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ABSTRACT: One of the natural phenomena with the passage of time is degradation and deterioration of the various
objects. Degrading is either physical or chemical disintegration or decomposition.

Computer graphics is a challenging field in itself. There are so many phenomena to be rendered in computer graphics
such as object deformation, aging, object’s chemical decomposition or degradation etc. One such phenomena is
realistic fracture and surface crack generation in computer graphics. It is one of the very complex phenomena to
generate as there are many complexities involved together in the cracks and fractures’ generation.

Though great attempts have been done in this field to generate realistic crack patterns, still, a lots of work is still
required to get a work of near perfection in this field. Out of so many techniques that are out there, to render the surface
crack patterns but, current state-of-art is that, not a single generic solution to address all the complexities. Our work
simply present a detail study about how much every statistical parameter of a crack, to be generated using example
based model, is contributing in the realistic generation of a surface crack pattern.
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I. INTRODUCTION

There has been quite remarkable work done in the field of objects’ aging and weathering phenomena, due to
environmental conditions, especially in the field of aging of the objects, over the time. Objects’ deterioration is of many
forms such as chemical decomposition of the outer layer exposed to the environment, aging over the time, corrosion,
peeling of outer layer of object’ surface and growth of the organic material over the surface of object etc.

Crack and fractures appearing on the surface of the object is also one of the aging phenomena with less amount of work
done in this field as compared to the others’ when it comes to rendering cracks and fractures in the computer graphics
in a realistic way. Though, out of all the work done in this field as mentioned in [13] broadly, we can classify the
techniques used to generate the cracks patterns into three categories which are:

1) Physically based models: These methods follows the way of simulating the crack patterns by formulating the
algebraic equations so as to formulate the model, on which cracks will be rendered, and then using numerical
approximations to solve them. The simulation is effective but time consuming. Lots of calculation work is involved, so
it gets complex while dealing with the large scenes.

Physically based models are further classified into following categories:

a) Mass-Spring model: In Mass-spring models, the object is treated as finite number of masses, pair-wise,
joined with springs. If any crack has to be simulated it is done by breaking the string attached to two masses so
as to show the crack appearance.

b) Finite element method: The partitioning of the object is done into the sets of disjoint elements, e.g.
tetrahedrons, which are joined at discrete points. In the next step, the problem, formulated in the form of these
points, is then converted into certain sets of algebraic equations which are then solved, so as to get desired
results.

c) Meshless methods: Here the object is defined as a set of unconnected set of points, which are simulated. If
there comes any need to calculate any point, for rendering, it is done by interpolation.
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2) Procedural Models: Also called Geometry-based models. As the name suggests, these models are more concerned
about the geometrical presentation of the cracked surface rather than physical accuracy. More intractability and
freedom is provided to the users with little compromise on the accuracy of the crack pattern generated.

3) Example based models: Example based models map real world fractures. The behaviour of the fracture in the real
world is copied. Using some interactive programs from computer graphics, the parameters of the cracks and fractures
are extracted from the real world images and then the cracks are generated using those [14].

We chose to work with the Mathematical Tool called MATLAB™,

Another software called Autodesk 3Ds Max is also used in our work.

1. RELATED WORK

It started in 1976, when two researchers, Ed Catmull and Fred Parke, developed an animation of human face and hand,
at the University of Utah. Then in 1979, Hakan Lawn, a Swedish researcher, applied for first patient in this field of
computer graphics field[1].

Trezopoulos, et al., 1988 in [2] presented a model which proposed inelastically deformable models for the use in
computer graphics animation and they tractably simulated three canonical inelastic behaviours, which are
viscoelasticity, fracture and plasticity. Viscous and plastic processes in the models, evolve a reference component,
which depending on the yield and creep relationships that depends upon applied force and/or instantaneous
deformation, describes the natural shape. The internal processes, that introduce local discontinuities as a function of the
instantaneous deformations, measured through the model, results in simple fracture mechanics. The in elastically
deformable models, are also applied to achieve good computer graphics effects.

