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Abstract. Three-dimensional (3D) city models based on the OGC CityGML 
standard have become increasingly available in the past few years. Although 
GIS applications call for standardized and geometric-topological rigorous 
3D models, many existing visually satisfied 3D city datasets show weak or 
invalid geometry. These defects prohibit the downstream applications of 
such models. As a result, intensive manual work of model repair has to be 
conducted which is complex and labour-intensive. Although model repair is 
already a popular research topic for CAD models and is becoming im-
portant in GIS, existing researches either focus on certain defects or on a 
particular geometric primitive. Therefore a framework that explores the full 
set of validation requirements and provides ways to repair a CityGML mod-
el according to these requirements is needed and proposed in this paper. 
First, the validity criteria of CityGML geometric model is defined, which 
guarantees both the rigorous geometry for analytical use and the flexible 
representation of geographic features. Then, a recursive repair framework 
aiming at obtaining a valid CityGML model is presented. The geometric 
terms adopted in this paper are compliant with the ISO19107 standard. Fu-
ture work will further implement the framework. 
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1. Introduction 
Three-dimensional (3D) Geo-information has been treated as one of the 
essential sources of the latest and future GIS applications (Gruen 2008, 
Gröger et al. 2012, Stoter et al. 2013). However, current practice of digital 
city modeling focuses mainly on the visual appearance of the model rather 
than on the correctness of geometric-topological structure (Gröger & 
Plümer 2009). As a result, most of the analytical applications cannot be 
conducted with these ill-posed models, such as geometric processing, struc-



tural and environmental analysis and indoor navigation (Hughes et al. 2005, 
Isikdag et al. 2008, Haala et al. 2011). This is seen as a significant bottle-
neck of the 3D GIS industry and a waste of the expensive modeling efforts 
and expenses.  

One of the error sources of 3D city models starts in the early stage of model-
ing. To produce visually satisfied 3D city models with the least effort, pro-
ducers often employ interactive modeling tools, e.g. 3D studio MAX, Maya, 
SketchUp and AutoCAD, to shape the appearance of the city objects with 
polygonal meshes. However, the freedom granted by these tools leads to 
flawed mesh models (Botsch et al. 2007). In many projects, model template 
is widely used which dramatically decreases the modeling costs for similar 
features among 3D city models (Badler & Glassner 1997). However, mis-
matches between model parts create various types of errors such as inter-
section (Figure 1 left), overlap and gaps. Another error source is the model 
optimization which is accomplished by vertex welding and simplification 
where close vertices and trivial triangles are merged. In this process, com-
plex vertex and edges as well as degeneracies are often produced (Figure 1 
right). Moreover, modelers usually delete the concealed surfaces to further 
decrease the data size, which leads to the incompleteness of the model 
(Zhao et al. 2012).  

 

 
Figure 1. Errors found in visually satisfied 3D models (left, intersection between 
geometric parts; right, complex edges produced by optimization). 

 

Besides the errors that originate from the modeling process, errors can be 
created from conversion processing (Nagel et al. 2009). Many of the cur-
rently available CityGML building models are produced from conversion of 
CAD models. The different definitions of building structures in the GIS and 
the CAD domain lead to inappropriate interpretation of building compo-
nents. For example, walls in the Industry Foundation Class standard (IFC) 
in CAD domain are often modeled as solids but should be represented by 



surfaces in CityGML (Liebich et al. 2010, Gröger et al. 2012). For the sake 
of simplicity, the solid wall is converted into a set of MultiSurfaces, which 
omits not only the volume information of the component itself but also the 
topological relationships between walls. Additionally, errors may occur in 
the semantics editing process of CityGML models, if mistakes are made 
when manually matching geometries with CityGML semantics (Benner et al. 
2005, Wagner et al. 2012).  

