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EXPLICIT DIGITAL MODELS OF LINEAR COMPLEXES
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Abstract: It is obvious that the interoperability of existing digital models is insufficient. Current research on
model view definitions and on their semantic enrichment addresses the issue of good interpretation of the results
of existing models to improve interoperability. The alternative research presented in this paper is not concerned
with interpretation. Instead, the influence of modifications in the geometric and topological concepts of the
digital models themselves on their interoperability is investigated. The geometric and topological attributes of the
models are made as explicit as possible. Two-dimensional line drawings are replaced by three-dimensional linear
complexes to reduce the need for implicit information. The topology of a complex is described with topological
tables containing all elements of the model, thus replacing the geometric neighborhood concept of the industry
foundation classes. A highly efficient algorithm for the construction of new topological tables of large buildings
is presented. The difficulties encountered in modifying existing topological tables are analyzed and solved.
Topological and geometric aspects of linear complexes that cannot be treated explicitly with topological tables
are identified and presented.
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2 HanmoHaIBHBIH HCCIIEN0BATENBCKIH MOCKOBCKHUI TOCYIapCTBEHHBII CTPOUTEIBHBIA YHUBEPCHUTET,
Mocksa, POCCHUSA

AHHOTAIUSA: CJIE/IyeT NMPU3HATh, YTO (PyHKIMOHAIBHAS COBMECTUMOCTD IIM(POBBIX MOJIENEH, HCIIOIb3YEMbIX B
MPOTPAMMHBIX TPOAYKTAX pa3HbIX MPOU3BOJIUTENCH, HAa JaHHBIA MOMCHT HE JOCTUTHYTa. Tekylue
WCCIICIOBAaHMS B 3TOW OOJIACTH HAIICJICHBI HAa YCOBCPIICHCTBOBAHUC WHTCPIPETAIUM JAHHBIX CYIICCTBYIOIINX
MOJICJICH M UX CEMaHTHYCCKOM OOOralleHUH. AJIBTCPHATHBHOE HWCCICIOBAHUE, MPEJICTABICHHOC B JAHHOM
CTaThe, MOCBSIIICHO BIMSHUIO MOIU(PUKAIMN T€OMETPHUSCKUX U TOMOJIOTHUSCKUX KOHIICTIIMI CaMUX 1H(POBBIX
MoJieliell Ha MX (YHKIMOHAIBHYIO COBMECTHMOCTh. [ €OMETPHYECKUE U TOMOJOTMYECKUE aTPHOYThl MOjeeit
C/IeNaHbl MaKCHUMAJIbHO SIBHBIMU. JIByMEpHbIC JHMHEHHBIC UYEPTEIKH 3aMEHSIOTCS TPEXMEPHBIMH JIMHEHHBIMH
KOMILJIEKCAMH, YTOOBI YMEHBIIUTh MOTPEOHOCTh B HEssBHON MH(opMaiuu. Tornoaorus KoMIjiekca OnruCchIBACTCsI
TOIOJOTHYECKUMHU TAOIMI[AMH, COJEPKAIIUMH BCE AJIEMEHTBI MOJCIH, 3aMEHsIs, TAKUM 00pa30oM, KOHIIETIHIO
TEOMETPUYECKOT0 COCE/ICTBA, HCIOJIB3YeMYyI0 B cucTeMe oTpacieBblx 0a3oBbix kiaccoB (IFC). IlpencraBnen
BBICOKOI()()EKTHBHBIN QJITOPUTM TOCTPOCHHUSI HOBBIX TOIOJIOIMYECKUX TaONMIl OOJBUIMX CTPOMTENILHBIX
00bekToB. [IpoaHanu3upoBaHbl U pelICHbl NPOOJIEMbI, BO3HUKAMOUIME IMPU MOIU(PUKAIMU CYyHIECTBYIOIINX
TOIOJIOTUYECKUX TAOJHUI. BBISBICHBI U MPEICTABICHBI TOMOJOTHYCCKUE  TEOMETPHUCCKUE aCIICKThI IMHCHHBIX
KOMILIEKCOB, KOTOPBIC HE MOTYT OBITh IBHO 00pa0OTaHBI TOMOJIOTUYCCK UMK TAOJIUIIAMHU.

