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Abstract. This paper deals with graph grammar systems whack used to generate
representations of complex designs. Space laydutesigns have their internal representations in
the form of attributed graphs representing botlokogical structures and semantic properties. The
system of graph grammars, which work in paralletlmcommon graph independently generating
layouts of different design components, is propo3det grammars of the system jointly generate
a set of graphs representing design task solutidgtisrequired properties. The presented approach
is illustrated through the example of designingdkirgarten facilities.

1. Introduction

This paper deals with graph grammar systems tletauseful approach to coordinate the
actions among generative subsystems involved ingdmeration of complex designs. The
conceptual stage of the design related to layonts arangement of spaces in educational
facilities are studied to illustrate the power luktapproach in design automation.

Educational facilities are composed of many diffiérdesign componentsased orvarious
functional and organizational requirements. Desigrsuch a facility requires thus integrating
this expectations into one project. Hence thereneed for a formal model that would allow
both to represent the structure of the whole desigan integrated way and to describe
separatelyliverse apects of the design process.

In this paper the externalization of early desigiuons is made with the use of various
visual editors in order to design layouts of spaeapress relations between their functional
areas, and design space arrangements. All typspagies are arranged using an appropriate
equipment. The designer’s drawings of space layargsautomatically transformed into their
internal representations in the form of attributgdhphs representing both topological
structures and semantic properties of educatiomalities (Grabska & Borkowski, 1996).
Such graphs can be generated by a graph grammaer{Berg, 1999). The main problem of
graph generation with graph grammars lies in thepexity and size (understood as the
number of rules) of grammars needed in real wortblems (that can be encountered in the
domains of both engineering and design). Such gmasrare also very difficult to define.
Moreover, as the design of educational facilities ko encompass different components (a
building with different zones, sports facilitiesJapground, recreational areas etc.) the
grammar has to contain many unrelated or loosédya® sets of productions.

It thus seems advantageous to use a number ofegim@mmars, called a grammar system,
cooperating in an effort to generate a designeadtof one complex grammar. A grammar
system consists of a finite number of grammars Wwhiggether influence (change) an

environment by applying some operations to it. Afiveen moment the state of the system is
described by the current environment (sub-envirange)e The system works by changing its
state.

In our approach it is assumed that at any givere tstep there is only one graph being
generated. The grammars of the proposed system iwoparallel on the common graph
independently generating solutions of subproblelfach system grammar operates on this
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graph according to a communication protocol caltbé derivation mode. In case of
educational facilities design the different elemserdf such a facility are designed
independently with only occasional cooperation whemmon elements are being processed
or common recourses are considered. The gramméte dfystem jointly generate a set of
graphs representing design task solutions with gnt@s specified by graph attributes.
Grammar rules of the system are designed in a Gaghframework (Ryszka & Grabska,
2013).

This approach can be seen as an equivalent of haasign teams" working on different parts
of the same design. The only requirement here s¢é@fne ensuring that no two teams work
at the same time on the same part of the desgnna two grammars operate on the same
nodes of the current graph forithis problem is solved here by introducing a sgexga of
labels which allow for activation of different sgah grammars at selected locations (Grabska
et al., 2008).

The proposed generative method allows for a flexdghproach to the design of complex
facilities. Depending on the additional requirensesthme system grammars can be aduded
deleted from the design system thus representmgrdsence of some optional elememtse
proposed system supports generation of alterntdiities models with various arrangement
of spaces, which can be easily adapted to diffemeatls of older and younger children. The
presented approach is illustrated through the el@ofalesigning kindergarten facilities.

2. CP-graph Representation of Space Layouts

Usually the design process is started by the desigrho formulates a set of design
requirements on the basis of a design task. Thesgerements together with legal norms and
standards constitute the design criteria for a rgiyeoject. In our approach to design
kindergarten facilities the visual editor (Grabsital., 2009) supports the conceptual stage of
the design by enabling the designer to browse tistileg space layouts representing various
arrangements of required areas. These layoutscanpased of six possible types of areas
representing spaces intended for a kindergabeifding, yard, playgrounds, recreational
areas, sports facilities, and parking lots.

