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Abstract

Implementing algorithms that are based on dynamic triangle meshes often requires updating internal data-
structures as soon as the connectivity of the mesh changes. The design of a class hierarchy that is able to deal with
such changes is particularly challenging if the system reaches a certain complexity.

The paper proposes a software design that enables the users to efficiently implement algorithms that can handle
these dynamic changes while still maintaining a certain encapsulation of the single components.

Our design is based on a callback mechanism. A client can register at some / nf o-object and gets informed
whenever a change of the connectivity occurs. This way the client is able to keep internal data up-to-date. Our
framework enables us to write small client classes that cover just a small dedicated aspect of necessary updates
related to the changing connectivity. These small components can be combined to more complex modules and can
often easily be reused. Moreover, we do not have to store related 'dynamic data’ in one central place, e.g. the
mesh, which could lead to a significant memory overhead if an application uses some modules just for a short
time.

e have used and tested this class design extensively for implementing ' Dynamic Connectivity Meshes and Appli-
cations?’. Additionally, asa feasibility study, we have implemented and integrated our concept in the OpenMesh-
framework.

1. Introduction nents that can be reused. One way of solving such a prob-

Triangle meshes are a well established standard to representIem IS to store the data (edge-flags) outside of the module,

the outer skin of a 3D geometric object. Comparediyo €.0. djrectly :'along with the mesh-data-structure that obvi-
namic meshes, algorithms that are based atatic meshes ously '’knows’ when its connectivity changes.
are usually easier to implement from a design point of view.
Modules that realize such an algorithm just need to store  One possible way to store data within the mesh are the
static data, with respect to the mesh, that does not changeso calledMeshtraits or Meshitems that have been effectively
during the runtime of the application. used in several libraries®. This is an excellent approach, if
the data that is to be stored is an 'established property’ that
can be reused. This might for instance be a vertex-property
such as the valence, a list of all adjacent triangles, texture-
coordinates etc. The major advantage is the fact that mul-
tiple modules that work with the mesh have easy access to
this data and the data is stored/updated in just one place.
When it comes to meshes that change their connectivity We found that in this case, the loss of data encapsulation
during runtime, however, implementing algorithms that op- is not a severe restriction (as long as it gets updated cor-
erate on them gets more involved. Data that is stored inter- rectly). However, the documentation of a module that uses
nally to some module has to be aware of these changes. Thissuch a Meshitem should expliy state that it needs a spe-
task is particularly challenging if the application reaches cific Meshitem and a compile-time chécéhould make sure
a certain complexity and one wants to implement compo- that the appropriate Meshitems are present.

To give a simple example, the application might comprise
one module that sets a flag whenever an edge of the mesh
gets selected by a user. Since the connectivity of the mesh
does not change the module can use an intereal or -
of - bool s that reflects the current status of each edge.
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As we have illustrated in Sectioh, we will store data
that is sensitive to changes of the connectivity of the mesh
along with the modules that are using this data, instead of
storing them in Meshitems inside the mesh. This way how-
ever we are not able to update our data inside some private
method of the mesh whenevigesh: : f | i pedge() gets
called. Hence, we cannot cdesh: : f| i pedge directly
and therefore outsource calls that change the connectivity of
the mesh to another class. It makes sure that 'dynamic data’
is always up-to-date and caldesh: : f | i pedge.

So instead of calling

Figure 1: lllustration of an edge-flip, the example-operator {r

this paper. The common edge of the triangleABC

mesh->flipedge(edge_handle);

and AACD (left) 'flips’ and forms the new triangles
AABD and ABCD (right).

On the other hand, if a module makes use of module spe-
cific data that is used only temporarily, inflating/polluting
the Meshitems with this data is problematic. In particular for
more complex applications one can easily lose control over
all the different components, which clearly limits the main-
tainability. Even worse, the ¢consumes memory through-
out the lifetime of the application even though it might get
used for a short period only.

For this reason we have developed a framework that en-
ables independent modules of an application to be alerted
whenever the connectivity of the mesh changes. We ensure
that the modules do not have to expose internal data to the
outside, which facilitates their reusability. Our framework is

directly and thus risking that some modules remain clue-
less about the fact that the connectivity of the mesh has just
changed and consequently that the data they store might be
outdated, we wrap the call tgesh: : f| i pedge by two
calls to methods which the users can custom tailor to their
needs. Later we will show how a module can hook into these
calls and is thus updates its own data whenever an edge-flip
occurs.

