass, the elasticity of paint is likely to decrease. Long ——

term exposure to pollutants for example can greatly de-245¢ vi- loss of adhesion

crease elasticity. The paint also has a spesifiength

which determines the greatest stress it can handle before

it starts to break. As is the case for elasticity, exposure Figure 1: Peeling model.
to harsh elements or UV light can reduce the strength of

the paint, making it prone to develop cracks and peels.

When a crack forms, it is readily visible since it enables ¢ |

the paint on either side to shrink back to a state with Iei&lew crack|—>|propagate|—>| olax |_>| a dhesion} >| Save|
bl A i

stress. This release of tensile stress occurs perpendi
larly to the crack [[7]. Adhesionis the most important ~ *-------mneeeait

property of paint. We define it as the ability of paint to

attach itself to the underlying surface. Moisture, base sur-

face contraction, or rust can all greatly reduce the adhe-

sion of paint. When the paint shrinks as cracks release Figure 2: Simulation cycle.
tensile stress, a shearing force is introduced at the inter-

face between the paint and the base surface, pulling the K . - .
. S " . F e 1- th t
paint away from its initial position. As paint loses adheEa crack can appear (Figufle 1-ii) and expand on the pain

. . . ; layer according to the local surface properties. By allow-
sion with the base surface, it can either peel by slowl y 9 prop y

. o ! Yng the paint to shrink (Figurg 1-iii) to a lower energy
(l;:rslgguar\?;i?b) 3], orflake([3] and eventually fall off the state, cracks reduce the tensile stress (Fifjure 1-iv) in the

paint layer, producing an increase in shearing stress (Fig-

As we can see, peeling is a complex phenomenon thl"fhte [1-v), and can cause adhesion to the base layer to be

spans over years. It is not fully understood, since most (P(f)st (Figure[[L-vi). Thereafter, the paint is free to peel
the (physical) research focuses on preventing its OCCUéWay from the base layer (Figufe 1-vii)

rence [6]. Moreover, most of its parameters are difficult Our simulation process is presented in Figute 2

to measure. In this paper, we develop a model InSpIrE‘geveral cracks evolve on a surface and can intersect each

by, rather than strictly simulating, the physics of the phec'>ther. To produce an image, the cracks and their parame-

nomenon. Our goal is ease of control, allowing the USQbrs are passed to the rendering module (described in Sec-

t? (:_btam effects ttT]at are \t/|s;JaIIy ;ppegllntg. In (cj)utr SMiion B) where their shape is computed and rendered. This
ulation process, the paint strength and stress determipg, e gone at the end of the simulation or at time step

where cracks appear on the surface. Reduction of Str%?ervals

around the cracks is computed by considering the elastlc—The surface properties are represented by a 2D grid

fty. Finally, curling of the paint layer as it peels from thestructure. Each grid cell stores its local paint proper-

surfz_ace IS comput_ed with the adhesion. In t_he next Wi (adhesion, stress, etc.) and bilinear interpolation is
sections, we detail the structures and algorithms of o

o X Ysed to compute properties for any location on the sur-
empirical peeling model. face. Every surface property can have a value that varies
with respect to direction on the surface. We represent
) such directional variations by storing samples for a prede-
4.1 Overview fined number of directiorfé The resolution of the grid is
Our simulation model is simple and summarized in Figresponsible for many features (propagation speed, crack
ure[l. A surface is defined by two layers that we will redetails, efficiency, etc.) that will be explained in the next
fer to asbase layerandpaint layerf] When tensile stress sections.

(Figure[1-i) is too high compared to the paint strength, Cracks propagate on the surface and are represented

4 Simulation

1 While the top layer can be of a different material than pagng.( 2Since these properties are symmetrical, they need to be stored only
wallpaper), it is simpler to refer to it as paint. within 180°. We typically use four direction®¢, 45°,90°, 135°).



