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1 INTRODUCTION 

Modern CAD systems such as Siemens NX, Auto-
desk Inventor, or Dassault Catia, are based on so-
called procedural geometry models, which store the 
several construction steps, such as sketches, sweeps, 
and Boolean operations, together with their interde-
pendencies [3], while the explicit geometry is created 
on demand by an integrated geometry kernel of the 
CAD tools for visualising or exporting purposes, 
solely. The main advantage of a procedural approach 
is the preservation of the engineers design intent [4], 
which is lost in case of merely storing explicit geom-
etries. Furthermore, procedural models provide an 
ideal basis for a synchronous modeling process, in 
which designers working on one and the same shared 
model in case of modifications simply have to ex-
change the modified construction steps [4]. 

The process of creating and working on a proce-
dural geometry model is commonly denoted as pro-
cedural geometry modeling. From a mathematical 
point of view, this process can be characterised using 
bipartite graphs, in which the set of vertices compris-
es the construction operators and their operands, 
namely the geometric objects, while the edges repre-
sent the dependencies between those two constitu-
ents.  
In the next section, we will investigate related litera-
ture focusing on procedural modeling in a multi-user 
environment, before we give a detailed mathematical 
description of procedural modeling by the means of 
bipartite graphs in section 3. Subsequently, we will 
briefly explain how a procedural model can be used 
as basis for a synchronous multi-user modeling pro-
cess. We will focus on a locking based concurrency 
control mechanism, which enables different planners 
to simultaneously work on one and the same proce-
dural geometry model. The locking mechanism will 
formally be described by the mathematical defini-

tions given before. In the two final sections, we will 
present a specific application of this approach in the 
field of alignment based modeling of infrastructure 
projects and show how elaborated algorithms for 
splitting a model in several smaller sub models will 
improve the concurrency in this collaborative model-
ling process. 

2 RELATED WORK 

Computer supported collaborative work in the field 
of (procedural) geometry modelling has been in the 
focus of scientific research for many decades. We 
don’t want to give a detailed overview about all these 
research efforts, but only mention milestones of re-
lated work of the last years that had a direct influence 
on our researches. 

Choi et al. [7] suggested a macro-parametric ap-
proach to exchange CAD models between different 
CAD software tools. A sequence of history based 
modelling commands is stored and can be imported 
by a different modelling tool. This approach may be 
a first basis for a collaborative modelling process us-
ing different CAD systems. But this approach does 
not support a synchronous modelling process. 

Bidarra et al. [1] developed the collaborative Ali-
bre Design 2D/3D CAD environment. The basis for 
this environment is the webSpiff client server struc-
ture: a central server hosts the common geometry 
model, which can be accessed and modified by dif-
ferent clients when joining a collaborative session. 
Therefore, the different participants of the collabora-
tive session use a so-called webSpiff (thin-)client that 
allows them to work synchronously on this model. 
This approach proves basic concepts of synchronous 
collaborative geometric modelling, but does not al-
low the different users to work with the modelling 
tools they are accustomed to, in particular it not use-
ful for practical use cases, since it only supports very 
limited functionality.  
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Li W. D. et al. [9] presented a feature based ge-

ometry modelling environment using the geometry 
kernel of Open CASCADE. A Java-based client 
server architecture thereby provides the possibility 
for a basic collaboration in the field of procedural 
modelling. However, an integration of the commonly 
used CAD modeling is not possible using this ap-
proach. 

To overcome this drawback Li M. et al. [9], [10] 
developed an approach for synchronous modeling us-
ing neutral procedural modeling commands which 
abstract vendor specific ones. In the collaborative 
modeling process, vendor specific commands are 
translated into neutral commands, sent to a central 
collaboration server that forwards these neutral 
commands to the other clients which then translate 
the neutral commands back into their own vendor 
specific commands. This approach is similar to our 
own, but the possibilities for synchronous work are 
restricted since one master user must explicitly grant 
modification rights to certain users. This mechanism 
ensures the consistency of the geometry model, but 
narrows the possibilities of the several partners to 
work as equal partners. Additionally, this approach 
lacks the support of different Levels-of-Detail which 
is crucial to our own. 

