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Abgract—This paper deals with an approach to represent
design knowledge and reasoning in computer systems
supporting visual design. Both forms and layouts factionality
of designed artifacts are visualized as design dramgs with the
use of a visual editor. Design knowledge about thesirawings
is formally represented in the framework of a comptational
ontology for design. This ontology allows the systeto convert
drawings into their internal representations. The cdfined
ontological commitment transforms design knowledgencoded
in the internal representations of drawings into Igic formulas.
The obtained logic language enables the system tason about
compatibility of designs with specified constraints The
presented approach is illustrated on the example adesigning
an indoor swimming pool.

Keywords-design knowledge;
design; visual language; hypergraph

CAD sydem; conceptual

l. INTRODUCTION

Designs with required functionality created in thystem
are represented as drawings forming specified Visua
languages. These drawings have their internal
representations which encode the design knowletgeta
the design task solutions. Design knowledge is dtiym
represented in the framework of computational agfies
[4]. An ontology for design is defined using a oatiof a
conceptualization which specifies concepts thataaseimed
to exist in a given design domain and relationsttias hold
among them [5]. In our approach the conceptuatinats
related to the internal representation of a dravinntpe form
of a specific graph (hypergraph), where graph atoms
represent concepts and relations.

To make the design knowledge computer readable we
use a first-order logical language to express it iformal
way. We specify the mapping called ontological
commitment between elements of the vocabulary & th
language and entities of the conceptualizations Tipping
allows us to translate design knowledge capturegraph

This paper aims at introducing a new approach t@tryctures into logic formulas describing desigawdngs.

represent design knowledge and knowledge-basednieas
in computer systems supporting the conceptual plofise
visual design. The conceptual design takes plasaraus
levels of abstraction. To externalize the desigmcepts and
ideas the designer usually sketches in searchagfeshand
relations among them. Contemporary, the designertia
possibility to use specialized CAD tools (like AICAD,
Allplan, Revit [1-3]) in order to replace sketchds/
drawings.

In this paper, we present the knowledge representat
where the visualizations of early solutions made thy
designer are the main source of knowledge abouttemte
designs. The structure of the design system censistith
the proposed method is presented in Figure 1. Basdtis
structure the prototype computer-aided visual dhesigstem
is implemented. It serves to test designing of biwib-
dimensional floor-layouts and three-dimensionalmerof
buildings.

In the prototype system the designer creates sokitf
a design task using a design interface composedvifual
editor and a rule editor. The former allows theigles both
to describe the form and the functionality of thesign
artifact by means of problem-oriented visual larggsa The
latter enables him to specify design constraintekvkhould
be obeyed during the whole design process.
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The obtained logic language enables the systeneason
about compatibility of designs with specified coatts.

The presented approach will be illustrated by theing
example of designing an indoor swimming pool takimigp
consideration both its form and floor-layout.

The paper is organized as follows. Section 2 dessri
the related work. In Section 3, visual languagesdua the
visual design process are described. In Secticaghgbased
internal representations of design drawings aresgnted.
Reasoning based on design knowledge encoded in the
internal representation of solutions and translatéal logic
formulas is discussed in Section he paper ends with a
conclusion.

Il.  RELATED WORK

To construct knowledge-based design systems the
representation and manipulation of knowledge in paters
is needed [6]. Knowledge-based design systems,hichw
knowledge pertaining to a given design domain is
represented, are integrated with CAD tools fexilitate
design process [7-11]. Contemporary CAD systems are
expected to extend their functionality far over eter
producing drawings. These systems, following thédg
Information Modeling paradigm [12] store all prdjec3D
elements in a central database and are able toagerD
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Figure 1. The schema of the computer-aided visual desigresyst

drawings and 3D renderings. However, the most efd¢h
tools do not provide data structures related tagdesand
reflecting the design knowledge extracted from dings/

being visualizations of designer ideas. In this graj is

shown how design drawings created by means ofitumlv
editor can be automatically transformed into theternal

computer representations.