Paint Properties Units Source Use

o Tensile stress force /length  user specified creation, propagation, relaxation
Sy Tensile break strength force /length  user specified creation
S. Tensile crack strength force /length  user specifteds S propagation
0 Tensile deformation length 0 = o.cellSize.(1 — di%“:‘“) relaxation
D, Elastic relaxation distance length user specified relaxation
7 Shearing stress force / lengthr = §/cellSize adhesion
S, Adhesion strength force / length  user specified adhesion
Crack Properties
W, Crack width length >0 rendering
W, Adhesion width length distance merging, rendering

Table 1: Paint and crack properties. The equations are simple so their effect is intuitive to understand. All the user
specified properties can be constant or vary over the surface. Constant terms should be added in the equations of ¢ and
T so that the units match, but were not included for clarity.

by connected segments forming piecewise linear curve@igure [3()). When propagating cracks, the stress
They are independent of the 2D grid representation whids compared to another paint property, teasile crack
only serves to query the local surface properties. TypitrengthS.. A crack stops when the local stresss be-
cally, crack segments are smaller than the grid cell sizéw the strengtlt,., or when it intersects another one (see
The surface and crack properties used throughout SeBection[4.p). As when computing the orientation of new
tions[4 andl5 are presented in Tafle 1. cracks, each of the two end points of a crack has a ten-
dency to propagate in the direction perpendicular to the
local highest stress to strength ratigS.. We also mix

We assume that if nothing else held it in pla@eg( the computed orientation with the previous crack direc-
neighbor cells, adhesion to base layer), the paint layer inten to prevent changes in direction which are too abrupt.

c_eII would shrink to a stable Iqwer energy state. Tére The top arrow in Figuré]2 presents the main simula-
sile stresss is the difference in energy (force) betweenijon |oop, showing how the cracks and paint are adjusted
the current state and the stable state of the paint laygf each step. We propagate the cracks until extinction of
The tensile break strengtly;, is the maximal force the gyement, before creating a new crack (bottom arrow in
paint layer can handle before it b_reak_s. Thus, if the s:tre$ffgure [2). This simulates the fact that it often requires
o exceeds the strengt, the paint will break. A new |ess energy to propagate a crack than to create a new
crack appears within the grid cell with the highest stresg,q [14]. It also prevents the creation of many separate
to strength ratiar /.5, (Figure[3(g@)). cracks within regions of high stress, and results in more
The creation and propagation of cracks are strongly ireontinuous and realistic cracks. This strategy also greatly
fluenced by the stress and strength properties of paimgéduces the number of intersections that must be com-
These properties can be dependent on the direction on thgted. In the same spirit, our crack strengthis lower
surface. For instance, wood fibers in the base layer cahan the break strengtéi, to ensure that cracks will not
induce directional variations in stress and strength. Whestop after only a few propagation steps (we typically use
creating a crack, the orientation of the initial segment ia S, that is equal td..5 timesS,.).
perpendicular to the orientation of the maximal stress to . i
strength ratiar/S,. Since we represent the directionality-3 Relaxation of Tensile Stress
with samples for fixed directions, we use random distriAs we saw in Sectioi] 3, cracks reduce tensile stress in
butions based on the sample values to compute the orighe paint layer. We simulate this relaxation process by
tation of the maximal value of a property. reducing the tensile stress of the cells close to each crack

A propagation step moves each crack end point by ggment.
linear segment of length smaller or equal to the grid size, Theelastic relaxation distancgropertyD, determines
thus guaranteeing that we do not miss any grid cell corrow far from the segment we should release stress. A
tribution along this segment (we typically use a uniforntensile deformatiord of the paint layer, corresponds to
distribution between 0.5 and 1.0 times the grid cell size}he release in tensile stress. This is shown in Fiflure 4(a)
This propagation defines the path followed by a crackor each cell. The amount of deformation (and stress re-

4.2 New Cracks and Propagation
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Figure 3: Snapshots from our system for creation and propagation of cracks. (a) The initial stress to strength ratio o / S},
scaled such that a ratio of 1.0 corresponds to the size of a cell and presented as lines for the four sampled orientations.
A new crack is created perpendicular to the maximal ratio. (b) The propagation of a crack (note that o/S. > o /S}
and that no relaxation was computed on the stress o used to compute the presented ratios).

cr:ack: len'gth'IS- K - ldetached c'el:llsI :
opening , . Ny

-
. . /( // . \)

bisectors ¥ 7%, V4 »
. . >y V2 ¢ \
cr\allck width adhesion width IV, \

B L] oS,

@ (b)

Figure 4: Snapshots from our system for relaxation and adhesion. (a) The cumulated deformation lengths 0 caused by
the relaxation. The bisectors on both sides of the crack represent the crack width and determine the region affected by
each segment. (b) The shearing stress to adhesion strength ratio 7/S,,. Grey cells have lost adhesion to the base layer,
and arrows on each side of the crack represent how far adhesion to the base layer is lost with respect to the crack.



