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Abstract. Current data storage and retrieval strategies usually use keywords and are
not well suited to retrieving spatial configurations, the proportions of rooms or their
interrelationships. Instead of using text-based research, a graphical inquiry and query system
is proposed that can recognise formal structures on the one hand and concept sketches on the
other. Using artificial intelligence methods and multimodal interaction, knowledge is stored in
semantic models.
From previously stored planning solutions in a BIM, semantic fingerprints are derived that
describe their functional and topological characteristics. The search system likewise derives
a semantic fingerprint from the spatial configuration of a concept sketch and compares it with
fingerprints stored in the repository. Similar matches are then shown to the designer.
Keywords. knowledge management; ontology; case-based design; industry foundation
classes; multimodal.

INTRODUCTION
Current developments in the building sector strive
to represent the building’s geometry along with all
related information in semantic models (BIM). Our
research looks at how we access the knowledge
stored in such semantic models. For this it is necessary to define requirements with regard to data
structure and corresponding methods for retrieving and accessing this data. Information regarding potential design solutions can, for example, be
organised according to their functional and spatial

properties (Table 1). In this paper we examine corresponding strategies for retrieving, visualising and
using such data.
Furthermore, 3D knowledge-rich parametric
modeling systems are central to BIM and the life
cycle of a building. As buildings are composed of
geometric components, geometric information
forms a substantial part of BIM. The buildingSMART
e.V. [1] has established an open specification that
is not controlled by a single vendor. The file format
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Properties of projects and
their sub-aspects
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Industry Foundation Classes (IFC) is an interoperable
BIM standard for CAD applications.
Through the appropriate administration and
archiving of semantic models (BIM) and their corresponding meta-information, it is possible to call up
relevant reference projects that can serve as a source
to inform the design process. If after a first querysketch has been undertaken, the displayed reference
projects do not correspond to the designer’s idea,
the search query – that is the sketch drawing – can
be further refined until it begins to match various
reference projects. One can think of this process as
systematic and targeted solution browsing.

RELATED WORK
In the early stages of the architectural design process,
architects are only rarely able to specify the required
information. Case-based reasoning (CBR) is an area
of Artificial Intelligence (AI) and describes a knowledge management process based on conclusion by
analogy. It attempts to assess similarities according
to the basic premise that similar problems have similar solutions. In CBR a case consists of a problem and
solution description. By entering a new problem description to obtain similar solutions the CBR system
first searches for an old problem description. Figure
1 illustrates the basic concept of CBR, where similar
problems have similar solutions. Aamodt and Plaza
(Aamodt and Plaza 1994) described this adaptation
of the thinking process inside the CBR cycle with the
verbs retrieve, reuse, revise and retain.
Since the middle of the 1990s the approach
of applying CBR to design and architectural tasks
has been known as Case-Based Design (CBD). The
404
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Figure 1
CBR basic concept

case-base contains information on buildings that
have already been built or designed, enabling the
computer to adapt solutions accordingly, on its own
or with help from the architects. Table 2 provides a
brief overview of some CBD systems based on two
studies published by Heylighen et al. (Heylighen
2001) and by Richter et al. (Richter et al. 2007) regarding the proposed approach.
Six of the CBD prototypes (CADRE Hua et al.
1996, FABEL Schaaf and Voss 1995, IDIOM Smith et
al. 1995, SEED Flemming et al. 1994, SL_CB Lee 2002
and TRACE Mubarak 2004) aim to partially or completely automate the generation of building layouts
by applying the retrieved solution. Two of these prototypes (CADRE and IDIOM) leave the selection of
the reference project to the user. The remaining four
(FABLE, SEED, SL_CB and TRACE) apply the solution
to the given architectural problem automatically and
generate building layouts independently with very
little user input. The more state-of-the-art approaches aim to support users during the design process,
for example Archie II (Kolodner 1993), PRECEDENTS
(Oxman and Oxman 1993), CaseBook (Inanc 2000),
MONEO (Taha 2007), CBA (Lin and Chiu 2003) and
DYNAMO (Heylighen 2000).
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The study by Richter et al. in 2007 identifies
an acquisition bottleneck in putting complete case
descriptions (problem and solution) into the casebase. We assume this is due to a lack of adequate
input strategies, indexing methods and knowledge
management procedures. First of all, a user interface
should support the graphical sketch-based workflow of architects combined with textual, schematic
and tabular input strategies. Secondly, a lightweight
indexing strategy is needed in contrast to the overall data storage method used. Sketches are widely
used in engineering and architectural fields as they
are a familiar, efficient and natural way of expressing
certain kind of ideas. Juchmes (Juchmes et al. 2004)
proposed an approach for analyzing hand-drawn
architectural sketches and Sezgin et al. (Sezgin et
al. 2001) introduced an implemented system that
combines multiple sources of knowledge to provide
robust early processing for freehand sketching.
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Sim-U-Sketch is a sketch-based interface for
Simulink (Kara and Stahovich 2004) where users
can construct functional Simulink models simply by
drawing sketches on a computer screen. To support
iterative design, Sim-U-Sketch allows users to interact with their sketches in real time to modify existing
objects and add new ones.
For multi-touch tables, a diagram editing tool
has recently been proposed (Frisch et al. 2009). This
tool already provides an intuitive way to create and
interact with the displayed components but still requires more interactions than usual paperwork.
The COMIC system (Den Os and Boves L. 2003) is
a large European project that studies multimodal interactions in design applications using pen and speech.
In multimodal systems, methods like mode detection
(Willems et al. 2005) are already mature enough to be
applied to improve usability. As for the retrieval of similar sketches, a number of approaches already exist in
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the literature. Yaner (Yaner and Goel 2004) examines
the retrieval and mapping tasks of visual analogy. Finally, Spatial-Query-by-Sketch proposed by Egenhofer
(Egenhofer 1996) describes a visual spatial query language for geometric information systems.