On the basis of general requirements concernirgsil
task the designer starts with creating a three-éneal
visualization being a general form of an artifathen an
outline of the floor is created as the intersectibithis form
with a plane at a given height. Such a shape caaldme
treated as a starting point of the design procéssva floor-
layout is created on the basis of functional aspettthe

There are two types of knowledge representationssolution. Atthe outset of this process the coneajgation is

symbolic and graphical ones. In the former, knogéeds
represented explicitly in symbolic terms and reaspis the
manipulation of these terms [13, 14]. In the lattke way
of organization, processing and manipulation ofvkiedge
is based on the spatial relations between objéé&slf]. In
this paper both types of knowledge representatimasised
in such a way that the symbolic representationasetd on
the graphical one. We propose an extension of iipecach
presented in [15, 16, 18] where a visual represientaf

designs made by the designer is created simultaheou

together with their internal representations. Iis ttmethod
initial visualizations of designer’'s solutions atee main

modeled, i.e., the relevant entities and relatiemgerging
from the design task under consideration are spdcifn
other words, having a 2D contour of a design objbet
designer describes the inner structure of the tbiecour
approach this structure is obtained by means ofsaalv
editor and it is a floor-layout visualized as aigesirawing.
The designer communicates with the design systémg us
a visual editor which enables him to use differeisual
design languages. A visual language is a set oigules
drawings being configurations of basic shapes. Thus
characterized by a vocabulary being a finite sebagic
shapes and a finite set of rules specifying paossibl
configurations of these shapes. The basic shapessudil

sources of knowledge about designs. Up to now thifanguages and their spatial relationships correbptm
approach has been used to functional designing twQ:oncepts and relations defined by the concepttislivaf
dimensional floor-layouts. At present the design othe design domain. During a design process eadahalvis

architectural forms are also studied based onrttathod.

language allows the designer to specify the speatan

Design knowledge can be formally represented in théierarchy of design concepts.

framework of computational ontologies [4]. The dagpical
framework used in this paper facilitates the degiom of
the proposed design cycle.

Example. Let us consider an example of designing an
indoor swimming pool in a one-storey building. Atsf a
form of this building is created by the designethvthe use

Graphs and hypergraphs are used quite frequently if a 3D visual language (Figure 2). The vocabutzrshe

knowledge-based design tools [19]. Our approadiaised
on a formal model of hypergraphs introduced in [26H
extended in [21].

I1l.  VISUAL LANGUAGES

In this section, we present visualizations of desig

solutions, which can be created by the designelifferent
phases of the visual design process.
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used language is composed of cubes which can h&dted,
rotated and scaled or undergo Boolean operatibisswiorth
noticing that the existing graphical tools like R¢8] or ICE
[22] can be used in this design phase. The 2D oortbthe
form located in an orthogonal grid is shown in FgBa. In
the next step, taking into consideration the tygethe
swimming pool (recreational, sports, learner) and a
approximate number of users, the designer decorapbise
contour into functional areas represented by palggo
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aspects of created drawings [23]. Graph atoms septe
concepts and relations corresponding to the elaraithe
conceptualization determined by the designer. Toesent
the top-down way of designing as well as the hamarof
design concepts, a hierarchical data structuredésied [20,
21].

The internal data structure used in our approachlied
an attributed hierarchical hypergraph. The prdfiyper’ in
the word ‘hypergraph’ denotes that this graph $fmec
allows for expressing multi-argument relations lesw
drawing components. The considered hypergraphs are
composed of object hyperedges corresponding toufayo
components and relational hyperedges, which reptese
relations among fragments of components. The fratgref
components that can be used as arguments of nsladie

(Figure 3b). Then functional areas, namely theaexce area, 'epresented by hypergraph nodes. Hyperedges agdethb
swimming area and changing area, are decomposed inY Names of components or relations. .
appropriate rooms. In the entrance area the mdintha Drawing a design diagram the designer specifiesidatf
ticket desks, the cloak-room, the corridor, théetej the bar components related to room types. While he cretites
lobby and the bar kitchen are distinguished. Thengmg ~ diagram and/or modifies it using design actionse th
area is decomposed into women and men changingsjoorflierarchical hypergraph is automatically generatedour