For now we will show a very simple example of this con-
cept and will later develop a more complex class that we are
using in a real-world application.

The core piece of our framework is call®gnani c, the
following listing illustrates the basic form of the callback
mechanism.

based on a callback mechanism, all client classes that have
to be aware of a changing connectivity supply a common
interface (they derive from a common base-class).

In Section2 we will build up the callback mechanism
that informs a custom tailored client class whenever the con-
nectivity of the mesh changes. Sect®illustrates how we
can make necessary information available to a client. In Sec-
tion 4 we show the concept of informingultiple modules
of a change in the connectivity while being completely inde-
pendent of each other. To clarify our concept, we will de-
scribe an example application in Sectibrand point out

struct Dynamic<Mesh> {

void flipedge (EdgeHandl_edge_handle){
if (info—>preFlip()){
mesh. flipedge (_edge_handle);
info —>postFlip ();

some extensions of our framework in Sectén

2. TheCallback Mechanism

In order to keep our explanations of the class design and the
examples as simple as possible, we will restrict ourselves to

}
}
Mesh&  mesh;
InfoBasex info;
h
Listing 1:Dynami c: : f | i pedge shows the basic form of
the callback mechanism a user can hook into.

in this example| nf oBase is implemented as follows:

one single topological operation, the edge-flip (cf. A
fully-fledged library would of course comprise the complete
set of operators that change the connectivity of the mesh,
e.g., edge-split, edge-collapse, face-split, etc. The additional
operators can be integrated into our framework in a similar

class InfoBase{

virtual bool preflip (){return true;}
virtual void postFlip (){};

h

way as the edge-flip and are thus omitted here.

(© The Eurographics Association 2003.
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I nf oBase is meant as a dummy base-class that does
nothing but illustrate a certain interface, i.e. in its sim-
plest form the call t®ynami c: : f | i pedge() does noth-
ing but flip an edge of the mesh just as a direct call to
Mesh: : fli pedge() would have done. So what is the
benefit of introducing this additional layer?

The users can derive their ovivy | nf o-class froml n-
f oBase and replacddynami c: : i nf o with it. This way
additional functionality can be implemented and the ap-
propriateMy| nf o: : pr e/ post Fl i p-method gets called
wheneveDynami c: : fli pedge gets called.

As a simple example we implemedy | nf o class as fol-
lows:

class MylInfo : public InfoBase

{
bool preflip () { cout « "preFlip"return true;}
void postFlip () { cout « " postFlip ";}

2

Using an instance dfl/| nf o Listing 2 illustrates how to
flip the edge with the EdgeHandle 0 while getting feedback
about thew | nf o: : pre/ post Fl i p-calls.

int main()
{
Dynamic dynamic;
/Iread mesh & pass it to dynamic

Myinfo myinfo;
dynamic.info = &myinfo;
dynamic. flipedge (BEgeHandle(0));

/[ output of the program:
preFlip—called postFlip-called

}

:_i?ting 2: Getting feedback about the flip of edge 0 via My-
nfo.

Please note that you can prevent an edge from flipping
by returningfalse in your own Myl nf o: : preFli p() -
method. This way you can (in addition to executing edge-flip
specific code) influence the optimization process. We will
come back to this point in Sectidn

Conceptually it would make sense to distinguish between
the influence on the optimization process (cf. Se&)and
the execution of edge-flip specific code. Consequently we
should separate between, for example, a digd3at aUp-
dat eBase which provides ther e/ post Fl i p-interface
and anotheMy St r at egyBase-class where the users can
implement different strategies to influence the optimization
process. In practice however, we found it more convenient to
have everything in one singhd/| nf o-object.
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3. Passing Datato Myl nf o

Up to this point we get informed via our own
pre/ post Fl i p-method whenever an edge-flip oc-
curs. Of course, a very important fact we are interested
in is where the flip actually took place. This is crucial for
executing flip-specific code iy | nf 0. It would be straight
forward to pass the edge to tipe e/ post Fl i p-method

as an argument. In practice however, we found that we often
need more information about the flip that is going to take
place or just took place. For this reason we pass a pointer to
a wholeDat a-struct topr e/ post Fl i p, which is of the
form:

struct Dataf
EdgeHandle flip_edge_;

and is a member oDynani c. Opposed to our toy-
example, this struct also holds all the information that is
needed for the other topological operations (cf.Secfipn
This additional information can be exploited for instance if
the user needs to know which was the last edge that collapsed
prior to the current edge-split etc.