Cai et al. [6]researched a flexible concurrency 
structure in the field of synchronous geometric mod-
elling. Thereby, a collaborative feature dependency 
graph is the basis for locking strategies which ensure 
the models consistency. The principal idea of this 
locking scheme seems very natural but is not satisfy-
ing in our context, since a modification of a low level 
element may lock the whole model or at least large 
parts of it. It will be shown that there are possibilities 
to overcome this drawback since integrating the con-
text of planning an alignment based infrastructure 
project facilitates a more fine grained locking mech-
anism. 

3 A MATHEMATICAL DESCRIPTION OF 
PROCEDURAL MODELLING BY THE 
MEANS OF BIPARTITE GRAPHS 

A graph is a tuple (   )  where   denotes the set of 
vertices, while   denotes the set of edges, i.e. the set 
defining the relations between the different vertices. 
A graph is said to be bipartite if the set of Vertices   
can be divided into two disjoint subsets    and    in 
a way that edges only link elements of    and    and 
vice versa, i.e. if     connects      and      
it yields either              or          
  . 

During a procedural modelling process the model-
ling expert chooses specific operations from a given 
set of possible construction steps, such as a Cre-
ateSpline, CreateSweep, etc. Subsequently, we will 

denote the entire set of executed construction steps 
by   and a specific construction step by     

Each construction step results in a new geomet-
rical object, e.g. a CreateSpline operation creates a 
new geometrical Spline-object. The set of all created 
geometrical objects will be denoted by   and a spe-
cific geometrical object by   . The union of both sets 
  and   will be denoted by        

A specific construction operation    might take 
some geometrical objects                as input pa-
rameters and will create (by definition) a geometrical 
object   . This will be termed in a formal way 
by      (              ). Since some construction 
steps do not have any input parameters, an empty in-
put parameter set is allowed and designated by 
     ( ). 

Now we define a set   of relations between the 
created geometrical objects   and the executed con-
struction steps   and vice versa. 

If a construction step    results in a geometrical 
object     i.e.      (              )  an element 
  (     ) is added to the set  . Additionally, for 
each input parameter                of    we add an 
element (      ) (      )   (      ) to the set  . 
That comes to the following definition: 

 
Definition: Procedural modelling graph 
Let   (   ) be the tuple comprising the two sets 
  and  , defined above. Then, we call   the proce-
dural modelling graph, which is due to its construc-
tion a bipartite graph. 

 
We will illustrate this by an example showing the 

creation of a simple tunnel section. 
 

 

Figure 1. Construction of a simple tunnel tube and related pro-

cedural modelling graph 

The construction of the tunnel tube depicted in Fig-
ure 1 comprises the following steps. 
 
1) The modeller executes a CreateSpline-operation 

   resulting in a new Spline-object      ( )  
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2) He performs a CreateSketch-operation    resulting 

in a new Spline-object      ( ). 

3) Finally, he conducts a CreateSweep-operation 

   resulting in a new Sweep-object    

  (     )    (  ( )   ( )). 

 
This leads to the following sets: 
 

  {        } (Depicted by circles) 

  {          } (Depicted by bounded rectangles) 

      {                 } 
  {(    ) (    ) (     ) (     ) (     )  

 (     ) (     )} 
 

The resulting bipartite graph is depicted in Figure 2. 