Four possible layouts déindergarten facilities are presented in Fig.1. TdigelsBuilding,
Yard, Playground, Recreation, Sport andParking denote the areas with specific purpose. The
layout presented in Fig.1c contains two areas ébBlayground, as the one of them is
planned for younger children, while the second fon@lder children.

If one of the presented designs satisfies the desgjrequirements and expectations he can
select it as an initial layout. Using the editae thesigner can also modify any of the presented
layouts or create a new one. The layout indicatethe designer becomes a starting point for
the further development of a task solution.

Layouts of kindergarten facilities have their im&r representations in the form of

composition graphs (CP-graphs) (Strug et al., 20CB-graphs are labelled and attributed
graphs, which represent both topological structued semantic properties of educational
facilities (Grabska & Borkowski, 1996). Nodes ot$le graphs represent different types of
spaces, like a yard, playground, recreational aeaces for playground facilities, and sports
facilities. The type of a component represented bpde is determined by its label. Moreover
nodes have attributes specifying properties of camepts assigned to them. To each node
attributes specifying the length, width, area ahd type of bedding of the corresponding
component are assigned. Bonds assigned to nodetedsrssible connections between layout
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components. Bonds are connected by edges repmgespatial relations between
components and labelled by the relation names.
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Figure 1: Four space arrangements of kindergaaeiitfes

The formal definition of a CP-graph is as follows.

Let 2 be a finite alphabet used to label object nodesdbnodes and edges. L&tbe a
nonempty, finite set of attributes. For each atiieta //A, let D, be a fixed, nonempty set of
its admissible values, known as the domaia.of

A CP-graphGis a tupleG = (V, B, E, bd, s, t, lab, atr), where:

1. V, B, E are pairwise disjoint finite sets, whose elemanésrespectively called nodes,
bonds and edges,

2. bd: V— 2%is a function assigning sets of bonds to nodesiah a way thaf/x /7B /I
y [7V: x [7bd(y), i.e., each bond belongs to exactly one node,

3. s t: E— B are functions assigning to edges source and thoyets, respectively, in
such a way that/e [JE [/x, y [7V: s(e) [/bd(x) [/t(e) [7bd(y) [/X+Yy,

4. lab: V /7B [JE — 2 is alabelling function,
5. atr: V [JB [JE — 2"is an attributing function.

Each of the layouts of kindergarten facilities j@r@sor created in the visual editor has its CP-
graph representation. Thus the CP-graph correspgrtdi the space layout selected by the
designer becomes the starting graph for the sysfegnammars, which work in parallel on
this graph jointly generating CP-graphs represgrdiesign task solutions.

CP-graphs representing space layouts presenteid.irl Rre shown in Fig. 2. The CP-graph
nodes representing different areas intended farildibg, yard, playground, recreation, sport
and parking are labeled Bk, YR, PL, RC, SP, andPR, respectively. Bonds assigned to nodes
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represent sides of areas and are drawn as snmadlsciThe edges represent spatial adjacency
between components. As the only one relation betveeenponents is considered, the edge
labels are omitted.

Figure 2: CP-graphs representing space layouts Figml

3. CP-graph Grammars

CP-graph representing structures of educationdities designs are generated by CP-graph
grammars. A CP-graph grammar is composed of a gafodiuctions and an axiom being an
initial CP-graph. In order to apply grammar rulesne bonds of CP-graphs occurring in these
rules are specified as external ones. Get (V, B, E, bd, s, t, lab, atr) be a CP-graph. A
partial functionext: B — /7, where/7 is a set of integers, determines external bonds of

A CP-graph transformation rule is of the fop* (I, r, sr), wherel andr are attributed CP-
graphs with the same number of different valuesxtérnal bonds angt is a set of functions
specifying the way in which attributes assignedhaodes ofl are transferred to the attributes
assigned to nodes of Each attribute has a set of possible values, whie established
during the rule application. The application of thde p to a CP-graphG consists in
substituting for a CP-graph being an isomorphic image iof G, replacing external bonds of
the CP-graph being removed with the external boofds with the same numbers, and
specifying values of attributes assigned to element according to functions aodr. After
insertingr into a host CP-graph all edges which were comimg {or out of) a bond with a
given number in the CP-graphare coming into (or out of) bondsofith the same number.