Norton, et al., 1991 in [3] presented their methods of using physical simulation, so as to animate breaking objects.
Breakage is obtained in a three-dimensional flexible model as the limit of elastic behaviour. Their article consisted
three principal features of the model: a breakage model, a collision-detection/response scheme, and a geometric
modelling method. They used networks of point masses, which connect through springs representing physical objects
that can be bended or can be broken. The collision-detection algorithms, presented quite efficient and also appropriate
simulations of the collisions between the various pieces interacting in a breakage. To model real objects, the technique
is to build up composite structures from simple lattice models.

Gibson, et al., 1997 in [4] a survey is presented, of the work done in modelling deformable objects, in the computer
graphics. The research includes a wide variety of approaches, used to model deforming. The organization of the
diversity of research, in the paper, is by the technique used, over its application. The review paper presents some purely
geometric approaches for the purpose of modelling deformable objects, and it also focuses on physically based
approaches which are discussed in the latter category, some of which are mass-spring models, finite element models,
low degree of freedom models and approximate continuum models. Special focus is on finite element models, offering
the greatest accuracy, but is used limited in computer graphics.

Lin, et al., 1997 in [5] presented, a finite element method technique, used in the paper, step-by-step, three dimensional
approach. The author simulated fatigue crack shapes, in round bars. They studied shape of growing crack by proposing
two measures: Relative residual and the other one is Standard deviation.

Hirota, et al., 1998 in [6] in this paper, an approach has been described about generating realistic crack patterns, based
on a physical model. The proposed model consists of nodes, representing the volume elements of the surface and
springs denoting the physical connection between them. Fragmentation is denoted by cutting of springs.

O’brien et al., 1999 in [7] presented a little addition to existing techniques to simulate flexible objects to include
models for crack initiation and propagation in three dimensional volumes. Stress tensor is analysed over a finite
element model and the simulation determines the crack initiation and its propagation direction.

Smith et al., 2001 in [8] presented a method for the controllable and rapid simulation for the shattering of brittle
objects. In the presented method, an object is taken as a set of point masses connected through distance-preserving
linear constraints. These distance-preserving linear constraints gain significant advantages in speed of simulations,
rather than stiff springs. Force exerted by these constraints gets computed using Lagrange multipliers and the calculated
force determines, when, the object will break and velocity of newly created fragments.

Paquette et al., in 2002 [9] presented a method for cracking and peeling layer of paint, which is a result of weathering
phenomena over a long time. For these effects to be included in computer graphics images, it is mandatory to simulate
crack propagation, curling effect on paint and its loss of adhesion. Tensile strength and strength of paint are used to
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determine, where cracks will appear on the surface. Cracks then propagate through a two dimensional grid and
elasticity computes the paint stress around cracks.

Heieh et al., 2006 in [10] presented a method which consisted of a simple approach to render crack patterns and
animation of crack propagation on three dimensional object surface. Generation of cracks are on 3D objects with some
controllable parameters combined with variant visual effects such as bumping or carving.

S.Merillou et al., in 2008 [11] presents a survey of various aging and weathering phenomena in computer graphics.
The paper includes various techniques which allows a representation of wide range of aging and weathering
phenomena. It includes all the processes which involve simulation of cracks, growth of organic material over the
surface, erosion or aging.

Iben, et al., 2009 in [12] presented a method that generated surface crack patterns appearing on materials such as mud,
glass and ceramic glaze. To model these phenomena, existing physically based methods were used. The algorithm,
proposed, generates cracks from a stress field, which was, defined heuristically over a triangle discretization of the
surface. The cracks were produced by simulating this evolving field over time. A set of simple parameters were used by
the user to control the characteristics and appearance of the cracks. By changing these parameters, generation of
examples, similar to variety of crack patterns, found in the real world, was possible. They assessment of the realism of
their results was done by comparing their results with photographs of real-world images.

Muguerica, et al., 2014 in [13] presented all the techniques which are used to model fractures and surface cracks. The
paper included a brief survey of all the techniques which were having their focus on the generation of the surface crack
patterns and fractures. They highlighted many techniques and amount of work that has been done in the past using
those techniques. Broadly the techniques were divided into three categories which were:

1) Physically based methods. 2) Procedural based methods.  3) Example based methods.

L. Glondu, et al.,2012 in [14] presents fracture and surface crack appearances based on Example based model which
simulates the crack patterns using a real world crack or fracture image. Using various geometry analysis algorithms
running on the image, the surface crack patterns and fractures are generated, which are similar to the image. The
statistics of the parameters of crack patterns are calculated by using different geometry analysis algorithms, which run
on the image, and then similar looking crack patterns are generated.