Keywords: JIMHCHHBIN KOMILJICKC, H‘IeﬁKa, oJIN3ApaIbHOC p336I/I€HI/I€, TOIMOJIOTUIECKOC MOACIMPOBAHUC,
TOIIOJIOTUYCCKHUE Ta6J'II/IIILI, TOIIOJIOTHA, COCEACTBO

INTRODUCTION

The information used in the design, construction
and operation of buildings must be explicit,
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reliable and complete. Digital models of the
buildings are the tool with which the
information is assembled, distributed and
applied. The models are constructed with
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commercial software based on international
standards. A widely used approach in the
building industry are boundary representations
of the building components and their assembly
in a model using the industry foundation classes
IFC [1].

The IFC were originally designed to be
interoperable. Successful implementation of this
concept would have permitted vendor-neutral
automatic exchange of building information
models in digital networks [2]. Because this
goal has not been reached, the concepts on
which the IFC are based and the manner, in
which digital models based on IFC are
interpreted, are the subjects of intensive current
research [3-6].

The IFC are complex and voluminous, as they
cover a very large number of topics in the
building and construction industry. To permit
the model users to focus on the specific
information, which they require for their tasks,
model view definitions MVD have been
introduced [7]. A MVD specifies, which parts of
an IFC data model needs to be implemented for
a specific data exchange scenario. The MVD
approach assumes that software companies will
develop IFC export and import subroutines
tailored for each MVD.

IFC Certification [8] for consistent and reliable
implementations of IFC specifications by
software vendors for multiple software
platforms was developed. The procedure
supports checks for collisions and voids using
geometric attributes and element identities. The
National BIM Standard initiative [9] facilitates
information exchange through MVDs [10].
Interoperability is only guaranteed within a
single MVD, not between different MVDs.

The semantic enrichment concept for building
information models SeeBIM extends the MVD
concept [11]. The concept postulates that IFC-
based models contain both implicit and explicit
information. To interpret both types of
information, if-then rules are formulated using a
predefined set of object types and operators. The
operations include reading the building model,
testing for geometrical and topological
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relationships, and creating new objects,
properties, and relationships. The new and the
enriched objects conform to the definitions of an
MVD defined for the given subdomain.

Tools based on the MVD and SeeBIM concepts
support the interpretation of the results of
existing IFC-based models, but do not affect the
models themselves. The question arises,
whether unsatisfactory interoperability may not
be due partly to inherent deficiencies of the IFC
concept itself [2]. Such deficiencies cannot be
remedied by concepts like MVD and SeeBIM.
This paper analyzes the treatment of geometry
and topology in the IFC concept, as described
by Borrmann et al. [1], and investigates the use
of topological tables as an alternative concept
that promotes interoperability.

The most widely used approach to the modeling
of geometric solids with IFC is Boundary
Representation (Brep). Classes IfcFacetedBrep
and IfcAdvancedBrep implement flat surfaces
and surfaces with curved edges respectively for
simply connected domains. Corresponding
classes for multiply connected domains are

- IfcFactedBrepWithVoids and

- IfcAdvancedBrepWithVoids.

Solids such as walls and doors are constructed
individually and aggregated to construct the IFC
model.

The neighborhood of solids in an IFC model is
described indirectly using classes that inherit
from IfcObjectPlacement [1]. Each IFC solid
has a local coordinate system, whose location in
the model is specified in a common global
coordinate system. This method is a geometric
specification of neighborhood, which can
increase the risk of collision of solids and voids
between solids due to imprecise numerical
attributes of the solids, especially their node
coordinates.

This paper shows that the problematic geometric
specification of neighborhood in IFC can be
replaced by a truly topological specification of
neighborhood: the contact of topological
elements is described in topological tables. This
is an example of the replacement of implicit
information (the IFC wuser must convert
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geometric location to topological neighborhood)
to explicit information (the topological tables
explicitly name the elements, with which a
specified element is in contact).