The formal definition of a CP-graph grammar is@ofvs.
Let N andT denote sets of non-terminal and terminal nodel$abespectively.
A CP-graph grammagG overN andT is a pairGG = (P, S), where:

1. P is a finite set of productions of the form= (I, r, sr) satisfying the following
conditions:

—| andr are attributed CP-graphs such that the set of rwsnitefined for bonds dfby
ext is the same as the set of numbers definegkbfpr r, i.e.,set(ext(B))) = set(ext(B;),

—| contains at least one node with a labeldf.e., /A/7V: 1aby(v) L/N),

2. Sis an initial attributed CP-graph containing adeone node with a label bf and
called an axiom o&G.

The chosen rules of a CP-graph grammar, which gésserCP-graph representations of
building floor layouts, are shown in Fig. 3. Nomaénal labels of nodes start with a capital
letter, while terminal labels are written in lowaase letters. The rufel divides the floor area

into a communication area represented by a nodsléalCmc, two play areas represented by
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nodes labelled aBlay, a dining areal§ining), an area for bathroomBtfirs), an entrance, an
utility room and a cloakroom. The productigsandp3 place one or two playrooms in each
play area. The embedding transformation for akkéhgroductions is such that all edges which
are connected in the host CP-graph with bond nuinbtthe left-hand side of a production
are replaced by edges connected with all bonds muthberi on the right-hand side of this
production. The way of determining the values of #itributearea for the nodes of the
production right-hand side CP-graph in respech&walue of this attribute specified for the
left-hand side CP-graph is shown for productipBsndp3. One of the possible floor layouts
corresponding to a CP-graph generated by the pexsddP-graph grammar is shown in

Fig.4.
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Figure 3: The chosen rules of a CP-graph grammagrgéing representations of floor layouts
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Figure 4: A floor layout corresponding to a CP-drgenerated by the CP-graph grammar
from Fig.3

In Fig. 5 twelve selected rules of a CP-graph grammwhich supports the user in designing
various arrangements of playground facilities, presented. The productioms and p2
generate arrangements of areas with bedding filed grass (nodes labelled Hyawn),
rubber mat Rubber) and synthetic gras§ynthetic). The fourth type of area in the playground
can be planted with tree3rees). Productiongp3 and p4 allow for generating an arbitrary
number of trees, but at least two trees shouldrbsent. To productiop3 a variable, which
specifies the maximum number of times this productcan be applied, is attached.
Productionspl0, pll and pl2 enable us to obtain lawns on which there are pékisches
and/or shrubs. The number of benches and shrufpsnisrated in the same way as trees by
means of productionp3 and p4. Productiongp5 and p6 generate arrangements of activity
towers, swings, and spring rockers, which are kxtamn rubber mats, while productiops
and p8 generate arrangements of carousels, outdoor ba@adiplay houses with sandpits,



which are located on synthetic grass. Produqgi®is a context sensitive one, as its left-hand
side CP-graph contains more than one node. Thiduptimn allows us to place a bench
between a sandpit and boards if this sandpit iettocated near outdoor boards. The area of
spaces and the material used for different typdsedtlings are specified by graph attributes.
Attributes allow also for selecting the right plaggnd equipment for an appropriate age
group (for children of age (3-4) and (5-6)). Thedestion should be taken into account for
example when the equipment for the youngest childage 3-4) is placed. Their equipment
should be located close to the place where theskgadten teachers are.

pi,p2

Figure 5: Twelve selected rules of a CP-graph grangenerating representations of
playgrounds

Fig. 6 shows three examples of playground desigtisequipment. The following categories
of equipment are presented: activity towers (1s@jngs (2, 7), spring rockers (6,8), carousel
(9), outdoor tic-tac-toe board (5), and kids play$e with sandpit (4).
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Figure 6: Three examples of playground designs adgfiipment

In Fig. 7a a recreation area arrangement, whichesponds to a CP-graph generated by CP-
graph grammar supporting the design of variousngements of trees, shrubs, flower beds,
paths, bridges, benches and stones, is presentddagient of this arrangement and a

corresponding subCP-graph are shown in Figs. 7b7andespectively. The CP-graph nodes

represent seven path segments, four flower beidse aa bench, and a bridge.