 

 

Figure 2. The bipartite graph resulting from the tunnel section 

example 

4 CONCURRENCY CONTROL – A GRPAH 

BASED LOCKING APPROACH 

In the scope of the “3DTracks” research project 

founded by the German Research Foundation in 

spring 2011, a new multi-scale procedural model [4] 

has been developed which allows a synchronous ge-

ometry modelling process focusing on the modelling 

of subway tunnels. The procedural model is hosted 

by a central collaboration server [9], which enables 

different experts to work synchronously on the 

shared model using the CAD tools they are accus-

tomed to (Figure 3). To this end, different stakehold-

ers can join a collaborative modelling session and 

download a local copy of the shared model in order 

to work on it. Modifications as well as new construc-

tion operations are immediately sent to the central 

server that incorporates them into the central model 

and forwards these modifications instantaneously to 

the other participants. 
 

 

Figure 3. Synchronous geometric modelling via a collaboration 

platform 

To maintain the consistency of the central geome-
try and the local copies, concurrency control mecha-
nisms have to be applied ([8], [12]), since a concur-
rent modification of the same geometrical object by 
two different users immediately leads to inconsistent 
states. To prevent this conflicting situation, as soon 
as one user starts a modification of an object, the col-
laboration platform locks this object, i.e. prohibits a 
concurrent modification by a different user. This ap-
proach is a first step, but does not prevent inconsist-
encies due to situations where two users modify two 
objects that depend on each other or modify two ob-
jects that have common dependent objects. In the fol-
lowing paragraphs, we will define dependent objects 
formally and give a detailed description of the ap-
plied locking mechanism based on the procedural 
modelling graph and the derived directed acyclic de-
pendency graph. 

 
Definition: Parent objects 
Let a geometrical object    be created by a construc-
tion step    and the set of input parameters of    
be              , then we say    has the objects 
               as parent objects of degree 1.  

Parent objects of a higher degree are defined in-
ductively, i.e. parent objects of degree   are defined 
as the parent objects of degree 1 of parent objects of 
degree      

 
This way, we can define the term dependent objects. 
 
Definition: Dependent objects 
The set    (  ) of the dependent objects of an object 
   is defined by    (  )   
{   |                                      }  
 

Remark: 
We construct the set of parent relations   the follow-
ing way. If a graphical object      has a parent ob-
ject    (of degree 1), we add the element (   ) to    
The tuple (   ) of the geometrical objects   and the 
parent relations   can be interpreted as a graph, the 
so-called directed acyclic dependency graph (Figure 
4). 
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Figure 4. Directed acyclic dependency graph resulting from the 

bipartite graph of Figure 1 

The basic idea of the locking concept is that the 
modification of a geometrical object    only can have 
an impact on its dependent objects    (  ) and on 
   itself, trivially. 

Thus, to ensure the consistency of the model – in 
our approach – a modification process comprises the 
following steps:  

 As soon as a user starts a modification of an ob-
ject     a lock request for this object is sent to the 
collaboration server.  

 On the server side, the set    (  ) is determined 
by depth-first-search, i.e. recursively descending 
the acyclic dependency graph. 

 The set    (  )  {  } is compared with the 
set      {  |            } of already locked ob-
jects.  

 If the intersection (   (  )  {  })       is 
empty, then the set    (  )  {  } is added to the 
set      and the lock for object    is granted to the 
user. Otherwise, the lock for the object    will be 
denied. 

 The user executes his modification step and sends 
the result to the server. 

 The server incorporates this modification into the 
central shared model, forwards this modification 
to the other clients and forces them to incorporate 
it into their local copies. (In particular, this incor-
poration automatically forces a recalculation pro-
cess of the dependent elements by the client CAD 
tools.) 

 Finally, the set    (  )  {  } is deleted from the 
set      and the user who originated the modifica-
tion step is informed about the success of the 
modification process. 

The above presented locking algorithm ensures 
that the local copies of the shared model and the 
shared model itself always stay consistent and thus 
provides a basis for a synchronous modelling process 

where several planners can concurrently contribute to 
this modelling process. In particular, it is a more 
flexible approach than hitherto presented approaches, 
in which only one user can actively modify a central 
shared model at a time ([2], [9], and [10]). 