EXPLICIT AND IMPLICIT
INFORMATION FOR BUILDINGS

Buildings are traditionally planned with two-
dimensional line drawings showing plans,
elevations, sections and details of the project.
The line drawing in figure 1 shows the plan and
a section of a room. The drawings contain
explicit information about the original, such as
the dimensions of the building components and
their projections to the plane of the drawing.
The explicit information in a drawing is not
sufficient to create a three-dimensional mental
model of the three-dimensional original of the
building. For example, building components in
a plan are not explicitly associated with the
same components in the elevations and sections.
Some faces of components are not shown
explicitly in the projections. The person reading
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the drawing must add implicit information to the
explicit information to be able to create the
mental model. Persons with  different
background, knowledge and experience add
different  implicit  information.  Implicit
information is therefore a potential source of
inconsistency, inaccuracy and errors in
engineering practice. The aim of our research is
to make models explicit.

The storage capacity and high speed of the
digital environment provide an opportunity to
lessen the need for implicit information. The
strategy of our research project is to map as
many of the topological and geometric
properties of the original explicitly to the model
as possible. The mapping is bijective, such that
the information and insights gained with the
model can be applied to the original, and vice
versa. Line drawings remain a valuable tool in
engineering practice. However, in the digital
environment line drawings for selected parts of
the project are prepared upon demand and for a
specific purpose from a general computer model
of the entire original that contains the explicit
information describing the original.
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Figure 1. Line drawing showing the plan and a section of a room
LINEAR COMPLEXES nodes, edges, faces and cells called the domains of

The character of explicit and implicit information is
investigated for linear complexes. The linear
complex for the room in figure 1 is shown in figure
2. A linear complex is a configuration composed of
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the complex. A node is a single point. An edge is a
straight line segment. A face is a plane area
bounded by at least one closed polygonal curve
composed of edges. A cell is a volume bounded by
at least one closed polyhedral surface composed of
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faces. A rank from 0 to 3 equal to their dimension
is assigned to nodes, edges, faces and cells
respectively to create a hierarchy.

A domain is described by its boundary. The
boundary of a domain of rank n consists of
domains of rank n-1. For example, the boundary
of a cell consists of faces. The topology of a
complex describes relations between its
domains. For example, the topology specifies
the edges of a cell. The geometry of a complex
is specified with the global coordinates of its
nodes and the rules for the shape interpolation
between to nodes of the domains.

o

N

Figure 2. Perspective of the linear complex for
the room in figure 1

The topology of a complex is unique. However,
complexes with equal topology can have different
geometries. For example, four nodes and four
edges can form the boundary of a rectangular face.
If the coordinates of two adjacent nodes are
interchanged, the topology does not change, but
two edges intersect at internal points such that
they no longer form the boundary of face.

TOPOLOGICAL TABLES OF A
COMPLEX

The complex, which is shown graphically in
figure 2, is described alphanumerically in a
computer model. A unique name is assigned to
each domain of the complex. The node objects are
collected in a map using the node name as key and
the three global node coordinates as value of an
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entry. The topology of the complex is described
with 12 topological tables. The first column of a
table contains all components of a given type D
in the complex, for example all faces. The other
columns of the table contain objects of another
type D2 in the complex, for example nodes. A row
of the table contains the objects of type D2, which
are in contact with an object of type D;. In the
example, the table contains the nodes, which are
in contact with a face of the complex. A
topological table is named with the domain types
Dj and D2, for example face-node-table.

A complex contains 4 types of domains: nodes,
edges, faces and cells, one of which is placed in the
first column of a table. Once the type for the first
column has been selected, there are three remaining
types, one of which is entered in the other columns.
Some tables have a constant number of domains
per row, for example the edge-node-table, whereas
the number varies for others, for example the face-
edge-table. The number of type combinations that
can be formed for a table in this manner is 3*4.
Figure 3 shows the 12 types of topological table
arranged in matrix form.