Repair of 3D geometric models has become an important topic in the field 
of CAD and computer graphics. A number of repair methods have been 
proposed for polygonal meshes (Ju 2009, Campen et al. 2012). These ap-
proaches are however not sufficient for city models, since 3D city models 
are usually aggregated models, made up by heterogeneous geometric primi-
tives in multiple dimensions. In the field of GIS, previous researches stud-
ied the validation of geometric models. Van Oosterom et al. (2004) pro-
posed an extended definition and a set of validation rules for polygons. Ka-
zar et al. (2008) introduced the validation rules for geometry defined in 
Oracle, especially the surface and solid, but no repair method is provided. 
Verbree & Si (2008) and Ledoux et al. (2009) proposed methods to validate 
the GML solids based on tetrahedralizations. Gröger & Plümer (2012a, b) 
proposed rules and axioms for consistent representation and updating of 
3D city models. However, their definition of geometry is not fully con-
formed to the ISO19107 standard, which is the geometric base for CityGML 
(Gröger et al. 2012). 

Recently, repair pipeline for CityGML models have been proposed in (Bog-
dahn & Coors 2010, Wagner et al. 2012). Although both the geometric and 
semantic aspects are included, they only repair errors that are similar to 
mesh repair, such as holes and incorrect orientations of mesh surface, while 
the overview of the different types of geometric errors of CityGML model 
concerning the downstream applications and their repair is not provided.  

Starting with the definition of valid and invalid geometric model for 
CityGML models in Section 2, a framework for repair of geometric errors of 
CityGML is proposed in Section 3, which is a recursive framework and deals 
with the hierarchies of the CityGML model. Finally, we conclude with a dis-
cussion on the implementation issues and on future realizations. 

2. Validity of CityGML Models 
Before repairing, we should first agree on an exact definition of valid and 
invalid 3D city models. The ISO19107 standard provides the criteria of valid 
geometry, such as simple and orientable (Herring 2005). The question is 
whether these criteria are sufficient for the downstream applications. 



In visualization applications, such as urban planning and virtual reality, 
only the geometric primitives, i.e. point, curve and surface are required, 
thus no strict requirements is needed for the input geometry (Hearn & 
Baker 1996). In more sophisticated GIS applications, accurate and faithful 
representation of geographic features and their embedding in the space are 
mandatory, such as 3D cadastre, thus the n-D geometric object should rep-
resents the continuous image of an n-D space (Herring 2005). This is de-
fined as simple in the ISO19107 standard. 

However, analytical applications demand more strict local and global prop-
erties for the input model. If restricted to the boundary-based representa-
tion, an orientable 2-manifold surface1 (2-manifold for short) is always 
required (Botsch et al. 2007). However, the surface of a simple geometric 
object might not be a 2-manifold. Figure 2 left shows a surface with its inte-
rior ring (shown by the grey line) tangent to its exterior ring (shown by the 
dark line) at an shared boundary edge. Because its interior (shown by the 
bounding dashed line) is isotropic, this surface is simple according to the 
definition (Herring 2005), but the shared boundary forms a dangling edge 
which is non-2-manifold. For a simple 3D geometric object, its surface can 
also be non-2-manifold because of tangency (Figure 2 right). 

In conclusion, simple is not a sufficient validity criteria for the input model 
of all the downstream applications. The least requirement to support the 
geometric processing intensive applications is that all the input geometry 
should be 2-manifold. However enforcing 2-manifold globally for the repre-
sentation of a collection of geographic features is intricate and difficult to 
model (Gröger & Plümer 2009, Thompson & van Oosterom 2011). And it is 
not able to topologically represent the connection relations between objects 
without allowing touching (Cavalcanti et al. 1997). Therefore, the validity of 
CityGML model should be defined in hierarchies according to the applica-
tion requirements. 

A CityGML model is composed of a hierarchy of features represented by 
instances of subclasses of CityObject (Gröger et al. 2012), we define the 
units of this hierarchy that to be used for analytical purpose as component 
models. Their parents, collections of component models used for represen-
tation purpose, are termed as aggregate models. In practice, the classifica-
tion of two types of models is customizable according to the practical re-
quirements. Based on this definition, exact definitions of valid geometry of 

                                                        
1 a manifold of dimension n is a topological space in which each point has a neighbourhood 
that is homeomorphic to the Euclidean space of dimension n. 



component model as well as of aggregate model are proposed in the next 
section.  