5 APPLICATION: PROCEDURAL MODELLING 
OF SUBWAY TUNNELS – ALIGNMENT IN-
TEGRATION 

The multi-scale procedural geometry model devel-
oped in the “3DTracks” research project (see section 
4) is a context independent approach for procedural 
geometry modelling supporting the precept of differ-
ent Levels-of-Detail [5], [11]. Primarily, it was de-
veloped for a collaborative design and modelling 
process of subway tunnels. The basis for planning 
subway tunnels as well as for planning a great set of 
other infrastructure projects, such as railways, high-
ways, bridges, etc. is the so-called alignment [1]. In 
the following sections, we will propose an elaborated 
integration strategy for alignment information into 
the synchronous modelling process via the collabora-
tion server and show how this information can be 
used to split the model into distinguished sub models. 
The above presented locking algorithm then allows 
different planners to work synchronously on these 
different sub models while the consistency of the 
comprehensive model is always guaranteed by the 
collaboration server. Due to our research context we 
focus, in particular in our specific examples, on the 
alignment as a basis for planning a railway tunnel, 
but the following ideas are universally valid for in-
frastructure projects based on an alignment. 

Typically, planners do accomplish the task of 
planning the alignment by using specialised software, 
such as Civil 3D or ProVI. Thereby, the principle 
idea is to create two two-dimensional curves, so-
called alignments: a horizontal one in the XY-plane 
and a vertical one in the SZ-plane, where s – the so-
called stationing value – is the length of the XY-
curve up to a certain point. The alignments them-
selves consist of several different curve elements, the 
so-called alignment segments. Typically the horizon-
tal alignment segments consist of lines, transition 
curves (clothoids, cubic parabolas, etc.), and arcs, 
while the vertical alignment segments comprise lines 
and parabolas. The horizontal and the vertical align-
ments can be superposed by means of the s-
coordinate in order to create a three-dimensional 
curve, which describes the three-dimensional track 
course. Usually, the alignment information created 
by the above mentioned specialised tools can be ex-
ported in proprietary data formats, such as the 
LandXML data format [9]. 

In the momentary fashion of planning a railway 
tunnel the once created static alignment data cannot 
be modified when the modelling of the tunnel tube 

In Proc. of the 10th European Conference on Product & Process Modelling, CRC Press, 2014



Prep
rin

t
already started or one has to restart modelling the 
tunnel tube in case of modifications of the underlying 
track course geometry, respectively.  

To overcome this drawback we propose to convert 
the static alignment data provided by the state of the 
art alignment modelling tools into a new dynamic 
structure [1]. 

 

 

Figure 5. Classes in the alignment model 

In this structure we define classes for each differ-
ent type of alignment segment, in particular for the 
horizontal and vertical ones (Figure 5). Every hori-
zontal alignment segment is responsible for the cal-
culation of its stationing in order to allow a superpo-
sition of the corresponding vertical alignment 
segments resulting in a three-dimensional curve de-
scribing the complete track course. 

To maintain the new alignment structure in the 
collaboration platform and provide a stark decou-
pling between the alignment information and the 
procedural geometry data we suggest two separated 
entities: the so-called alignment model management 
(AMM) module is responsible for the administration 
of the alignment structure, while the so-called proce-
dural model management (PMM) module is in 
charge of the maintenance of the procedural geome-
try data (Figure 6). 

After importing the alignment structure into the 
collaboration platform the AMM creates several 
splines and procedural spline objects, resp., that rep-
resent the two superimposed alignments, whereby in 
our approach each horizontal alignment segment de-
termines a new spline element. The AMM module 
forwards these splines to the PMM, which creates a 
new procedural model comprising these splines. 