The described CP-graph grammars areated with the use d&raphTool, which is an
Integrated Development Environment providing tonésessary to define graphs, and graph
transformation rules. It is implemented in the Jéaaguage as a plugin for the Eclipse
framework, and is based on the EMF library (Eclipdedeling Framework). By replacing
CP-graph subgraphs in the way specified in CP-graj@s theGraphTool generates different
CP-graphs representing possible arrangements defgarten facilities. The possibility of
relating attributes of right-hand sides of CP-graples to attributes of their left-hand sides
enables us to capture parametric modeling knowledge

4. A Grammar System

As the kindergarten is actually a composition dfedent design components the design of
each of them can be described by an independeningga Each of such grammars can be
seen as an independent “design team” working oowits part of a design with minimal or no
contact/interference/communication with other tea@mdy when a given team does not know
how to deal with a certain part of a design it cafl another team — such an action is
represented by triggering a specialized grammae ebsolve a particular design subproblem
(for example to design a part of a playground atddsign a recreation area).



Figure 7: a) A recreation area arrangement, bagnient of this area, c) a CP-graph
representation of this fragment arrangement

A family of grammars is called a grammar system. A gramrystes consists of a finite
number of grammars which can work together to chaay environment by applying some
operations to it. At a given moment the state & fystem is described by the current
environment (sub-environments). The system workshanging its state.

In general usually two types of grammar systemsd&tnguished: parallel communicating
grammar systems (PC grammar systems) (Csuhaj-\&arjtaszil, 2001) and cooperating
distributed grammar systems (CD grammar systemsul§-Varju, 2004). The main
difference between these types of grammar systemnsists in the way they work and
communicate. In PC grammar systems each grammaatepeon its own copy of the graph
under derivation and they only exchange informatden there is a specific request. In case
of CD grammar systems the grammars operate on@neon graph, one grammar at a time.

As in computer aided design domain a single obgecisually developed, the CD grammar
systems seem more appropriate here. They allow farmber of grammars to work together
on one object. At any given time step there is ang graph being generated. Each system
grammar operates on this graph according to a conwation protocol called thderivation
mode. There is a number of ways such a mode can beatkffor example it may allow a
single grammar to perform a predefined numberegsbr to work until no production of this
grammar can be applied. The method of selectinglhwbrammar should be used as the next
"active" grammar is also important.

It has to be noticed that in case of CP-graph grararthe requirement that only one grammar
can operate on a given temporary form seems t@mmgtrMoreover in design systems it
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would be useful to allow more than one grammargerate on the same common graph. The
only requirement here seems to be ensuring thétvadeams work at the same time on the
same part of the design, i.e., no two grammarsab@am the same nodes of the graph being
derived.

Another aspect that has to be properly defined wgag of activating particular grammars.
Such a method, calledcaoperation strategy, may either be based on some predefined order -
thus leading the system to operate under the dooiftian “external supervisor”. Or, it can be
based on dynamic activation of grammars relatedaurrent state of a graph being derived.
The way a given grammar works i.e. how long it perfs its operations must also be defined.
In this paper a so calladrminal derivation mode is used, i.e. each grammar works as long as
it contains a production that can be applied taraent graph.

An advantage of such an approach is the possiltdityse grammars defined for different
aspects of the design process. In case of addimg stements to the design it is enough to
add a grammar to the grammar system. In case iofgye grammar approach a grammar has
to be redesigned to incorporate new productiorsratel new symbols. Moreover, it has to be
noted that the use of a grammar system can le#ftetoeduction of computational costs, as
different types of grammars can be used in oneeBysfThere exist different types of
grammars. Context free grammars have lower compuotdt cost than context sensitive
grammars, but at the same time context sensitigsengrars have higher expressive power.
Yet in some cases context sensitive productionsatabe avoided. An example of such a
production, which adds a bench only when a saratpita board are present, is depicted in
Fig. 5 (productiom9). In a single grammar adding just one contextifgasule makes the
whole grammar context sensitive. In case of a gransystem adding such a rule makes only
one grammar to be context sensitive without affiectother grammar types and associated
computational cost.

In the presented approach a CP-graph grammar sysiasists of a set of initial CP-graphs
and a family oh (but at least two) CP-graph grammars, which comoate using a set of so-
called communication symbols. This set is composed of all non-terminal labeflsnodes
occurring in axioms of the system CP-graph gramntaagh grammar has its own specific
communication symbol, and therefore the numberoshraunication symbols equals to the
number of the system grammars.