 

 
Figure 2. Non-2-manifold simple geometric objects (left: a simple surface with its 
interior ring tangent to its exterior ring; right: a simple composite solid) 

2.1. Valid geometry of component models 
Based on the previous definition, the component model is the unit for geo-
metric processing applications, thus 2-manifold should be the criteria for 
the valid geometry. If a component model is represented by only the 0D and 
1D geometric objects, i.e. point and line string, simple is the sufficient va-
lidity criteria because points and line strings are the lower dimensional 
primitives of a 2-manifold. However, if 0D or 1D geometric primitives are 
presented in a higher dimensional (2D or 3D) component model, they 
should be eliminated because they form dangling cases which are non-2-
manifold. 

2.1.1. Validity criteria for 2D geometry  
For a valid 2D component model, it should only contain surface primitives 
with consistent orientations (the type of surface is limited to planar polygon 
in CityGML). A non-closed simple surface without holes is a 2-manifold 
with boundaries2, thus is valid. The closed simple surface, a shell, repre-
sents a closed 2-manifold which is also valid. For a simple composite sur-
face, each of the surfaces included should all be simple, and only touch at 
the existing shared boundaries, i.e. edges or vertices, as shown in Figure 3 
a) and b). Intersection or isolation between surfaces shown in Figure 3 c) 
and e) is not allowed. The “free touching” of edges shown in Figure 3 d) is 
also not allowed, because the combinatorial structure does not represent 
the shared primitives. Therefore, a simple composite surface without holes 
is also a 2-manifold. For a simple MultiSurface, the geometry should con-
tain only simple surfaces with no intersections. However, the surfaces can 

                                                        
2 Boundaries indicate the edges with only one neighbour face 



be isolated from each other or touch at an existing shared boundary. Both 
are valid cases that form a 2-manifold3.  

 

 
Figure 3. Valid and invalid cases of a composite surface (a) a valid composite 
surface which is also simple; b) an valid composite surface where the dashed line 
indicates two identical vertices; c) an invalid composite surface with one of its 
surface isolated; d) an invalid composite surface containing a “free touching” 
between two surfaces; e) an invalid composite surface with its surfaces intersected 
and form a complex edge) 

If holes are present in a surface, its validity should be defined stricter than 
simple because of the possible cases of tangency in a simple geometry. If all 
the interior rings of a simple surface are isolated and are located within the 
only exterior ring, the simple surface with holes is a valid 2-manifold with 
boundaries. However, if rings touch, as shown in Figure 4, non-2-manifold 
cases are formed, i.e. singular vertices In Figure 4 a), dangling edges in Fi-
gure 4 b) and c). In Figure 4 d), the interior ring breaks the interior of the 
surface into more than one connected components which is neither simple 
nor 2-manifold.  The “free touching” shown in Figure 4 e) causes the error 
of T-junction, thus it is also not valid. If holes are present in a shell, the shell 
is invalid according to its definition even it is a non-closed 2-manifold. For 
a valid composite surface with holes, the surfaces included should all be 
valid, and they should not intersect or isolate, but touch only at shared ex-
isting boundaries in an appropriate manner. For a valid MultiSurface that 
contains holes, the only difference with the valid composite surface is that 
isolation of valid surfaces is allowed. 

 

                                                        
3 The disjoint union of a family of n-manifolds is a n-manifold (Lee 2010) 



 
Figure 4. Invalid surface with holes where vertices and edges of the exterior ring 
are colored in black while vertices and edges of the interior ring are colored in grey 

2.1.2. Validity criteria for 3D geometry 
A 3D component model is represented by the 3D geometric object, i.e. solid, 
composite solid and MultiSolid. The validity requirements of 2-manifold 
should be defined on the shells of solid models. For a valid 3D solid without 
voids (holes in 3D), its exterior shell should be a closed valid surface, i.e. a 
compact, oriented 2-manifold without boundary. A 3D solid with a handle 
as shown in Figure 5 left can be treated as simple when referring to the 
connectivity of its interior and used for representation purpose (Kazar et al. 
2008). However, non-2-manifold situations are formed in the singular edg-
es (shown by bold lines) Figure 5 middle shows another case of simple solid 
with non-2-manifod situation.  