lease) decreases linearly from the crack segment to the intérsected intersecting

user specified relaxation distante. crack crack
The paint tensile stress released by a crack should be

roughly perpendicular to the crack. The direction of re-

laxation for a point on the paint layer is interpolated intersection

from the two bisector vectors for each segment (see Fig- point w

ure[d(d)). Compared to Gobron and Chibia [7] where only :
= : . . end point

the direction perpendicular to the segment is considered, Q

our approach avoids unwanted overlap (when consecutive

segments form a concave curve) or cells that can receive crack ID added'segments

no relaxation (in the convex case).
The set of cells close to the crack end points will be

used to compute the paint tensile stress on the next ProfGgure 5: Intersection between two cracks, the intersected
gation step. Since t_hey WI|.| serve in the crack propagatio revious) crack and the intersecting (new) crack. The
computation, relaxing their stress would cause the craGferified end point corresponds to the intersecting crack
to release stress ahead of itself. This would be incorreghq point before the intersection is detected. Cells with
with respect to the real physical phenomenon, and cougih-ght grey background are those marked by the inter-

cause the crack to stop for no apparent reason. Theg&ed crack ID, while the cells with a dark grey are those
cells are thus excluded from the relaxation computationy,,rxed by the intersecting crack.

As described so far, the crack propagation has resulted
in a set of piecewise linear segments indicating the central
path of the crack. However a crack is an opening in thetress (Sectiofi 4.3) encounters cells detached from the
paint layer. As the paint layer is relaxed by the cracks, lase layer, it sums the deformation lengihbut extends
shrinks locally by the deformation lengthisThis causes the relaxation to a larger region by considering the de-
the crack to widen, and the base layer to become visibleached cells as having a null size. The linear decrease
The deformation lengtld of each relaxed cell is added of the relaxation deformation is thus moved further away
to the crack widthproperty of the crack segment(s) re-from the crack, due to the loss of adhesion.
sponsible for this relaxation. For each crack segment, an When adhesion is lost, the paint can curl away from the
independent width is computed for each side of the crackase layer. To compute this peeling, each crack segment
This results in two sets of corresponding piecewise linedeeps, in aradhesion widththe distance to the closest
segments with independent crack width values definingell (with respect to the region defined by its bisectors)
the crack sides. The crack widths are displayed in Fighat is still attached to the base layer (FigOrel4(b)).
ure[4{a) as segments on both sides of the crack path; Iiﬂ.—5

- S C Intersection
ear interpolation is used to ensure continuity from on% K h h the arid Il withi
segment to the next. s a crack propagates through the grid, every cell within

a distance of half a cell is marked with its crack ID. We do
4.4 Adhesion Modification not allow two cracks to traverse the same cell. Indepen-
We next explain how we determine when curling of thedent cracks are therefore always separated by a minimal
peels can occur. As the paint layer shrinks by relaxatiomlistance related to the grid resolution. Self-intersection
it causes a lateral deformation of the layer, which inducesf a crack cannot be detected by the crack ID but can be
a shearing stress counteracted by the paint adhesionhandled by separately testing for intersection of the crack
The adhesion strengtty, represents the maximal force with itself.
(due to shrinking) that the paint layer can tolerate be- When a crack enters a previously marked cell, the new
fore adhesion to the base layer is broken. If the shearirggment is guaranteed not to cross over a previous crack
stressr increases above the adhesion strerfgftin any  segment. At this point thimtersectingcrack has not yet
direction, the paint layer in this cell is considered as “dereached théntersected(previous) crack (see Figui@ 5)
tached” from its base layer for all directions. This com-but we force the new crack to intersect the previous crack,
putation only accounts for deformation local to the cellas if the weakened paint layer suddenly broke. We thus
without considering deformation of adjacent cells. It alsmeed to connect the two cracks. The intersection point
is a binary operator, so even if adhesion to the base layirthe “closest” point on one segment of the intersected
would be lost in the vicinity of the crack, when considercrack. First we eliminate the segments of the intersected
ing the whole cell, adhesion to the base layer can remaiorack for which the intersecting segment end point is not
It should be noted that when the relaxation of tensileontained in the space confined within the intersected



segment and bisector directions. For the remaining seg-

. ) . L . . problematic overlap adhesion width detail

ments, we identify their respective intersection point and
keep the segment with the closest intersection point. aklo

We then add two segments to the intersecting crack o |e _’Z
to connect it to the intersected crack. Elastic relaxation o |el| ©
of tensile stress is computed with respect to the added o ¢ ©
segments to determine the crack width of the intersecting (o_—-—o)
crack where the intersection occurred. After relaxation, o§ o
the intersected crack is split at the intersection point with 1“
respect to the intersecting crack width. The newly formed path position detail
(opened) crack smoothly joins each side of the intersect- @ ®)
ing segment.