Formally, a CP-graph grammar system defined dvandT is as a tuple
GGS= (Gy, Gy,..., Gy, C, &), where

e G =(F,9), (=1..n) are CP-graph grammars such that éadh composed of only
one node with a label o,

« Cis a set of communication symbols, such t@dil A, is composed of all non-
terminal labels occurring in grammar axioms andrdheare no identical
communication symbols in axioms of different gramsna

* Sis a set of initial CP-graphs.

Nodes labelled with terminal, non-terminal and cammation symbols will be called,
terminal, non-terminal and communication nodegeesvely.

Each system grammar contains productions that ladveast one node on the left side
labelled by a non-terminal symbol. The nodes efghaph on the right side of the production
can labelled by any symbol, terminal, non-termmratommunication one.

The non-terminal nodes can be intuitively underdtas representing a part of a design that is
not finished but a given grammar knows how to deih it further. Taking this intuition
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further a communication symbol means that a pdaicgrammar knows that some part of
design is not finished but it is not "specialist"this part and thus it "communicates" with
other grammar that knows how to deal with this .p@erminal symbols represent part of a
design that is considered to be finished.

The definition of a grammar system guarantees thatny grammar introduces a

communication symbol into the graph, then at |least other grammar exists such that it
contains an axiom node labelled by the same synilbols communication symbols occurring
in the derived graph allow for triggering appropgiaystem grammars.

For the kindergarten design, feét= {BL, PL, PR, YR, RC, SP} and $ contain among other all
of the CP-graphs representing initial space layagpicted in Fig. 2. In this case after
selecting an initial graph fromy& graph system can be run. Each of the labelseoinitial
graph triggers one grammar from the proposed CRugia system.

In Fig. 8 an example of the application of a gramsystem is presented. In the first step the
user selects an initial layout. In this case, #yout depicted in Fig. 1¢ and represented by the
initial CP-graph depicted in Fig. 2c is selectedisTCP-graph contains five nodes labelled
with communication symbols: two of them are lalelg/ PL, and three nodes R, BL and

RC, respectively. In the next step, four grammarsnfithe grammar system are triggered by
their respective symbols. For example the syniholriggers the grammar responsible for the
design of the layout of the building. As there awe nodes labelled with the communication
symbolPL, the grammar responsible for the design of thggotaund area is triggered twice.
As the grammar is non-deterministic it allows uskbdain different designs in both areas. The
productions can be selected either randomly or beagetermined by attributes assigned to
communication symbols (for example they may incladeumber or type of objects expected
in a given area). It can be observed that by ruptine same process for a second time we
may obtain a slightly different design but stillléaving some basic structure.

Figure 8: A design of kindergarten facilities capending to the CP-graph obtained using the
proposed CP-graph grammar system
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5. Conclusions

In this paper a graph grammar system, which suppbe conceptual stage of designing
layouts and arrangement of spaces in educatiooditis is considered. The main advantage
of such approach is the possibility of adding spiemed grammars when a different type of
space is required.

This system is equipped with a visual editor, whepace layouts representing various
arrangements of required areas are presentedzia@pthTool supporting defining CP-graphs,
CP-graph grammar rules, as well as applying them.

Up to now we have considered only one-storey kigalten buildings. In case of designing
higher buildings, the hierarchical CP-graphs wié bsed to represent their topological
structure. In such a CP-graph each hierarchicat megresents one floor and contains the CP-
graph representing the space arrangement of tos. fAt first the designer specifies for each
floor the general arrangement of functional ared@® wlaces intended for stairs and lifts.
These arrangements are represented by CP-grapid) ete further developed by a CP-
graph grammar generating CP-graph representatibbsiloing floor layouts composed of
specific rooms and relations among them.

In the next step of our research, we intend tongeéi control diagram for the whole graph
grammar system. This will require adding "contrpfoductions to the component graph
grammars supporting verification of the selectibimdividual graph grammars in the process
of generating complex projects.

The kindergartens presented in this paper areojustof the types of buildings illustrating the
advantages of a graph grammar system in their wlgsigcess. Designing hotel buildings
with more demanding requirements is another exathplewould be worth considering in the
framework of a graph grammar system.
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