METHODS
Assuming that the given semantic model has a sufficient quantity and depth of information, what
strategies can one use to retrieve useful and relevant
metadata? Current search strategies involve labelling information with keywords. Spatial and functional relationships are reduced to typologies and labelled with corresponding verbal descriptions. Such
descriptive labels are, however, unable to represent
the complex, overlapping and interconnected information stored in semantic models.
Spatial structures are generally highly complex
structures that can be represented as a graph (see
Fig. 2) enabling them to be compared with one another, a task that in computational complexity theory is designated as a NP-hard problem (complexity
class). To reduce the complexity, an index structure is
compiled for the spatial structure. Thus the computationally intensive part is done a priori and the determined index will be used for the retrieval process.

Inspired by the principle that a person can be
identified through their fingerprint, so-called semantic fingerprints (Langenhan and Petzold 2010)
are created that store metadata concerning the
different sub-aspects of building information and
model them in an ontology. It is assumed that each
project exhibits a finite number of characteristics in
the different sub-aspects or sub-graphs. A characteristic in the semantic fingerprint is a combination
of individual pieces of information that relate to
one another in a particular way and are present in
this combination in similar projects. The extraction
of such sub-aspects from the semantic models into
sub-graphs takes place automatically.
A key part of the research work is the elaboration
of taxonomies for particular sub-aspects and the modelling in an ontology with a view to querying semantic
models. The ontology can be understood as a pattern
of information in order to create an index of particular
properties. For this we researched different techniques
from the fields of knowledge management, case-based
reasoning and multimodal query languages.
The proposed semantic structure of our previous work is a selective semantic and is used to formalize the structure of a floor plan. Four main concepts to describe spaces of housing constructions
and their relations were introduced:
•• Room – the most atomic structure in a formal
representation;
•• Zone – consists of several rooms, for instance a
sleeping zone;
•• Unit – groups zones, such as apartment or terrace;
•• Level – the current floor level of the building.
We introduce a sketch-based visual-querylanguage (Langenhan et al. 2011) based on the proposed semantic. The user interface focuses on specifying space and their relations by drawing them. This
query style supports the spatial thinking approach
that architects use, which often have a visual representation in mind without being able to provide an
accurate description of the spatial configuration.
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Figure 2
Adjacency graph of a spatial
structure

Figure 3 illustrates a web-based retrieval interface that can be used with standard input devices
such as a mouse or keyboard. To create a schematic
query the architect sketches a space using layers
for the level, rooms, zones and units. The mockup shows menu options for editing the schematic
sketch in layout mode (1), space mode (2) and relation mode (3). Navigation within the layers and the
actual spatial configuration (5) as well as specifying

the semantic structure is done using the space navigator (4). The results (6) of the visual query show up
on the right-hand side.
In a multi-touch environment, gestures and
pen-input (Weber et al. 2010) are recognised, making
it possible to work in a familiar and intuitive manner.
We have already developed such a system in prototype form for the semantic description and research
of floor plans based on raster graphics. In Figure 4