Entry Tk in the matrix is the set of the domains
of rank k. It is not a topological table. The
entries below the diagonal are tables showing
the domains of rank m<k, which are
components of the domain of rank k, for
example the nodes which are components of a
face. The entries above the diagonal are tables
showing the domains of rank m>k, which have a
common domain of type Dk. For example, T3 is
the edge-cell-table which contains the cells of
the complex that have a common edge.

CONSTRUCTION OF THE
TOPOLOGICAL TABLES

Objects that are instances of industry foundation
classes IFC describe their own topology. The
topological relationship to other objects of the
model is specified explicitly in special cases
such as a common face of two cells. In general,
the overall topology is not specified explicitly.
Additional implicit topological information
must be derived from the relative location of the
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objects. The concept of our project is to describe
the topology of all elements of the complex
explicitly in common topological tables. This
approach demands an efficient algorithm for the
construction of large topological tables.

The topological tables in figure 3 are not
independent. For example, the edge-node, face-
edge and cell-face tables together define the
topology of the complex completely. They are
called base tables. The other tables can be
derived from the base tables.

rank m, domain type
Tam 0 1 2 3
node | edge face cell
0 T, T, T, T,
g node 00 01 02 03
>
£ 1
g edge T10 T11 T12 T13
o
© 2
~ face Tao Ty Ty T
X
& 3
= ceII T30 T31 T32 T33

Figure 3. Matrix of topological tables Tim for
linear complexes

The base tables are specified by the user with a
sequence of commands consisting of a key word
node, edge, face or cell for the component type,
followed by the name of the domain and a set of
parameters. Each command defines one domain

of the complex. The commands for a complex
end with command do. The command sequence
for the construction of the unit cube in figure 4
is shown in figure 5.

Figure 4. Perspective of a unit cube
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Because the commands can be specified in
arbitrary order, a command can contain objects
that have not yet been defined. For example, the
objects for the four edge objects in command
face 2 (e2, ell, e6, el0) in figure 5 are not yet
constructed.

cell cl (f1, f2, {3, f4, {5, f6)
face fl (el, el0,e5, e9)
face f2 (e2,ell,e6,¢el0)
face f3 (e4,ell,e7,¢el2)
face f4 (e2,el2,e8,¢9)
face f5 (el, e2,e3,e4)
face 6 (e5, e6,¢7,e9)
edge el (nl,n2)

edge e2(n2,n3)

edge 3 (n3,n4)

edge e4 (n4,nl)

edge e5 (nS5, nb)

edge 6 (n6, n7)

edge €7 (n7,n8)

edge 8 (n5, ng)

edge €9 (nl, nS)

edge 10 (n2, nob)

edge ell (n3,n7)

edge el2 (n4, ng)

node nl (0.0, 0.0, 0.0)
node n2 (0.0, 1.0,0.0)
node n3 (0.0, 1.0, 1.0)
node n4(0.0,0.0, 1.0)
node n5 (1.0, 0.0,0.0)
node n6 (1.0, 1.0, 0.0)
node n7(1.0,1.0,1.0)
node n8 (1.0, 0.0, 1.0)

do

Figure 5. Commands for a unit cube

When command face is interpreted, a persistent
Face object is constructed and its edge attributes
a persistent Face object is constructed and its
edge attributes are set to null. The face is
entered in a face map with the face name as key
and the reference of the Face object as value.
The names of the edges and the reference of the
persistent Face object are stored in a transient
shadow edge object. When command do is
reached, all persistent objects of the complex
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have been constructed and entered in the map.

The set of shadow objects is traversed. The

names of the edges are used to read the

references of the persistent Edge objects in the

map, which are then stored in the persistent

Face object. After command do has been

executed, the independent topological tables

exist on the data base.

For navigation in the complex, the other

topological tables in the matrix in figure 3 must

be constructed. An efficient algorithm has been

developed to derive the dependent tables form

the specified independent tables as follows.