The elements of the new alignment structure can 
be modified by an alignment specialist during the en-
tire modelling process in a convenient way using an 
alignment editor tool, which was created in the scope 
of the “3DTracks” research project and is fully inte-
grated into the synchronous modelling process. It 
forwards modifications of alignment elements direct-
ly to the collaboration platform, where the AMM, af-
ter receiving a modification notification, recalculates 
the spline data and informs the PMM module about 
these geometry modifications which for its part for-
wards the procedural geometry modifications to the 

several modelling clients (Figure 6). Certainly, the 
AMM prompts the PMM to lock concerned proce-
dural geometry elements and all its dependents, be-
fore doing any modification. Abstractly spoken, the 
AMM acts as an independent client of the synchro-
nous modelling process assigned with the specific re-
sponsibility to maintain the alignment data, which is 
the basis for the track course describing spline ob-
jects. 

 

 

Figure 6. Collaboration between track model and procedural 

model management 

6 NATURAL PARTITIONING OF THE TUNNEL 
TUBE MODEL INTO SMALLER SUB 
MODELS 

In this section we will show how the above explained 
alignment information can be used to split the model 
into loosely, but consistent coupled sub models. This 
partitioning allows modifying several sub models 
without affecting other ones, facilitating the possibil-
ity to lock only small parts of the model thereby 
guaranteeing the comprehensive models consistency. 

As explained before, the splines resulting from the 
alignment data in our case are the basis for the mod-
elling of a railway tunnel. At this point it should be 
mentioned that the different splines, which describe 
the alignment, when added together should result in a 
continuous    curve. To preserve this continuity by 
geometrical dependencies (included in the procedural 
model) is not only a very complex task, but also has 
one major drawback: locking a spline element – us-
ing the above mentioned recursive locking algorithm 
– forces a lock of huge parts or even the whole model 
since the spline objects are the basis for the subse-
quent procedural objects describing the tunnel tube. 
We will now explain how to overcome this problem 
and provide a way to create loosely coupled sub 
models that allow a more fine grained locking mech-
anism.  

In principal, the second modelling step after de-

scribing the alignment by several different splines is 

to add sketches perpendicular to these splines which 

define the tunnel front, sweep these sketches along 

the splines and finally complete the tunnel tube using 
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Boolean objects. An example for a simple procedural 

tunnel model is depicted in Figure 7.  

 

 

Figure 7. A simple multi-scale procedural model of a tunnel 

tube, different Levels-of-Detail depicted in different colors 

As basis in order to achieve the goal of splitting 
the tunnel tube model into smaller sections in a natu-
ral way, we suggest a master-replication sketch con-
cept: a master sketch is added to the beginning of the 
first spline. This master sketch defines the principle 
geometry of the tunnel front; slave sketches, which 
only copy this geometry and adapt it according to the 
specific cant of the actual track section, are added to 
the start respectively end points of the other splines. 
This way, the basic tunnel front geometry has to be 
defined only once in the master sketch while the 
slave sketches adjust it automatically to the cant of 
the actual tunnel section. 

Then, the master and also the slave sketches are 
used for separated sweep and Boolean objects, re-
spectively. This fact leads to several small sub mod-
els of the tunnel model which are only connected by 
the master-slave dependency (Figure 8).  

 

 

Figure 8. A tunnel model comprising four sub models 

These sub models can easily be extracted from the 
complete model by using a recursive algorithm. 
Therefore, one specifies the basis spline object(s) and 
extracts the sub model based on this spline object(s) 
by recursively iterating all the objects dependent on 
these spline(s) and adding them to the requested sub 
model. In case of a dependent slave sketch one has to 
provide a connection to its master sketch and also its 
parent objects in order to keep the sub model con-
sistent with respect to modifications of the associated 

master sketch. Thereby, the master sketch and its 
parent elements are added and set to be hidden when 
loading and visualising the sub model. The following 
“pseudo” code shows this recursive extracting algo-
rithm: 

 
void ExtractSubModel(string SplineID)  

{ 

PMObject SplineObject= 
MyModel.GetSplineObject(SplineID); 
 
ProceduralModel SubModel= 
new ProceduralModel(OriginalProceduralModel); 
 
AddObjectAndDependents(SubModel,SplineObject); 