4.6 Segment Merging and Crack Detail Figure 6: Merge of segments at a coarser level of detail.

As the paint loses adhesion to the base layer, elastic rele®) Before merging, the peeling regions of some segments
ation reaches further away from the crack and the peetyerlap. (b) After merging and recomputation of the ad-
also curl further. Similarly to elastic relaxation, the peeldiesion widths, peeling regions respect the linear behavior
curl away from the base layer in the direction perpendicef the crack path. The detail records for the crack path
ular to the crack path (in our case, the directions of the irosition (black dot on grey circle) and the adhesion width
terpolated bisectors of Figufe 4(a)). As the relaxation ofwhite dot on grey circle) are also shown.

peeling reach further away from the segment, they should
consider a larger portion of the crack. The computation

thus have to consider the crack at a coarser level of detdil” ) Interaction ) ) ) . .
as the adhesion width increases. We implemented this technique in an interactive system

in which the user can specify the different properties and
As explained earlier, the crack path traverses the paigfyylation parameters. Running on an Octane2 with a
layer with changgs ir_1 direction that are no_t too abrupl,ps R12k 400 MHz CPU, the propagation is interac-
When |.Itt|e adhesion is lost, the adhesion w@m VeC-  tive (many new segments per second) for up to about 30
tors (Figure[4(D)) are short and the peel will curl veryyracks. This enables the user to observe the evolution and
locally. When the loss of adhesion extends much fulshange the parameters early in the simulation process.
ther, the adhesion widtV, vectors are much longerand 1y gpecification of paint layer parameters can be done
they can even intersect each other, yielding unexpectgg, properties constant over the entire surface, isotropic
results as illustrated in FiguigG(a). It will also be diffi- 5o herties, or directional properties. We found that tex-
cult to create geometry for curling such peels. We SOIVg e to control the location of high and low strength are
these problems by merging together adjacent segments,icylarly useful (in Figures 9 and|10, the second image
This is similar to considering the crack path at a Coarsgg e texture used to define the tensile strength property).

level of detail, disregarding high frequency variations 0fr, gyide the crack to higher stress regions and to retrieve
the crack path (see Figufe8(b)). Merge operations afgectional information from the texture, gradient opera-
controlled by a set of metrics that determine if segments) ¢ 4 computed.

should be merged or not. These metrics consider different
factors such as the segment lengths with respect to th@r Rendering

adhesion width, and the difference in direction betwee&nce the paths and widths of the cracks have been de-

consecutive segments. termined by the simulation, we pass this information to
Of course, we still want to keep the high frequencies othe rendering phase. It generates the peeling geometry
the crack path to compute the geometry of the peels, even top of the original geometry, locally along the crack
though we do not use them to compute the relaxation gaths, and computes the final image with proper shading.
the peels curling directions. We do this by keepilegail  The final rendering phase could be done with any high-
records that store the difference (in crack and adhesigpuality renderer; we use Aligg/avefront’s Maya™.
widths, as well as position) between the merged segmentsAfter the crack is formed, new portions of the paint
and the coarser level segment (see Figurg 6(b)). This itayer (sides and underneath the crack) get exposed to en-
formation is used when generating the geometry and faironmental attackse(g, oxygen, UV light). The differ-
rendering the final peels. ential stress between the top and the bottom within the



Door Shutters Wall

Simulation timet 75 min 20 min 3 min
Number of cracks 200 200 30
Number of segments 2900 1500 700
After merge 1200 850 250
Grid resolution 50 k 36 k 30 k
Rendering timet 3 min 3 min 3 min

Number of polygons 400 k 150 k 130k

Table 2: Statistics for the scenes of Figures §, @, and [IQ.
T Simulations were computed on an Octane2 with a sin-
gle MIPS R12k 400 MHz CPU. i Rendering was done
using the multiprocessing capabilities of Maya™ on an
Onyx 3400 with 16 MIPS R12k 400 MHz CPUs.