Figure 3
Mock-up retrieval

Figure 4
Sketchboard: multi-touch
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we can see a) a search query being sketched, b) the
identified room, and c) the function and handwritten
functional description.
Two different connection types have to be considered, because two entities are either adjacent or
directly connected. In the schematic view this is indicated by two parallel lines if the entities are directly
connected or one line if they are only adjacent to
each other. To summarize the semantics of the visual
query language:
•• Rectangles represent structural entities,
•• Enclosings imply part-of relation,
•• Single lines indicate adjacent connections,
•• Two parallel lines indicate direct connections.
The retrieval interface provides a sketch-based
approach to formalize the query. In analogy to the
real world, the user interface can be considered as a
blank piece of paper where the architect sketches his
initial ideas for the building. For instance he or she is
looking for reference projects where several apartments are connected with a central corridor and at
least one apartment is composed of a sleeping zone
and a living zone. Now, after sketching his ideas, the
architect searches for similar reference projects.

ALGORITHM
Basically, the visual query will be internally represented as a graph structure. Now, the application
searches for graphs in the repository which contains

this substructure or a similar substructure. In graph
theory a similar problem is known as Subgraph-isomorphism which is known to be a complex computational problem. Thus the number of matched vertexes is a potential measure of similarity. We adapted
Messmer’s method (Messmer and Bunke 1999) for
exact subgraph matching by modifying the generation process of the index structure. Using a wellfounded total order on the graph structure extended
the limitation of 19 nodes per graph, which now
depends on the number of nodes with the same label. In our case, labels are equivalent to types in the
semantic structure, such as AT for attic floor, AP for
apartment or CI for circulation. Our current objective
is to refine the definition of the semantic fingerprint
to further reduce the complexity of the graph.
Furthermore, we adapted the retrieval process
which uses a decision tree as an index. Figure 6 displays a decision tree for the graph database with two
graphs containing the semantics of a floor plan using
the proposed structure and a sample query graph in
Figure 5. With this specific query graph, an architect
would search for two directly connected apartments
in an attic floor. Each leaf of the decision tree (Figure
6) is a possible alignment of the adjacency matrix
representing a graph.
Thus all leafs beneath the last matching node of
the search path, respectively the associated graphs,
are added to the result set R. The number of exact
row column vector matches N for the query graph
Figure 5
Retrieval process: sample
query graph
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divided by the number of nodes of the query graph
|V|q is used as a simple similarity measure.
Sim(q,R)= N/|├ V┤|┤_q
In our example the similarity would be 66.6%
as only two of three comparisons match. Our current work focuses on researching further standard
approaches for solving the MCS problem and the
subgraph isomorphism respectively.

SUMMARY
As the retrieval approach performs the search in real
time and presents the best matching results, the architect can continuously refine his or her query by
performing vague conceptual freehand sketches
in a digital environment. The approach discussed

in this paper uses cognitive strategies for dealing
with information to bridge between the analogue
and digital. The retrieval is based on visual workflow and semantic descriptions. The representation
of architectural data in terms of semantic models is
helpful to architects as it enables them to use such
information at a later date. In addition to the sketchbased queries discussed here, a model-based query
language would also be conceivable in the future,
whether in the form of “scanned” physical models on
a multi-touch table or BIM.
The obvious outcome of the proposed semantic
fingerprint is the ability to access valuable information. Furthermore, automatically analyzed semantic
models can put forward both commonly used as
well as best practice projects. Besides traditional 2D
and 3D visualization techniques, other strategies

Fig 6
Retrieval process: decision
tree
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such as diagrams, mental maps, visual thesauri or
conceptual maps (de Vries et al. 2005; Segers 2004)
represent a useful extension to knowledge-based
design in the early design stages.
The use of semantic-rich BIM as a knowledge
container allows smart indexing and the use of information in future. Apart from the topological and
functional inner structure, the orientation of spaces
as well as their urban configuration, and the relationship of buildings to one another will be focused on
by combining BIM and Geographic Information Systems (GIS).