We have madeébat a a member ofDynani ¢ instead
of storing it directly inl nf oBase for two reasons: First,
for reasons of efficiency since we can use the members of
Dat a to store the current edge directly while beingOy-
nam c: : flipedge() and thus do not need any addi-
tional copy operation.

Second and more importantly, in the next expansion stage
of our framework we will introduce the concept of mul-
tiple | nf oBase-objects that work independently of each
other. Each of them gets notified by a special instance of an
I nf oBase-object, however, we would like to avoid multi-
ple instances obat a. We will see how our framework can
benefit from this and point out some implementation issues
in the next section.

4. Distributingto multiple Clients by an Observer

With the current implementation &1 nf o we would have
to put all code, which has to be executed in order to respond
correctly to an edge-flip, inthy | nf o.

In practice, for a more complex application, a compre-
hensive, custom tailorelly| nf o class can easily become
aBlob 3, i.e. a single class with a large number of attributes
and operations. Even worse, we would not have gained much
compared to the 'embed-all-edge-flip-specific-code-in-the-
mesh-class’-approach (cf. Sectid), meaning that if a
module puts flip-specific code intdy | nf o entails that this
module cannot encapsulate and manage its own data any-
more.
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By using the observer/observable-patfethe diagram in
Figure2 shows how we can get around the two problems that
we have just mentioned. A client can register at the Observer,
in our framework we call iHub, and gets called whenever
an edge-flip is performed. This way we can write small, inde-
pendent client classes that are aware of changes of the mesh
connectivity. The whole concept works as follows.

class ValenceStore :public InfoBase{

/I assume the valences are stored in valenceMap_
/I and initialized by the constructor of this class.

/lupdate valences after an edge flip
bool postFlip (const Data& _data){

We create aHub that is derived froml nf oBase and
let Dynami c: : i nf o point to it - this way the Hub gets
called by Dynami c:: fli pedge(). A client class de-

EdgeHandle e = _data. flip_edge_ ;

/I Update their valences of the four adjacent

rives froml nf oBase and hence supports tipe e/ post - /I vertices vi of e Y
FI i p interface. Now an object of this client class registers vaIenceMapj/[O]}:l; /I 1\
at theHub by passing a reference to it. Thdub main- valenceMap_[v[1]] +=1; // VO | V2
tains a list of these client objects, the callees. Whenever valenceMap_[v[2]|-=1; /I \|/
Hub: : pre/ post Fl i p gets called, theHub passes the valenceMap_[v[3]] +=1; /I vl

call to all its callees. Additional information about that flip is }
available viaDat a. A pointer to this struct is passed to the
pr e/ post Fl i p methods and can thus be exploited by the
callees.

std :: map<VertexHandlmt> valenceMap_;

I3

Again, using this approach we are able to hide client spe-
cific code and data-structures and do not have to expose it t
some central instance. We found that the Hub also encour-
ages users of our framework to write small and independent
and thus reusable components.

class BalanceStrategy public InfoBase{

/I Pass a ValenceStore object to
] ] ] ) /I this class in the constructor
In our current implementation théub holds a simple list

of references to callees that get called one after the other.
However, if the user needs fine grained control over the or-
der of execution of the client classes, one can easily incorpo-
rate a more sophisticated catistrategy. This could either
be calls by priority, but one can also think of a calling-tree
similar to a scenegraph (thdub serve as nodes, the clients
are the leaves).

bool preFlip (const Data& _data){
EdgeHandle e = _data. flip_edge_;

/I Now get the four adjacent vertices of e and their
/I valences val [0,...,3] from valenceSore_ ...

/l... and calculate the valence—excess...
current_excess = sqr(val [Bp)+ ...+ sqr(val[3}-6);

5. An Example Application
/I New valences under the assumption that

In this Section we will showcase a small application scenario
that demonstrates how the framework can be put into prac-
tice. We just want to give an impression how the parts of
our concept play together and show that the different mod-
ules form a closed entity that can be reused easily. Of course,
many more applications can be realized similarly to our sim-

/I a flip has taken place
val [0] —=1; val [1] +=1;
val [2] —=1; val [3] +=1,
flip_excess =sqgr(val [6}6)+...+ sqgr(val[3}6);

if ( new_excess < current_excessreurn true;

ple example and we hope that the pool of modules that uses dse return false;

our framework will grow rapidly.