For a composite solid, even though each of the contained solids is individu-
ally valid, the touch between solids leads to complex edges, which is not 2-
manifold (as shown in Figure 5 right by bold lines). As a result, the compo-
site solid is not valid to represent a component model for analytical pur-
pose. However, a MultiSolid with all its solids valid and isolated is valid. 

 

 
Figure 5. Non-2-manifold cases formed in simple solids (left and middle) and 
composite solid (right) with their interior connected 

 

If voids are presented in 3D geometry, interior connected solids as shown in 
Figure 6 b) and c) present non-2-manifold complex edges when two shells 
touch with each other. As a result, a valid solid with voids should exclude 
any case of tangency between shells. Similar to the previous definition, a 
composite solid with voids is also not valid. And a valid MultiSolid with 



voids should contain only the isolated valid solids with voids, as shown in 
Figure 6 a). 

A 3D component model can also contain non-closed 2D surfaces. However, 
the surfaces should be isolated from solids in order to avoid non-2-
manifold situations via tangency.  

 

 
Figure 6. Valid and invalid solid with voids (a) two valid solid with void (form a 
valid MultiSolid); b) invalid solid with its interior shell touch the exterior shell; c) 
invalid solid with its two interior shells touch with each other) 

2.2. Valid geometry of aggregate models 
An aggregate model is the assembling of component models used for rep-
resentation purpose. The dimension of component models can vary so the 
aggregate model is a heterogeneous set of geometry objects which can be 
represented by a complex or an aggregate as defined in ISO19107 (Herring 
2005).  

Since the valid component models are defined as 2-manifold, they can al-
ready be accepted by most of the analytical applications. To ensure the 
power of representation, non-2-manifold geometry can be allowed for an 
aggregate model. For example, a building and an attached garage can be 
concisely represented by a composite solid as shown in Figure 7 left, even 
though it is not a 2-manifold as a whole. Otherwise, each of the buildings 
should be represented by a solid and certain relationship should be defined 
to describe their connection via walls. In another case, when representing 
two connected rooms inside a building (Figure 7 right), it is proper to rep-
resent the model by a complex, which employs a composite solid to repre-
sent two connected rooms, and employs a shell to represent the exterior 
wall (Gröger et al. 2012). However, aggregate is a weak geometric form 
according to the standard, since intersection between geometric objects is 
allowed. Thus complex should be the valid geometric type for aggregate 
models. 

 



 
Figure 7. Building represented by complex (a) A building with a garage attached 
on one of its wall surface (Gröger et al. 2012); b) Demonstration of two connected 
rooms inside a building)  

3. Repair Framework of CityGML Models 

3.1. The recursive paradigm 
According to the hierarchical structure of CityGML model, the repair of 
CityGML model should be carried out in different levels in depth first order. 
It is straightforward to employ a recursive approach to fulfil the repair goal. 
After repairing all its component models, the higher level aggregate model 
is repaired in a next step (Figure 8), until the whole geometric model is va-
lid as defined in Section 2. 

 

  
Figure 8. The depth-first recursive framework for repair of CityGML models  

3.2. Repair of the component model 
The goal of this repair step is to convert the geometry of a component mod-
el to valid 2-manifold. For the invalid 0D and 1D geometric objects, they 
have to be repaired to simple versions. This process includes the removal of 
duplicate points (P1 and P2 in Figure 9 left) by introducing a tolerance val-
ue, the conversion of the degenerated line segments (𝑃3𝑃4�����������⃑  in Figure 9 left) 
into points, and the decomposition of the intersected line segments (𝑃3𝑃7�����������⃑  
and 𝑃5𝑃6�����������⃑  in Figure 9 right). If a 1D geometric object is a ring, the closeness 
of the line segments should also be ensured. 