REFERENCES
Aamodt, A and Plaza, E 1994, ‘Case-Based Reasoning
– Foundational Issues, Methodological Variations, and System Approaches’, AI Communications, Vol. 7, Nr. 1, pp. 39–59.
Heylighen, A and Neuckermans H. 2001, ‘A case base
of Case-Based Design tools for architecture’,
Computer-Aided Design, 33.
Richter, K, Heylighen, A and Donath, D 2007, ‘Looking Back to the Future – An Updated Case Base
of Case-Based Design Tools for Architecture’,
Proceedings of the eCAADe, 25.
Hua, K, Faltings, B and Schmith, I 1996, ‘CADRE –
case-based geometric design’, Artificial Intelligence in Engineering, 10.
Schaaf, JW and Voss, A 1995, ‘Retrieval of Similar Layouts in FABEL using AspecT’, Proceedings of the
CAAD Futures.
Smith, I, Lottaz, C and Faltings, B 1995, ‘Spatial composition using cases: IDIOM’, Lecture Notes in
Computer Science, Volume 1010, pp. 88–97.
Flemming, U, Coyne, R and Snyder, J 1994, ‘CaseBased Design in the SEED System’, Automation
in Construction, Volume 3, pp. 123–133.
Lee, JH 2002, ‘Integrating Housing Design and CaseBased Reasoning’, Carnegie Mellon University,
Pittsburgh.
Mubarak, K 2004, ‘Case Based Reasoning for Design
Composition in Architecture’, Carnegie Mellon
University, Pittsburgh.
410

eCAADe 29 - Information/Knowledge Architecture & BIM

Kolodner, JL 1993, ‘Case-based reasoning’, Morgan
Kaufmann Publishers, San Mateo.
Oxman, R and Oxman, R 1993, ‘PRECEDENTS – Memory Structure in Design Case Libraries’, Proceedings of the CAAD Futures.
Inanc, BS 2000, ‘CaseBook – An information retrieval
system for housing floor plans’, Proceedings of
the CAADRIA.
Taha, D, Hosni, S, Suermann, M and Streich, B 2007,
‘The Role of Cases in Architectural Practice and
Education – MONEO: An Architectural Assistant
System’, Proceedings of the ASCAAD.
Lin, CJ and Chiu, ML 2003, ‘Smart Semantic Query of
Design Information in a Case Library’, Proceedings of the CAAD Futures.
Heylighen, A and Neuckermans, H 2000, ‘DYNAMO –
A Dynamic Architectural Memory On-line’, Educational Technology & Society, 3.
Juchmes, R, Leclercq P and Azar, S 2004, ‘A MultiAgent System for the Interpretation of Architectural Sketches’, Eurographics.
Sezgin, TM, Stahovich, T and Davis, R 2001, ‘Sketch
Based Interfaces – Early Processing for Sketch
Understanding’, PUI, 01.
Kara, LB and Stahovich, T 2004, ‘Sim-U-Sketch – A
Sketch-based interface for Simulink’, AVI, pp.
354–357.
Frisch, M, Heydekorn J and Dachselt R 2009, ‘Investigating Multi-Touch and Pen Gestures for Diagram Editing on Interactive Surfaces’, ACM, pp.
23–25.
Den Os, E and Boves L 2003, ‘Towards Ambient Intelligence – Multimodal Computers that Understand Our Intentions’, eChallanges.
Willems, D, Rossignol, S and Vuurpijl, L 2005, ‘Mode
detection in on-line pen drawing and handwriting recognition’, ICDAR 2005, pp. 31–35.
Yaner, PW and Goel, AK 2004, ‘Visual Analogy – Viewing Retrieval and Mapping as Constraint Satisfaction Problems’, Applied Intelligence, 25 (1), pp.
91–105.
Egenhofer, MJ 1996, ‘Spatial-query-by-sketch’, IEEE
Symposium on Visual Languages, pp. 60–67.

Langenhan, C and Petzold, F 2010, ‘The Fingerprint
of Architecture – Sketch-Based Design Methods
for Researching Building Layouts Through the
Semantic Fingerprinting of Floor Plans’, International electronic scientific-educational journal:
Architecture and Modern Information Technologies 4 (13).
Langenhan, C, Weber, M, Liwicki, M, Petzold, F and
Dengel, A 2011, ‘Sketch-based Methods for Researching Building Layouts through the Semantic Fingerprint of Architecture’, Proceedings of
the CAAD Futures.
Weber, M, Liwicki, M and Dengel, A 2010, ‘a.SCAtch –
A Sketch-Based Retrieval for Architectural Floor
Plans’, International Conference on Frontiers of
Handwriting Recognition, 12.
Messmer, BT and Bunke, H 1999, ‘A decision tree approach to graph and subgraph isomorphism
detection’, Pattern Recognition, Volume 32, pp.
1979–1998.
de Vries, B, Jessurun, J, Segers, N and Achten, H 2005,
‘Word graphs in architectural design’. AIEDAM
19 (04).
Segers, N 2004, ‘Computational Representations of
Words and Associations in Architectural Design’,
Technische Universität Eindhoven, Eindhoven.
[1] www.buildingsmart.de.

Information/Knowledge Architecture & BIM - eCAADe 29

411