H. Shin et al.,2010 in [15] presented the analysation of fracture patterns in Theren wall painting. The fractures and
cracks which appeared on the wall painting were caused firstly due to a volcanic eruption and then due to an
earthquake. Interactive programs were used to analyse the cracks. Detailed fragment boundaries, of the various crack
patterns on the painting, were traced. Then, geometric analysis algorithms were used which calculated various
statistical parameters such as, area of the fragment, edge length, edge junction circularity etc. of those fragmented areas
of the cracks.

Gloudu, et al., 2012 in [16] presented the generations of brittle fractures using real time simulation. Approach used is
physically based method which is simulating realistic brittle fractures. This method also includes the calculation of the
contact forces during the crack generation, as well as, the contact duration. The geometric surfaces and the crack
patterns as wall, both are produced efficiently.

I11. PROPOSED ALGORITHM

The main focus of our proposed work is to briefly study that how much each statistical parameter of the crack, being
generated, is actually participating in the generation of ‘realistic similarity’ between the actual image and the generated
pattern.

This can be further understood as put:

1)How many parameters are there which are solely responsible for the maximum similarity between the generated and
actual real world image and which are unaffected of the density and material composition of an object plus the
randomness of the crack generated.

2) How many parameters are there which again have a significant amount of contribution in the similarity of the crack
pattern, but more or less depend upon the parameters mentioned in the first point.

3) Third kind of parameters are those whose contribution do not have much impact on the similarity of the crack or in
the other words these are the parameters which change every time due to various factors which can be the properties of
the material or the randomness of the crack.
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The major Phases of our work are as follows:

First Phase: Generating a crack pattern of two different materials with different density and varying composition on a
3D modelling software.

Second Phase: The generated images are then corrected by adjusting contrast and other parameters using histogram
equalization.

Third Phase: Some morphological operations are performed on the image such as dilation, bridging, thinning and
skeleton obtaining etc.

Fourth Phase: Isolated fragments are labelled in this phase.

Fifth Phase: In this phase, statistical parameters of each labelled fragment, are calculated.

Sixth Phase: In this phase, the comparison of the statistical parameters is done.

Seventh Phase: In this final phase, the results are illustrated using, plots, and histograms.

3D Modelling software is used to generate crack pattemns of two different materials varying in density and their composition.

|

The image is corrected by adjusting contrast and other parameters using

histogram equilization.

Some morphological operations are petformed on the next step. These operations
consist of dialation, bridging, thining and skeleton generation etc.

y

In the next step, isolated fragmented are labelled

J

In the next step. Statistical parameters are computed for each fragment generated.

v

In the next step. compansion of statistical parameters. obtained. is done.

y

The final step is to generate the results using plots, bio-graphs and histograms.

The Methodology of Proposed Work
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IV. SIMULATION RESULTS

The experiment is performed by generating a crack pattern image, using a 3d modelling software, called 3Ds Max
and its crack pattern is analysed using the script developed in MATLAB.

Generating the results, we have chosen two different types of material and then generated the crack patterns. The first
type of material we used is dense rock. The second type of material is glass. Figure: Error! No text of specified style
in document..1 — The Generated Crack Pattern: Dense Rock (left) and Glass (right).

Figure: Error! No text of specified style in document..2 — Computed Binary Image and Label Image for Dense Rock

The figure 5.2.2 shows the dense rock fracture i.e. extract binary and label image.

Figure: Error! No text of specified style in document..3 — The Computed Binary and Label image for the Glass

Figure 5.2.3 shows the binary and label image after pre-processing for glass fracture image.
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Figure: Error! No text of specified style in document..4 — Computed Area between two similar Crack Image of Dense

The area between two similar crack images of dense rock is shows in figure 5.2.4. The image shows that the average

Rock

histogram of area has a high correlation factor. But the area varies a lot over the distribution. The average area has high

similarity.
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Figure: Error! No text of specified style in document..5 — Computed Area between two Similar Crack Image of Glass