Assume we are given a triangle mesh that contains ver-
tices with high valences, i.e. many edges emanate from these
vertices. A multitude of algorithms in geometric modeling
prefer vertices with valence six (or at least close to six). The

edge-flip is one operator that can reduce this valence-excess Note that we do not have to enumerate all adjacent ver-
(cf. 6.8 for a detailed description). tices of a vertex to recalculate its valence, since we know

. . . how the valences of the four vertices are affected by an edge-
In our example we will use two client classes that regis-

ter at aHub (cf. Sectiord). Val enceSt or e manages the flip.

valences of all mesh-vertices - it serves as an example fora The second class is an example for exerting influence on
module that holds its own data and updates it if the connec- the execution of edge-flip&al anceSt r at egy is a class
tivity of the mesh changes. that calculates the valence-excess of vertices incident to an

(© The Eurographics Association 2003.
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Dynamic InfoBase
) Imesh_ : Meshé, fem=———"|+ preFlip(_data : Data) : bool
- info_ : InfoBase : i -
flpl) Nt + postFlip(_data : Data) : void .
. - void postFlip{const Datad& _d){
- -~ fareach callee do:
gets pointer fo— ] postFlip(_d);
- T od;
- e 1
Data Hub
+ flip_Edge_ : EdgeHandle + callees_ . list_of_InfoBasePtr void preliptconst Datad _d)f =
+ registerCalles(_info : InfoBase) : void RN foreach callee do:
+ unregisterCalle_info : InfoBase) : void Dd'_f(‘ca”E’E*pre’:”pU)) retum false;
I’EIUI’I’{ true;
}

DynamicUserModule

Figure 2: UML-diagram of our framework. A client class derives fromf oBase and registers at thelub. The Hub gets
passed tdynam ¢ and is thus "aware’ of a (scheduled) edge-flip. Additional information about that flip is storgal ia
which is a member obynani c. A pointer to this struct is passed to thee/ post Fl i p methods and can thus be exploited

by a client class.

edge and indicates viar eFl i p if an edge-flip would im-
prove it.

Eventually we can assemble the components. A sketch
of the main parts of the program that balances the valence-
excess of a triangle mesh is shown in ListBg

int main()

{
Dynamic dynamic;
/Iread mesh & pass it to dynamic

Hub hub;

ValenceStore vStore(mesh);
hub. registerCallee (&vStore);

BalanceStrategy balance (vStore);
hub. registerCallee (&balance);

dynamic.info = &hub;

/I'now iterate ...
for ( e = mesh.edges_begin (); e!= mesh.edges_end();++e)
dynamic. flipedge (e);

}

Listing 3: Reducing the valence excess

(© The Eurographics Association 2003.

6. Extensions

As capturing all details of our framework exceeds the scope
of this paper, we have only outlined the core concepts. How-
ever, there are many ways to extend the concept we have
shown so far and we want to highlight some of them.

In our implementation we have used ierator for pro-
cessing multiple edges at once. So, instead of passing edges
toDynami c: : fli pedge() one-by-one, we iterate over
a whole set of edges. We will illustrate the advantage of this
concept by means of a small example.

Let’s stick to the valence-excess example of the previous
section. Assume we have a modéléhat wants to prevent
the four blue edges (cf. Figur® from flipping as soon as
the red edge has flipped - the four edges remain locked as
long as we have not processed every edge in the mesh. After
one iteration over all edges, the status of these edges is set
to 'free’ again. If a moduleB of our application processes
edges one-by-one, we need an indicator when it is done with
processing. The problem is that both modules might be un-
aware of each other. We can solve this problem by leaving
the control over the edge-flips @ynani ¢ and inform the
user via thel nf oBase-interface after all the edges pro-
vided by the iterator are processed. This way all clients that
have registered at thdub can respond in their specific way.
Of course, the iterator is not limited to iterating over all
edges of a mesh , but it can feed an arbitrary set of edges
toDynamic:: flipedge().