 

 
Figure 9. Illustration of the repair of 0D and 1D geometry 

3.2.1. Repair of 2D geometry 
For 2D primitive, Ledoux et al. (2012) have proposed a triangulation based 
repair method for planar polygons. For a general surface embedded in a 3D 
space, repair for each of the possible error types summarized in Table 1  
should be conducted.  

First, rings of each surface patch should be validated and repaired using 
the repair methods for line strings. Besides, the planarity of each ring 
should also be ensured for polygons by introducing a tolerance value (van 
Oosterom et al. 2004). Then, the possible degeneration of surface patches 
should be checked. If degenerated, a surface should be converted to the 
proper primitive types, i.e. a line string or a point. If a surface patch inter-
sects with itself or with others in a set of surface patches (Figure 10 a)), the 
intersection should be detected and the intersected surface patches should 
be decomposed by inserting vertices and edges (Figure 10 b)). During this 
process, complex edges and vertices may appear. Algorithms cutting along 
these complex primitives and stitching them in an appropriate way should 
be used (Figure 10 c)) (Guéziec et al. 2001). If holes touch, the touched 
boundaries should be offset in opposite directions. If a hole intersects with 
the exterior ring, the exterior ring should be decomposed as shown in Figu-
re 11. If an edge or a vertex has no neighbour faces, it is a dangling primitive 
and therefore should be removed (Figure 12).  If holes are present in a shell, 
hole-filling algorithms should be employed (Liepa 2003). If the surface 
contains several isolated parts, it should be separated into different surfac-
es or be converted to a MultiSurface, which has to be repaired afterwards. 
Finally, the orientations of all the surface patches should be checked for 
consistency. If incorrect, the orientations should be restored by propagating 
from the orientation of a valid surface patch.  

The repair of a composite surface is similar to the repair of a surface where 
surfaces inside the composite surface can be treated as surface patches of a 
surface. If there are isolated surfaces, the composite surface should be sep-
arated. For a MultiSurface, the repair pipeline of composite surface should 
be employed for each of the connected components. 

 



Errors Repair 

Errors of 1D rings, non-planar (if it is a 
planar polygon) 

Repair of the rings 

Degeneration Remove degeneracies and convert them to 
proper representation 

Self-intersection and folding Decompose the intersected surfaces 

Complex edge Cutting and stitching complex primitives 

Invalid holes Preventing touching of rings or decompose the 
intersected rings 

Dangling primitives Remove dangling edges and isolated vertices 

Open (if it is a shell) Hole filling for a shell  

Isolation Separate isolated surface parts 

Inconsistent orientations Restore orientations 

Table 1. Errors and their repair methods for 2D surface 

 

 

Figure 10. Illustration of the repair of intersected 2D geometry (a) two intersec-
ting surfaces; b) decomposed result of a); c) split the complex edge to prevent from 
touching ) 

 

 
Figure 11. Illustration of the repair of invalid holes in a 2D geometry where the 
gray ring indicates a hole 

 



 
Figure 12. Illustration of the repair of dangling primitive in a 2D geometry where 
the gray ring indicates a hole 

3.2.2. Repair of 3D geometry 
For a 3D solid, all the shells that compose the solid should first be repaired 
based on the previous repair method for surfaces. Sometimes a solid may 
degenerate to a lower dimensional non-solid primitive, such as a surface or 
a line string or a point. The representation types should be corrected ac-
cordingly. If there are solids that intersect with each other, the solids should 
either be decomposed and be converted to a MultiSolid or they should be 
merged into one solid if they share the same properties as shown in Figure 
13. Because the touching of shells produces complex cases, solids should be 
offset to avoid touching (Figure 14). As discussed in Section 2.1, voids inside 
a solid should not tangent to or intersect with the exterior shell. If this oc-
curs, it should be healed by offsetting the tangent primitive inward the exte-
rior shell or decompose the exterior shell as shown in Figure 15.  If lower 
dimensional primitives are presented, only the surface primitive should be 
repaired and kept (Figure 16), the 1D and 0D primitives should be removed. 