the toilets, the showers, the staff room and ttsé &id room. ~ algorithm, for each labeled design component infone of
The swimming area is divided into the main poole th @ Polygon, one object hyperedge is created. Seenanti
jacuzzi, the kids pool, the lifeguard room and tiaéi. The information about this component describing it asam is
obtained whole floor layout is shown in Figure 4neT automatically completed by a hyperedge label deswia
vocabulary of the language, which enables the desitp  type of this room. When the designer divides a anmept
design floor layouts, is composed of shapes cooretipg to ~ INto_ parts, the hierarchical hypergrap_h composedhjpéct
components like rooms, walls, and additional greghi and relational hyperedges representing the arraegeot
symbols allowing the designer to express the relgti these parts is nested in the object hyperedgesepiiag the
between components. In Figure 4, segments with ediash d!V|ded component. For each line shared by polygmtlae
lines represent the visibility relations among comgnts, diagram one relational hyperedge connecting nodes
continuous segments shared by polygons denote tHEPresenting corresponding sides of the polygons is
adjacency relations between them, while segments wi generated. Semantic information about this relatiepends

Figure 2. The proposed form of a swimming pool building

rectangles on them represent the accessibilitiioeta on the line style and determines the type of thatiomal
hyperedge label. The continuous lines correspond to

IV. THE INTERNAL REPRESENTATION OF DESIGN adjacency relations, the dashed lines represeriilivis

DRAWINGS relations, while the lines with small rectangles threm

correspond to accessibility relations.

To represent design features being other typeréetic
information concerning layout components, attribmitiof
nodes and hyperedges is used. Attributes reprpsamerties
(ike shape, size, position, material) of elements
corresponding to object hyperedges and nodes.

Our approach deals with visual designing i.e., uthe
design process the designer communicates with ytsters
by means of design drawings automatically transéatry
the structure generator module into their internal
representations in the form of graphs. The graplcttre
enables the system to store the knowledge abothciyn

technical

entrance

changing

] ] .

swimming

(a) (b)

Figure 3. (a) The contour of the swimming pool, (b) the deposition of the contour into four functional areas
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Figure 4. The floor layout of the swimming pool

The values of such attributes aiea are automatically
set by the system at the time of creating room¢herbasis
of the occupied part of the grid on which diagraare
drawn. The values of other attributes, likeaterial
characterizing walls, can be specified by the desigt the
time of establishing the relations between rooms.

Example. A fragment of the hierarchical hypergraph
representing the layout of the designed swimmingl f®
presented in Figure 5. This hypergraph is compased
fourteen object hyperedges (denoted by rectangtes}hirty
three non-directed relational hyperedges (denojeavials),
where nine of them represent the accessibilitytiogla
twenty three represent the adjacency relation and o
represents the visibility relation. The swimmingaand the
changing area are
hyperedges. The nested object hyperedges correspdhd
rooms in these areas. Hypergraph nodes represdist afia
areas or rooms and are assigned as target nodagetct
hyperedges representing these areas or rooms.alilnes\of
the attribute order are shown near nodes. Theyrdigte the
order of walls as well as their level of hierarcfiye first

components are assigned to the constant symba#, th
attributes are assigned to function symbols, wiélations
between the components correspond to the predicate
symbols. This commitment allows the system to fians
semantic and syntactic information encoded in ttiermnal
representations of drawings into logic formulas.

In the running example, elements of a set of caiscep
(areas, rooms, walls) and relations (adjacencyessdgility
and visibility) of a given visual language are asated with
symbols of the vocabulary of the logic languagee Blues
of polygons representing walls of rooms are assegtiaith
constant symbols, while lines shared by polygons
representing relations between them are assignae:thicate
symbols. Attributes determined for walls and rooms

represented by hierarchical tobjecorrespond to function symbols.

The formulas are interpreted using a relationaicstire,
which assigns hypergraph nodes, object hyperedgkthair
attributes to the terms, and relational hyperedgeghe
predicates of the formulas. The logical languaderes
knowledge about created designs and enables ttensys
reason about compatibility of designs with spedifie

element of the sequence denotes the number of B walonstraintslt is worth noticing that design knowledge can be

corresponding to one of the polygon sides, white léngth
of this sequence determines in which design stepwill
was introduced.

V. REASONING BASED ON DESIGN KNOWLEDGE

In order to express the design knowledge aboutrgtate
drawings in a formal way a first-order logical lasge is

also expressed in different types of logic (e.goppsitional
logic), depending on the considered design problem.