} 
 
void function AddObjectAndDependents (ProceduralModel SubModel, 
PMObject BaseObject) 
{ 

if (BaseObject is SlaveSketch)  
AddObjectAndParents (SubModel, 
((SlaveSketch)BaseObject).MasterSketch); 

 
SubModel.Add(BaseObject); 
 
foreach (PMObject DependentObject in BaseObject.Dependents) 
 AddObjectAndDependents (SubModel, DependentObject); 

} 
 
void function AddObjectAndParents (ProceduralModel SubModel, 
PMObject BaseObject) 
{ 

foreach (PMObject ParentObject In BaseObject.Parents) 
 AddObjectAndParents (SubModel, ParentObject); 

  
BaseObject.Hidden=True; 
SubModel.Add(BaseObject); 

} 

 
Two procedural sub models for the first two tun-

nel sections of a larger tunnel model are depicted in 
Figure 9. 

Certainly, these two sub models are not (com-
pletely) geometrically independent, since as ex-
plained above the alignment described by several dif-
ferent splines should be a continuous    curve. In our 
approach this continuity is guaranteed by the align-
ment model management module: the AMM is aware 
of the connections between different splines and 
keeps them smooth while the PMM is not aware of 
this dependency. In particular, this “dependency” 
does not need to be included into the splines depend-
ency set. This idea can be observed in Figure 9, 
where the two spline objects Line_35175_10805 and 
Clothoid_35177_10806 are not connected via a de-
pendency relation in the procedural model even 
though they visualise two subsequent parts of the 
alignment. 
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Figure 9: Two procedural sub models describing two subse-

quent tunnel sections 

This approach has major advantages: it allows the 
clients to load a sub model describing a subsection of 
the tunnel tube and modify it without affecting or 
even knowing the rest of the complete model (Figure 
10). Additionally, since there are no (direct) depend-
encies between these different sub models modifying 
one of them does not require locking other sub mod-
els according to our above presented recursive lock-
ing algorithm. 

 

 

Figure 10: A NX Client extracts a sub model while an Inventor 

client works on the complete model 

To maintain the consistency between master and 
slave sketches and to avoid loading the complete 
model when extracting a sub model that contains a 
master sketch, the master slave dependencies are 

stored in an extra structure separated from the above 
described global procedural model dependency struc-
ture. Master sketches that are not contained in a sub 
model but have an impact on dependent slave sketch-
es contained in this sub model are loaded in the 
background while the user of this sub model is not 
aware of their existence. In case of master sketch 
modifications received by server notifications they 
forward these changes to the dependent slave sketch-
es which then adapt themselves accordingly. This 
way the consistency of a depending sub model and 
the whole models consistency are guaranteed. 

7 CONCLUSION AND OUTLOOK 

We presented the description of procedural model-
ling by the means of a bipartite graph, derived the so- 
called acyclic dependency graph and briefly ex-
plained the basic architecture of a collaboration plat-
form that enables different planners to work simulta-
neously on one and the same procedural geometry 
model thereby using the modelling tools they are ac-
customed to. To allow user modifications and there-
by guarantee the models consistency we suggested a 
concurrency mechanism based on a locking algo-
rithm that prevents contradictory user modifications. 
To allow a partitioning of the complete tunnel model 
into smaller sub models we proposed splitting the 
procedural model describing the complete tunnel ac-
cording to the given alignment context, thereby 
providing the possibility for different planners to ex-
tract sub models and work synchronously on these 
sub models. 

In our future research we want to use this sub 
model extracting algorithm for the enhancement of a 
dynamic integration of collision detection possibili-
ties provided by Geo Web Processing Services [14], 
e.g. testing intersections of a part of the tunnel tube 
and the sub terrestrial canal pipe or electricity net 
system. In addition to it, we want to provide possibil-
ities to integrate simulations in to our modelling pro-
cess, for example pedestrian flow and de-smoking 
simulations concerning evacuation scenarios in case 
of tunnel fires. 
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