Figure 5.2.5. Shows a very high correlation of fragment area generated from a brittle fracture like that of glass, as such
materials have more consistent breaks due to low plastic deformation.
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Figure: Error! No text of specified style in document..6 — Comparison of Avg. Edge Length of Cracks in Dense Rock
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Figure 5.2.6 Average edge length of cracks in two dense rock crack images is comparable or similar. Materials like

dense rocks has high break point, breaks immediately at the point of impact. Crack forwards with high attenuation and
thus, crack length varies with each crack.
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Figure: Error! No text of specified style in document..7 — Comparison of Avg. Edge Length of Cracks in Glass

Figure 5.2.7 shows a high correlation in two images histogram. In case of brittle fracture in glass, the edge generated
forwards at a consistent rate apart from the force applied.
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Figure: Error! No text of specified style in document..8 — Comparison of Junction Types in two Cracks on Dense Rock

The figures 5.2.8 and 5.2.9 shows, dense rocks and glass have different types of junctions but junction types in the two
have very high correlation and the histogram.
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Figure: Error! No text of specified style in document..9 — Comparison of Junction Type in two Cracks on Glass
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Figure: Error! No text of specified style in document..10 — Comparison of Convex Area in two Cracks on Dense Rock
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Figure: Error! No text of specified style in document..11 — Comparison of Convex Area in two Cracks on Glass

Convex Area is another key statistical property as shown in figure 5.2.10 and 5.2.11. The two types of dense rock
fractures and two types of glass fractures have almost identical histograms thereby showing a very high correlation.
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Figure: Error! No text of specified style in document..12 — Comparison of Convexity in two cracks on Dense Rock
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Figure: Error! No text of specified style in document..13 — Comparison of Convexity in two cracks on Glass

Similar to convex area, a key shape factor is convexity which is highly similar in the two cases as shown in figure
5.2.12 and 5.2.13.
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Figure: Error! No text of specified style in document..14 — Comparison of Perimeter in two cracks on Dense Rock

The perimeter of dense rock is dependent factor on area of fragments. Hence in dense rock with high break point and
small fracture propagation, perimeter changes with force of impact.
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Figure: Error! No text of specified style in document..15 — Comparison of Perimeter in two cracks on Glass

In case of brittle fracture like the one in glass, the fracture propagation in glass material is more even and thus the
histogram of perimeter shows that the two fractures are almost identical.
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Figure: Error! No text of specified style in document..16 — Comparison of Circularity in two cracks on Dense Rock
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Figure: Error! No text of specified style in document..17 — Comparison of Circularity in two cracks on Glass

The circularity is another key parameter that defines the shape of fragment. The circularity in both the figures, i.e.
5.2.16 and 5.2.17, is near zero showing a same circularity throughout.
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Figure: Error! No text of specified style in document..19 — The two Similar Crack Images on Glass

The figures 5.2.18 and 5.2.19 shows the visual similarity of two different cracks on two different materials. Figure
5.2.18 shows the fracture on dense rock material and Figure 5.2.19 shows the fracture on glass surface.

Comparison Analysis
Based on our comparative studies, in the previous section, we have built a table, which generalizes overall result and
helps in a much clearer understanding of our results.

Table: Error! No text of specified style in document..1 — The Summarization of Result in Form of Contribution

\[o} Feature Distribution Correlation Avg. Similarity Contribution
1. Circularity High High Very High
2. Junction Type High High Very High
3. Convexity Medium High High

4. Avg. Edge Length Medium High High

5. Convex Area Medium Medium Medium

6. Perimeter Low High Medium

~

. Area Low Medium Low

The table shows that area has a very low contribution to the visual similarity due to its low distribution over the
fragments and medium average similarity measure. Circularity and Junction type are the major features in defining the
structural and visual similarity of a crack pattern. Convexity and Avg. Edge Length also have high contribution to
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provide material induced signature patterns (like glass and mud pattern). Convex Area and Perimeter are important
parameters but contributes very low to visual similarity.

V. CONCLUSION AND FUTURE WORK

In our work, a set of statistical parameters have been tested to generate crack pattern with visual similarity to real crack
as well has high statistical correlation to it too. The experimental results show the statistical parameters that are
important in crack visual similarity as well as low correlated parameters are also found. In this thesis, the statistical
parameters are studied only. In the future work, these parameters will be used to develop a tool to generate such
patterns by mixing these parameters in different proportion.
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