According to the validity criteria, composite solid should be converted to a 
MultiSolid or be merged to a solid. Then the remaining separated solid can 
be repaired using the above steps which are summarised in Table 2. 

 

Errors Repair 

Errors of 2D shells Repair of the shells 

Degeneration Remove degeneracies  

Intersection Decompose or merge the intersected solids 

Complex edge Offset the primitive 

Invalid voids Offset tangent edges of void 

Dangling primitives Remove dangling edges and isolated vertices 

Isolation Separate isolated solids 

Table 2. Errors and their repair methods for 3D solid 

 



 

Figure 13. Illustration of the repair of intersected 3D geometry 

 

 
Figure 14. Illustration of the repair of complex edges in a 3D geometry 

 

 
Figure 15. Illustration of the repair of invalid voids in a 3D geometry (a) the exte-
rior shell and the interior shell intersect; b) the exterior shell and the interior shell 
touch with each other; c) the repair result of both cases) 

 

 
Figure 16. Illustration of the repair of a lower dimensional surface in a 3D geo-
metry 

3.3. Repair of the aggregate model 
As discussed in Section 2.2, the valid geometry of the aggregate model 
should be the type of complex. The way to construct a complex from a col-
lection of valid component models is straightforward. The ISO19107 stand-
ard had already provided a working flow (Herring 2005): 

a) If two primitives overlap, then subdivide them; eliminate repetitions 
until there is no overlap. 



b) Similarly, if a primitive is not simple, subdivide it where it intersects 
itself; eliminate repetitions until there is no overlap. 

c) If a primitive is not a point, calculate its boundary as a collection of 
other primitives, using those already in the generating set if possible, 
and insert them into the complex. 

d) Repeat step “a” through “c” until no new primitive is required. 

During this repair process, the decomposition of the intersecting compo-
nent models will not produce invalid geometry for the component models. 

 

3.4. Implementation Issues 
In order to implement the framework, some crucial aspects should be con-
sidered.  

First, the data structure should be able to faithfully record the input model 
without missing important information. In the geometry aspect, generic 
boundary based representation based data structure should be adopted 
which supports all the geometric types defined in CityGML and is also able 
to represent invalid non-2-manifold edges and vertices. Tolerance values 
are important to define the condition of duplication and coplanar, and 
should therefore be defined carefully. Due to the uncertainty caused by pos-
sible rounding-off error, exact predict method or even exact arithmetic 
should be used (Richard Shewchuk 1997). Then, basic repair routines 
should be developed, such as triangulation, which converts the input model 
into simplical 2-complex based representation; regularization, which re-
moves dangling 0D or 1D elements (Granados et al. 2003, Worboys & 
Duckham 2004), and intersection and decomposition, which extract the 
intersected geometric primitives and decomposes the model based on the 
extracted intersection. More mesh repair methods like hole-filling, non-2-
manifold curing should also be incorporated (Campen et al. 2012). Finally, 
the developed repair method should be modularized and conducted in an 
optimised order so that repair should not introduce unsolved errors. 

4. Conclusion 
This paper provides a definition of valid geometric model for CityGML con-
cerning both the rigorous geometry for analytical purpose and the flexibility 
for representation purpose. Possible errors for both the component models 
and aggregate models defined for CityGML models are summarized and 
their healing steps are introduced within a repair framework. The goal of 
the repair is to achieve a valid CityGML model that can be used for most 



downstream applications other than only be used for visualization or repre-
sentation.  

Future work comprises the design and implementation of the data structure 
for the repair of the CityGML models. The automatic repair routines dis-
cussed before should then be developed based on the proper data structure. 
This paper mainly focus on the geometric aspect of repair, thus the seman-
tics of the CityGML model should be further exploited to strengthen the 
ability of repair on specified models, such as a building. Finally, this paper 
assumes the correctness of the semantic information, and excludes other 
repair issues listed in the ISO19157 standard (ISO 2012). These topics 
should be studied in the follow-up researches. 
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