The system is also equipped with a knowledge base
composed of formulas expressing general design leuipe
specific to a particular design task. Restrictiand rules of
this base describe design standards like architdatorms,
fire regulations, etc. Additionally, there existe tpossibility

used [13]. We specify the mapping called ontoldgicato specify designer's own requirements and regtristusing

commitment between elements of the vocabulary & th
language and entities of the conceptualizatibime layout
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a rule editor being a part of a design interface.
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Figure 5. A fragment of the hierarchical hypergraph represerthe layout of the swimming pool

All three kinds of formulas, namely formulas delsirg the  area(women_changing_room) are satisfied. Checking the
created designs, formulas describing general desigfire regulations the system computes also the rdistdrom
knowledge and rules defined by the designer, entitde all rooms to the main hall.
system to support the user in creating admissétlegptable In the next step the conformity of the solution hwit
and safe artifacts [24]. The reasoning module efsystem constraints defined by the designer is checked.ekample
checks the conformity of the design drawing reprtisg the  the system can check whether the rectangular swimmi
created design task solution with the specifiedigtes pool is placed with its longer wall towards the 8ourhis
criteria. Then the conformity report is presentedthe constraint is satisfied if the following conditidmolds: if
designer through the design interface. length(main_pool.1) > length(main_pool.2) then
Example. The knowledge stored in the hierarchical location(main_pool.1) = Sor location(main_pool.1) =N ese
hypergraph presented in Figure 5 is translated intdocation(main_pool.2) = S or location(main_pool.2) = N,
propositional logic formulas describing relationstheeen  where main_pool.1 and main_pool.2 correspond to nodes,
rooms of the designed layout (Figure 4), likisibility  which are assigned to the hyperedge representagntin
(lifeguard_room, main_pool), adjacency(staff_room, pool and denote the walls of the pool (in this qasges with
main_pool), accessibility(corridor, women_changing_room). numbers 4.8.8.5 and 3.7.7.4) , wHidegth andlocation are
For instance theisbility relation between two rooms holds attributes specifying the length and geographidehtations
if there exist two hypergraph nodes representintisveend  of walls.
assigned to two different component hyperedges The hierarchical representation of design knowledge
(representing rooms) and to the same relationabieglme facilitates the reasoning process. Let us consideformula
labeledvisibility. Moreover the attributes assigned to thesavhich allows one to check “if there exists a staffm with
nodes and specifying the wall material should ttheevalue  the area of at least 16rand located in the changing area”.
corresponding to the glass. The formula is as follows:(X,y: Ib(y) = changing O
For the drawn layout the system automatically dates  x O ch*(y) Olb(X) = staff_room O area(x) = 10, wherex andy
the values of the attribute specifying the aresoofns (e.g., are variableslb is a hypergraph labeling functioch” is a
area(main_pool) = 2120). Then the reasoning module canfunction determining all ancestors of the givendrgulge.
check the agreement between the proposed layout and After the design of the 2D floor layout is compttéhe
standard architectural norms for swimming pool giesi25-  general form of the building with internal wallsvitiing the
27]. For example it test if the conditions rooms is visualized (Figure 6). This visualizatigives the
area(women_changing_room) = area(main_pool)/7, and designer the possibility to simulate the objectavadbr.
area(main_pool)/20 < area(shower)+area(wc) <
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Figure 6. The form of the building with internal walls dividj the rooms

VI. CONCLUSION AND FUTURE WORKS

In this paper, an approach to visual design ofdingls
was considered. Different visual languages are used
design architectural forms and floor-layouts ofldings. A
rule editor of the presented system enables thigrdasto
specify design constraints which should be obeyadng
the whole design process. The design drawings raddai
during the design process have their internal ssmtations
in the form of attributed hierarchical hypergragmoding
the design knowledge about the drawings. This kadgé is
translated into logic formulas. The obtained loigicguage
enables the system to reason about compatibiligesfgns
with specified constraints by comparing its fornsulaith
formulas expressing design knowledge specific tdiquéar
design tasks and requirements defined by the dasign

In the future work the multi-storey buildings wite
designed with the use of visual languages. It vatjuire
extending generation methods used to create atrid
forms to include for instance 3-D shape grammarstware
present subjects of our studies.
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