and thus does not require remeshing or modifying the ob-
jects. Some care must however be taken to add a small
(b) © offset with respect to the original surface to avoid “sur-
face acne” artifacts.
In the rendering process we also need to compute the
Figure 7: Geometry of the peels. (a) Cross-section of the ~ shading of the base geometry. It must show the base layer
curling geometry with three sections and angles 6 = 90°,  color inside a crack and the paint color outside. This cor-
¢ = 90°/(1 + 2+ 3) = 15°. (b) Generated mesh. (c) responds to evaluating if the point to be rendered is in-
Rendered result. side or outside a crack. We use a 2D grid structure to
accelerate this test. We implemented this inside a plugin
shader with user input for paint and base layer shaders
paint Iayer will cause this Iayer to curl. Instead of SimU'and Output of the appropriate color for the point being
lating this process in detail, we simply rely on a controlshaded. This is very flexible, allowing the use of any
lable approximation shown in Figufe 7. shader, 2D/3D texture, or other utilities to send the de-
We compute the outward curling of the paint layer ussired color to our shader. Shadows and other illumination
ing a spiral-shaped geometry. The end of the curl formesffects are handled by the renderer.
an angle) with the base surface (Figure_1(a)). This angle
is user controlled and vanishes to zero at the end poins Results

of a crack. Figures[B[19, an@i’"10 present real photographs (left) and
To generate and render the effect of peeling, we cr&ynthetic results (rightmost two) of our system for a
ate a mesh of micro-polygons with elements smaller thagiarage door, wood shutters, and an indoor wall. When
a user specified size (Figufe_1(b)). A crack segment ihe peels are viewed from a closer viewpoint (right), the
subdivided in as many sub-segments as needed to respsteading and shadowing clearly show how both the curl
this maximal size. It is also subdivided at each locatiogeometry and the base layer appearing inside the crack
where detail information is available (Section4.6). Alongare important to the visual quality of the results. In Fig-
the crack, the geometry is built generating one quadrilatires[® and~10, the second image from the left shows the
eral strip per sub-segment. To ensure smooth shadingtehsile break strength; texture used, with darker rep-
the peels (Figurg7{c)), the surface normals of the micraesenting lower strength and lighter representing higher
polygons are averaged and stored at every mesh vertstkength.
location. Table2 summarizes the statistics for these three scenes.
This technique is simple and efficient, and can thu®ur simulation system is time and memory efficient, re-
be generated on the fly in most standard rendering eguiring about 35 MB of memory for the presented simu-
vironments such as Maya™, or could be generated inlations. The computation of the elastic relaxation is the
preprocess to create the peels geometry into a file addest time consuming part (about 80% of the total simula-
to the final scene. The approach has the advantage thian time). The synthetic images were rendered with high
the additional geometry is “glued” to the base surfacejuality anti-aliasing at a resolution of 64@80 pixels.



7 Conclusion and Future Work

[4]

We have presented a simple, fast, and easy to use ap-
proach for crack generation and peeling on layers such
as paint. If desired, the user may control the genera{5] J. Dorsey and P. Hanrahan. Digital materials and
tion of cracks with textures to describe the different sur-
face properties. The crack propagation is performed on

the surface, with a 2D grid to query and update the var{g] \W. Von Fischer and E.G. BobalekOrganic Pro-
ious surface properties. As cracks propagate, they re-

move constraints in the paint layer, allowing it to slightly

shrink. We simulate both this shrinking and the related
loss of adhesion between the paint and the base Iayel;.]
The result of the crack propagation simulation is passed
to the rendering phase, which generates geometry to rep-
resent the curling process of peeling and uses the apprd$]
priate shader when inside or outside of the cracks. Our
approach produces visually appealing results, which are

close to observed phenomena.

In future work, we will treat pieces of peels which

[9]

break off, as often happens in reality. To add further r 10]
alism, we should be able to treat more than two layers,
for example when paint is added over wallpaper, etc. An-
other important direction is the treatment of curved sur-

faces, which complicates both the crack propagation aitl

gorithm, in particular the determination of the directions
of propagation, and the generation and rendering of curl

geometry.

[12]

Finally, our overall goal is a complete system to treat a
wide variety of deterioration effects, in an integrated and
easy to control manner. This will require careful determifs 3]
nation of parameter choices, which will undoubtedly be a

combination of automatic and user-assisted solutions.
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Figure 8: Garage door with six wood panels having different crack properties.

Real Strengtty), Synthetic Synthetic

Figure 9: Wood shutters with peeling on the small lamina plates.
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Figure 10: Large peels over a painted plaster wall.
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