Because any object of class Edge, Face or Cell

refers only to the objects describing domains of

the next lower rank, the 12 tables can be

constructed in four nested loops. The algorithm,

which is used to add an element to a map, must

automatically suppress multiple entries of the

same object. The following operations are

performed in the loops:

1. Loop over the cells ¢ of the complex.

2. Loop over the faces fof cell c.

— add face f'to the cell-face map with key ¢

— add cell c to the face-cell map with key /'

3. Loop over the edges e of face f'of cell ¢

— add edge e to the cell-edge map with key ¢

— add edge e to the face-edge map with key f

— add face f'to the edge-face map with key e

— add cell ¢ to the edge-cell map with key e

4. Loop over the nodes # of edge e of face fof
cell ¢

— add node 7 to the cell-node map with key ¢

— add node 7 to the face-node map with key 1

— add node 7 to the edge-node map with key e
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— add cell ¢ to the node-cell map with key »

— add face fto the node-face map with key »

— add edge e to the node-edge map with key »

The innermost loop 4 can be avoided by

arranging the six add-operations in a method

with node » as parameter, and invoking the
method twice in loop 3 to treat the two nodes of
the current edge. The outer loop over the cells
constructs the cell-face and the face-cell tables.

The first nested loop over the faces constructs

the cell-edge, face-edge, edge-cell and edge-

face tables. The second nested loop constructs
the remaining tables. As an example, the

topological tables for the unit cube in figure 4

are presented in tables 1 to 4.

The complexity of the table construction

algorithm is determined by counting the number

of add-operations for the tables:

— Loop 1 is performed N. times, where Nc is
the number of cells in the complex

— Loop 2 is performed Ny times per cycle of
loop 1, where Ny is the average number of
faces per cell. The total number of traversals
of loop 2 is Ne'Ny. Two domains are added
per cycle.

— Loop 3 is performed Ne times per cycle of
loop 2, where N. is the average number of
edges per face. The total number of
traversals of loop 3 is NeNr -Ne. Four
domains are added per cycle.

— Loop 4 is performed twice per cycle of loop
3, where 2 is the number of nodes per edge.
The total number of traversals of loop 4 is
2:NeNr-Ne. Six domains are added per cycle.

Table 1. Node-edge, Node-face and Node-cell Tables

node edges faces cells
nl el, e4,e9 f1, t4, £5 cl
n2 el,e2, el f1, £2, £5 cl
n3 e2,e3,ell 2, 3, £5 cl
n4 e3,e4,el2 3, f4, £5 cl
n5 e5, e8, e9 f1, f4, 6 cl
né e5, €6, el0 f1, £2, f6 cl
n7 e6,e7,ell 2, 13, 16 cl
n8 e7,¢e8,¢el2 3, f4, f6 cl
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Table 2. Edge-node, edge-face and edge-cell tables

€9, el0, ell, el2

edge nodes faces cells
el nl, n2 f1, £5 cl
e2 n2, n3 2, 5 cl
e3 n3, n4 3, 5 cl
c4 nl, n4 4, £5 cl
e5 nS, n6 fl, 6 cl
eb n6, n7 2, 16 cl
e7 n7,n8 3, 16 cl
e8 n5, n8 4, {6 cl
e9 nl, n5 f1, f4 cl
el0 n2, n6 f1, £2 cl
ell n3, n7 2, 13 cl
el2 n4, n8 3, 4 cl

Table 3. Face-node, face-edge, face-cell tables
face nodes edges cells
fl nl, n2, n5, n6 el, e5,e9,el0 cl
2 n2, n3, n6, n7 e2, e6, el0, ell cl
3 n3, n4, n7, n8 e3,e7,ell,el2 cl
4 nl, n4, n5, n8 e4,e8,¢e9,el2 cl
5 nl, n2, n3, n4 el,e2,e3,ed cl
6 n5, n6, n7, n8 e5, e6, e7, el cl

Table 4. Cell-node, cell-edge, cell-face tables

cell nodes edges faces
cl nl, n2, n3, n4, n5, n6,n7, n8 | el, e2, €3, e4, €5, €6, e7, e8, | fl, 2, 13, f4, {5, 16

The total number N: of add-operations for the
construction of the topological tables is:

Ny = 2N.N¢ + 4N N¢N, + 12N N¢N, =

~ 16N.N¢N, (D
Usually the average number of cells per face Ny
and the average number of edges per face Ne are
independent of the size of a complex. The
complexity of the algorithm then is O(Nc),
which is highly efficient.
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MODIFICATION OF LINEAR
COMPLEXES

Engineering design proceeds in cycles of work
steps, during which a complex changes
continuously. Three types of modification occur
in a design cycle:

— addition of new domains

— removal of old domains

— modification of attributes of old domains.
The identification of the old values of type D:,
which must be removed in the topological tables
due to a modification, requires extensive
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searches. It is more efficient to group the
commands of a modification and to construct
new tables for the modified complex defined by
the command group. This concept is followed in
the project.

An additional command type remove nameset is
defined for the removal of domains. The entries
for the objects in the set are removed from the
base tables. The existing command types node,
edge, face and cell are used to add new domains
to the base tables and to construct their
persistent objects as before. The same command
types are used to modify the attributes of old
domains whose entries in the base tables already
exist. The attributes of these domains are
modified in their persistent objects. When
command do is executed, the modified base
tables are used as input stream for the
construction algorithm described in section 4.
The complexity for a modification group equals
the complexity of the construction of the initial
topological tables.

Figure 6 shows a modified unit cube. Figure 7
shows the command group for the modification
of the unit cube. Node n¢ is removed. Edges es,
es and eio as well as faces fi, f> and fs are
modified. Nodes ny to nis, edges ei3 to exr and
faces f7 to fo are new.

Figure 6. Perspective of the modified unit cube
Cell c1 1s modified. The constructed tables are

similar to those shown for the unit cube in tables
1 to 4.
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remove node n6

edge e5 (n5, nl3)

edge €6 (n7,nl5

edge el0 (n2,nl0)

face fl (el, el0,el3,el7,e5,e9)
face f2 (e2,ell, e6,¢19,el4,el0
face {6 (e5, €20, e21, e6, €7, e8)
node n9 (0.5,0.5, 0.0)

node nl0 (0.5, 1.0,0.0)

node nll (0.5, 1.0,0.5)

node nl2 (0.5,0.5,0.5)

node nl3 (1.0,0.5,0.0)

node nl4 (1.0,0.5,0.5)

node nl5 (1.0, 1.0,0.5)

edge el3  (n9,nl0)

edge el4 (nl0,nll)

edge el5 (nll,nl2)

edge el6 (nl2,n9)

edge el7 (n9,nl3)

edge el8 (nl2,nl4)

edge el9 (nll,nl5)

edge €20 (nl13,nl4)

edge €21 (nl4,nl5)

face {7 (el3,el4,el5,el6)

face f8 (el6, el7,el8, e20)

face 19 (el5,el8,el9, e21)

cell cl (f1, £2, 3, {4, 15, 16, 7, 8, 19)
do

Fioure 7. Commands for the modification

CONCLUSIONS

The investigation has shown that topological
tables can be constructed efficiently for linear
complexes representing entire buildings. The
necessity to combine the individual topology of
a large set of standardized building components
in the model is thus eliminated. The complexity
of the table construction algorithm developed in
the project is linear in the number of cells and
thus very efficient. Topological tables for
modified complexes are constructed with the
same algorithm as the tables for the initial
complex.

Topological tables do not make all of the
properties of an original explicit in the model.
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The closed polygonal curves of the boundaries
of faces and the closed polyhedral surfaces of
the boundaries of cells are not specified
explicitly in the tables. Faces and cells therefore
cannot be oriented in the tables. As a result,
topological tables do not show explicitly
whether the bounded or the unbounded area
defined by a closed curve in a plane is the
interior of the face. Similarly, the tables do not
show explicitly whether the bounded or the
unbounded volume defined by a closed surface
is the interior of a cell. Due to these
deficiencies, it is not possible to differentiate
explicitly between simply and multiply
connected faces and cells of complexes. Other
topics for further research are the robustness of
the algorithms for complexes, unbounded
domains for complete models of the
environment of buildings and handling of
concave domains without the necessity for
convex triangulation. These topics are being
investigated in an associated research project.
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