Listings 4 and5 show the extension we have to make in
order to realize the concept.
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takes care of the update. Another clB4swhich registers at

A, can e.g. hold the adjacency lists. To carry on this thought,
we also think of a clasB2 that just needs to be notified about

a change of the adjacency-information, but does not hold a

struct Dynamic<Mesh> {

/I canditate serves as iterator over a set of edge

void flipedge (){ complete adjacency-list at all. Eventually, this concept will
for (candidate->init (); candidate->hasmore(); lead to a tree-like structure of callbacks that enable a client
candidate->next() X to register at those points that are vital for its algorithms.

if (info —>preFlipconst Data& _d))X{
mesh. flipedge ( canditate>get());

info —>postFlipconst Data& _d); 7. Results

We have used the framework we have described in the last
Sections to implemenESR, a program that comprises the
algorithms propose i 9. One result we have achieved with

}/lend: for all candidates

info —>endFlip();

} FSRis shown on the first page. IRSR we register dozens
of modules that inter-operate with each other, it showed that
Mesh& mesh: managing these modules without clearly separating between
InfoBasex info; them is quite error-prone. We have also implemented a small
Candiate: candidate ; example which is based @penMesh?. A tar-archive can be
h downloaded from our web-sife Please note that the current

version is just a feasibility atly and is not mature enough to

Listing 4: Incorporating the iterator-concept into Dynamic. be used in a production environment.

Certainly, our framework comes along with some over-
head compared to directly calling the member functions

class InfoBase<Dynamic>{ (edge-flip/edge-split, etc. ) of the mesh. As a worst case sce-
virtual bool preflip (const Dynamic::Data&)feturn true;} nario we have tested our implementation@®penMesh2. We
virtual void postFlip const Dynamic::Data&){}; have passed an emphynf oBase-object toDynami ¢ in
virtual void endFlip Ot order to disable the callback-mechanism and have executed
b one single edge-flip via our iterator-interface. This setup is
Listing 5: Extended version of InfoBase. 2.5x slower that the direct call toesh. f | i p() . However,

after changing ouFSR-program to the proposed concept,
we not only found that it was easier to incorporate new al-
Another venue for extending our framework is the design gorithms, but we were also able to discarded many calls to
of small client classes that cover just one specific aspect of redundant update routines and eventually nfa&e signifi-
the changing connectivity. In this context we do not limit ~cantly faster.
ourselves to the edge-flip, but think of the complete set of
operators th_at change the connectivity of amesh. The aspectsg_ Condlusion
can be as diverse as:
We have proposed a framework for efficiently handling and
working with dynamic connectivity meshes from a design
point of view. In particular we have shown how encapsulated
modules that depend on the changing connectivity of a mesh
can keep internal data-structures up-to-date. Our callback-
For instance we could address the first item by designing mechanism facilitates implementing new algorithms which
a module that maintains a list of adjacent vertices for each base on dynamic meshes and shows how to add this new
vertex in a mesh. This modules registers atkhb and up- functionality to complex applications that make use of our
dates its internal list with respect to a notification it gets via framework.
the callback mechanism - this can be done efficiently, since
the module 'knows’ how the adjacency lists have to be up-
dated for e.g. an edge-flip. Now the module can grant a client
access to these lists. The client does not need to worry if the
lists are up-to-date or maintain its own list.

e achange of the adjacency list of a vertex.

e anotification that some triangles/edges/vertices have van-
ished.

e achange of normals in the vicinity of an operation.

Of course, there are many venues for further extensions
and improvements. We expect, that a rich pool of small
and reusable clients, which cover one specific aspect of the
changing connectivity, will significantly speed up the devel-
opment of algorithms that depend on dynamic meshes.

We can even go one step further and separate the data
(the adjacency lists) from the information about the update
(which list has changed in which way). Using this concept
we can design a clags that registers at thelub and just

(© The Eurographics Association 2003.
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Figure 3: A result achieved with our design-frammek. The original fan-disk (left) getsoarsened by successively changing the
mesh-connectivity with simple topological operatdrsr one module of our application, we use our framework to automatically
update the selected edges (green) whenever a topological change occurs. Another module takes care of equally distributir
vertices across the surface. Both modules work independently of each other and there is no need to expose internal dat
structures to the outside. Thus, the modules can easily be reused in another context.
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